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INTRODUCTION

Geothermal energy is heat energy that origi-

nates within the earth. Under suitable

"_circumstances a small portion of this energy can

" for application.
energy from fossil fuels has suppressed use of

“be extracted and used by man. So active {s the
earth as a thermal engine that many of the large-
scale geological processes that have helped to
form the earth's surface features are powered by
rédistribution of internal heat as it flows from
inner regions of higher temperature to outer
regions of lower temperature. Such seemingly
diverse phenomena as motion of the earth's crustal
plates, uplifting of mountain ranges, occurrence
of earthquakes, eruption of volcanoes and spouting
of geysers all owe their origin to the transport
of internal thermal energy.

In the United States and in many other
countries, geothermal energy 1is used both for
generation of electrical power and for direct
applications such as space heating and industrial
_process energy. Although the technical viability
of geothermal energy for such uses has been known
for many years, the total amount of application
today is very small compared with the potential
Availability of inexpensive

geothermal resources. At present geothermal
. .. application 1s economic only at a few of the
- highest-grade resources. Development of new

.techniques
~ exploration,

and equipment to decrease costs of
drilling, reservoir evaluation and

- "“f'“extraction of the energy 1s needed to make the

. vastly more numerous ‘lower grade resources also

economic.. LT

The objective of this paper is to present an
overview of the geology of geothermal resources.
It was written specifically with the non-geologist
in mind.”" The use of highly technical geological
language {is avoided where possible, and the terms
that are used are also deffned. Emphasis is on

.. resources {n_the United States, but the geological

principles discussed - have world-wide
application.’ We will see that geothermal-
resources of high temperature are found mainly in
areas where a number of specific geologic

‘Jrocesses are active today and that resources of.’
ower temperature are more widespread.

“present a classification for observed resource

types and brief'ly describe the geology of each

- We will® - ¢
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type. The geology of the United States will then
be summarized to provide an appropriate background
for consideration of the occurrence of geothermal
resources. Finally we will be able to reach the
conclusion that the accessible geothermal resource
base in the United States 1s very large and that
the extent of development over the next decades
will be 1limited by economics rather than by
availability.

THE EARTH'S INTERNAL HEAT

Although the distribution with depth in the
earth of density, pressure and other related
physical parameters is well known, the temperature
distribution is extremely uncertain. We do know
that temperature within the earth increases with
increasing depth (Fig. 1) at least .for the first
few tens of kﬂometers, and we hypothesize a
steadily 1increasing temperature to the earth's
center. Plastic or partially wmolten rock at
estimated temperatures between 700°C and 1200°C is
postulated to exist everywhere beneath the earth's
surface at depths of 100 km, and the temperature
at the earth's center, nearly 6400 km deep, may be
more than 4000°C. Using present technology and
under good conditions, holes can be drilied to
depths of about 10 km, where temperatures range
upward from about 150°C {in areas underlain by

cooler rocks to perhaps 600°C 1in exceptional

areas. .
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Because the earth is hot {nsjde, heat flows
steadily outward over the entire surface, where it
is permanently lost by radiation into space. The
mean value of th'is surface tzeat flow for the world
is about 60 X 10°3 watts/m* (White and Williams,
1975) and since thf megn surface area of the earth
is about 5.1 )&210 , the rate of heat loss is
about 32 X 10 Uatts {32 million megawatts) or
about 2.4 X 10° calories/year, a very large
amount indeed. At present only a small portion of
this heat, namely that concentrated in what we
call geothermal resources, can be captured -for
man's benefif. The mean surface heat flux of 60
milliwatts/m“ {s about 20,000 times smaller than
the heat arriving from the sun when it {s directly
overhead, and the earth's surface temperature fis
thus controlled by the sun and not by heat from
the interfor {Goguel, 1976).

Two ultimate sources for the earth's internal .

heat appear to be most important among a number of
contributing alternatives: 1) heat released
throughout the earth's 4.5 billion-year history by
.radioactive decay of certain isotopes of uranium
thorium, potassium, and other elements; and 25
heat released during formation of the earth by
gravitational accretion and during subsequent mass
redistribution when much of the heavier material
sank to form the earth's core {Fig. 2). The
relative contribution to the observed surface heat
flow of these two mechanisms 1s not yet re-
solved. Some theoretical models of the earth
indicate that heat produced by radiocactive decay
can account for nearly all of the present heat
flux (MacDonald, 1965). Other studies (Davis,
1980) indicate that, 1f the earth's core formed by
sinking of the heavier metallic elements in an
originally homogeneous earth, the gravitational
heat released would have been sufficient to raise

the temperature of the whole earth by about
2000°C. An appreciable fraction of today's
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*or 4) anomalous heating of a shallow rock body by

observed heat flow could be accounted for by such

a source. However, the distribution of -
radioactive elements within the earth s poorly -
known, as fs the earth's early formational history
some 4 billfon years ago. We do know that the .
thermal conductivity of crustal rocks {s low so
that heat escapes from the surface slowly. The
deep regions of the earth retain a substantial
portfon of their original heat, whatever f{ts::
source, and billions of years wil) pass before the,
earth cools sufficfently to quiet the active
geologfcal processes we will discuss below

GEOLOGICAL PROCESSES .. .
Geothermal resource areas, or geotherma]
areas for "short, are generally those {n which
higher temperatures are found at shallower depths:-
than is normal. This “condition usually results®
from either 1) intrusion of molten rock to high=:
levels 1in the earth's crust, 2)" higher- than-umw _.;.
average flow of heat to the surface with an_-
attendant high rate of increase of temperature‘**“""
with depth (geothermal gradient) as {llustrated in; .
Figure 1, often in broad areas where the earth's
crust is thin, 3) heating of ground water that
circulates to depths of 2 to 5 km with subsequent
ascent of the thermal water near to the surface,
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decay of an unusually high content of radiocactive-—ri~:..
elements. We will consider each of these.......
phenomena in more detail below. R

In many geothermal areas heat™ is "brought
right to the surface by circulation of‘ ground
water. If temperature is high enough, steam may ™
be produced, and geysers, fumaroles,” and hot ... ..
springs are common surface manffestations of,.."
underlying geothermal reservoirs. .

PRE

The distribution of geothermal areas on the ,;:..,."
earth's surface 1s not random but {nstead 1s
governed by geological processes of global "and

Tocal scale. This fact helps lend order to:
exploration for geothermal resources once 'the.:
geological processes are understood. At present

our understanding of these processes- fs: rather--#~..~ .
sketchy, but, with rapidly increasing need. for use ™
of geothermal resources as an alternative to:
fossil fuels, our learning rate is high. i,
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Figure 3 shows the principa] areas of known <
geothermal occiurrences on a world map. "~ Also™ "™
indicated are areas of young volcanoes-'and a....
number of currently active fundamental geological ..:.
structures., It {s readily seen that many!
geothermal resource areas correspond with areas
that now have or recently have had volcanic and, _
other geological activity. To understand why this’
is true we must consider some of the geologic« -
processes going on in the earth's interifor.

A schematfc cross section of.the earth. is ..
shown 1in Figure 2. A solid layer called the
Tithosphere extends from the surface to a depth of
about 100 km.. The Vithosphere s composed of an °
uppermost layer called the crust-and of the -::
uppermost regions of the mantle, which 1ie below .-
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the crust. Mantle material below the 1ithosphere
is less solid than the overlying lithosphere and
is able to flow very sltowly under sustained

stress. The crust and the mantle are composed of
minerals whose chief building block 1s silica
{Si0,). The outer core is a region where material

is much denser than mantle material, and it fis
believed to be composed of a 1iquid 1ron nickel-
copper mixture. The inner core is believed to be
a solid metallic mixture.

One very important group of geological
processes that cause geothermal resources s known
collectively as “plate tectonics® (Wyllie,
1971). It {s 1llustrated in Figure 4. Outward
flow of heat from the deep {nterior s
hypothesized to cause formation of convection
cells in the earth's mantle in which deeper,
hotter mantle material slowly rises toward the
surface, spreads out parallel to the surface under
the solid lithosphere as it cools and, upon
cooling, descends again. The 1lithosphere above
the upwelling portions of these convection cells
cracks and spreads apart along linear or arcuate

zones called ‘“spreading centers” that are
typically thousands of kilometers long and
coincide, for the most part, with the worid's mid-

oceanic ridge or mountain system (Figs. 3 and
4). The crustal plates on each side of the crack
or rift move apart at rates of a few centimeters
per year, and molten mantle material rises in the
crack and solidifies to form new crust. The
taterally moving oceanic 1ithospheric plates
impinge against adjacent plates, some of which
contain the imbedded continental land masses, and
in most locations the oceanic pltates are thrust
beneath the continental plates. These zones of
under-thrusting, called subduction =zones, arg
marked by the world's deep oceanfc trenches which
result from the crust being dragged down by the
descending oceanic plate. The oceanic plate
descends into regions of warmer material 1in the
mantle and 1s warmed both by the surrounding

warmer material and by frictional heating as it is -

thrust downward. At the upper boundary of the

descending plate, temperatures become high enough -.

in places to cause partial melting. The degree of
melting depends upon the amount of water contained
in the rocks as well as upon temperature and
pressure and the upper layers of the descending
plate often contain oceanic sediments rich in
water.
{magmas) that result then ascend buoyantly through
the crust, probably along 1lines of structural
weakness (Fig. 5) and carry their contained heat
to within 1.5 to 15 km of the surface. They give
rise to volcanoes if part of the molten material
escapes to the surface through faults and
fractures in the upper crust,

Figure 3 shows where these processes of
crustal spreading, formation of new oceanic crust
from molten mantie material and subduction of
oceanic plates beneath adjacent plates, are
currently operating. Oceanic rises, where new
crustal material is formed, occur in all of the
major oceans. The East Pacific Rise, the Mid-
Atlantic Ridge and the Indian ridges are

.. varfations in the rate of crustal spreading from :
. place to place along the ridge.
" material

The molten or partially molten rock bodies ~

X CONCEPT OF PLATE TECTONICS
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examples. ' The ridge or rise crest™is,offset.in. = '
places by large transform faults that result from-..ifi-..

‘.

Oceanic crustal. ‘m. D
{s subducted or consumed {in the trench,.

areas., Almost all
result from these large-scale processes, and occur,
efther at the spreading centers, the transform
faults or in assocfation with the subduction zone -
(Benioff zone), which dips underneath the
continental land masses i{n many places. - We thus
see that these very active processes of plate”
tectonics give rise to diverse phenomena, among L
which is the generation of molten rock at shallow-- -~ -
depths in the crust both at the spreading centers .. >~

and above zones of subduction. These bodies of~“-~ -
shallow .molten rock provide the heat for many of ) .

the wor1d's geothermal resources.. . _. RN
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Before dofng on, let us discuss a bit more
the processes of development of a crustal
intrusion, i1Tustrated in Figure 5. An ascending
body of molten matérial may Cease to rise at any
Tevel in the earth's ¢rust and may or may not vent
to the surface in wvolcances. Intrusion of molten
magmas into the upper parts of the earth's crust
has gore on ‘throughtut geological time. We see
evidence for this in the 6ccurrence of volcanic
rocks of all ages and in the small to very large
areas of crystallire, granitic rock that result
when such & magma cocls slowly at depth.

Yolcanic rocks that have been extruded at the
surface and crystalline rocks that have cooled at
depth are .known collectively as igneous rocks.
They vary over a range of chemical and mineral
compesition. At one end of the range are rocks
that are relatively poor in silica (810, about
50%) and relatively rich in dron (Fe0; + Fal
about 8%) and magnesium ({MgD about f%? The
volcanic variety of this rock 1s basalt and an
example 15 the black rocks of the Hawallan
‘Islands.  The crystalline,
this rock that has consolidated at depth {s known
as gabbro. At the other end of the .range are
rocks that are relatively rich in silica (Si0
about 64%) and poor in fron (Fe 03 + FeQ about 5%
and " magnesfum (Mgl about ZT]. The wvolcanic
variety of this rock, rhyolite, fs usually hghter
in c¢elor than the black: basalt and it occirs
mainly on land. The plutonic variety of this rock
is granite, although the term
sometimes used for any crystalline igneous rock.

Magmas that result 1n basalt or gabbro are termed

"basit" whereas magmas that result in rhyolite or
granite are termed "acidic", however these terms
are misteading because they have nothing to do
with the pH of the magma.

The. upper portions of the mantle are belleved
to be basaltic 1n composition. The great
outpourings of basalt seen in places like the
Hawalian Islands and on the volcanic plateaus of
the Columbia and Snake rivers {Fig. 16} seem to
indicate a more or less direct pipeline from the
upper mafitle to the surface in places. The origin
of granites is a subject of some controversy. It
can beé shown that granitic magmas could be derived
by differential segregation frem  basaltic
magmas. However, the chemica) composition of
granites is much 11ke' the average composition of
the continental crust, and some .granites probably
result from meiting of crustal rocks by upweliing
basaltic magmas whereas others probably réesult
from differentiation from a basaltic magma. In

any case, basaltic megmas -are moiten at a higher”

temperaturé than are granitic magmas (see Fig. 6)
and mere importantly for our discu$sjon basaltic
magmas: are less viscous (more fluid) than are
granitic magmas. Otcurrence of rhyalitic volcanic
rocks of very young age (less than 1 million years
and preferably less than 50,000 years) 1s
generally taken as a sign of good geothermal
potential {in an :area because presumably -a large
body of viscous magma may be tndicated at depth to
provide a geothermal heat source. On the other

hand, accurrence of young basaltic magma 1s not as .

‘hypothesized that the upper mantle contafns Tocal’

. volcanic rocks occur at one end of the volcanic.™.
. thain with older ones at the other end. The, .
plutonic variety of .
“¥olcanic
" northwest end of the chainp have been dated through -
U radidactive
whereas the volcanpés Mauna Loa and Mauna Kea on =

T of only 1l
speculate that Yellowstone National Park, Wyoming, ~
“one of the largest geothermal areas in the world,...

"granitic” 1s -

et L o= .

Wright .
‘encouraging becau’se'”the basa'lt, be1ng fairly
flufd, codld simply ascend along narrow conduits
from the mantle directly to the surface without
need for a shallow magma c¢hamber that would
provide a geother'mﬂ heat source. In many areas
both basaltic and rhyolitic volecanic rocks are-
present and often the younger eruptions are more
rhyolitic, possTbly jndicating progressive *

“ differentiation of an undeilying basaltic magma in

a chamber 11ke those 11lustrated 1n ngure 5.

A second important saurce of vaicanic rocks -
results from hypothésized pofnt sources of heat 1n,;,
the mantle as contrasted with the rather large
convection cells discussed above. It has been~

argas of upweiling, hot material cdlled plumes, .
although other origins for the hot spots haveé ELE

been postulated. As .crustal plates move over.
these Jocal hot spots, a lfnear or arcuate™ .
sequence of volcanoes s developed. . Young,

Hawaiian Island c¢hain is an excellent example.®

rocks on the, island of Kaual at thes - -
means at abput & million yga'rs.é'--
the {sland of Hawaif at the southeast end_of the o
chain are in almost continual activity, at the
present time having an 1|_1terva1 between eruptions =t ”
months.. In addition, geodlogtsts +

sits over such a hot spot and that the alder
volcanic rocks of the eastern -and western Snake
River plains 1n 1daho are the surface trace of
this mantle hot spot In the geologic past (see.
Fig. 16 and the discussion below). . i
wl LRI P
Nat &11 geothermal resources are caused by..
pear-surface intrusion of molten rock bodies. -
Certain areas haver a higher than average rate of-
increase 1n température with depth {high geo-
thermal dgradient} without shallow magma being
present. Much of the western tUnited *States™

contains aréas that ha\ée an anomalously ‘high mean ;- I S

heat flow (100 mwatt/m“) and an anomalously high.-
geothermal gradient (S0°C/km). Geophlysma'l and
geological data indicate that the earth's crust is
thinner than normal and that the f{sotherms are-
upwarped beneath this area. Much of the western.

L2

U.5. 1s geologically active, as manifested by
earthquakes and active or recently activel
volcanoes. Faultfng and *fracturing = duringy -

earthquakes help to keep fracture systems. open,.
and this allows. circulation of ground water to,
depths of 2 km to perhaps § km:
heated and rises buoyanily along other fractures.
to form gecthermal reSources near surface., Many
of the hot springs and wells in the western United
States and glsewhere cwe - their or"lgin to such
processes., . . - MR

Here the water s -~ -
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heat near to the surface through one or more of a
number of geological processes. We have also seen
that the ultimate source of that heat is in the
interfor of the earth where temperatures are much
higher than they are at the surface. We will now
turn to an examination of various geothermal
resource types.

A1l geothermal resources have three common
components:

1) a heat source
2) permeability in the rock, and
3) a heat transfer fluid.

In the foregoing we have considered some of the
possible heat sources, and we will discuss others
presently. Let us now consider the second
component, permeability.

Permeability is a measure of how easily
fluids flow through rock as a result of pressure
differences. 0f course fluid does not flow
through the rock matrix itself but rather 1t flows

in open spaces between mineral grains and 1in

fractures. Rocks in many, but not all, geothermal
areas are very solid and tight, and have little or
no interconnected pore space between mineral

grains. In such rocks the only through-going'

pathways for fluid flow are cracks or fractures in
the rock. A geothermal well must intersect one or
more fractures if the well is to produce geo-
thermal fluids in quantity, and it is generally
the case that these fractures can not be Tocated
precisely by means of surface exploration.
Fractures sufficient to make a well a good
producer need only be a few millimeters in width,
but must be connected to the general fracture
network in the rock in order to carry large fluid
volumes.

The purpose of the heat transfer fluid s to
remove the heat from the rocks at depth and bring
it to the surface. The heat transfer fluid 1s
elther water (sometimes saline) or steam. Water
has a high heat capacity (amount of heat needed to
raise the temperature by 1°C) and a high heat of
vaporization (amount of heat needed to convert l
gm to steam). Thus water, which naturally
pervades fractures and other open spaces in rocks,
is an ideal heat transfer fluid because a given
quantity of water or steam can carry a large
amount of heat to the surface where it {s eastly
removed.

Geothermal resource temperatures range upward
from the mean annual ambient temperature (usually
10-30°C) to well over 350°C. Figure 6 shows the
span of temperatures of {interest {in geothermal
work.

The classifications of geothermal resource
types shown in Table 1 is modeled after one given
by White and Williams {1975)}. Each type will be
described briefly with emphasis on those that are
presently nearest to commercial use in the U.S In
order to describe these resource types we resort
to simplified geologic models. A given model f1s

i
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often not acceptable to al‘l'geo'logists. especially
at our rather primitive state of knowledge of
geothermal resources today.

GEOTHERMAL TEMPERATURES
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TABLE 17, 7% & :
GEOTHERMAL RESOURCE cLAssirfEKT?ou
(After White and Hi‘lliams, 1975) _.,

P

Resource Type ~ .- == Characteristics -

1. Hydrothermal convection“ resources (heat carried“

upward from depth by convection of water or
steam)

a) Vapor dominated - about 240°C- ! - -

b) Hot-water dominated . e

1)  High Temperature 150°C~ to 350’6*

11) Intermediate 90°C to 150°C

111) Low Temperature Jess than 90° Ca

2. Hot rock resources (rock 1ntruded 1n mo]ten h

form from depth)

PR

TR PRI
. g

“higher than 600°C: " "

a) Part sti1l molten"

b) Not molten

90°C to 650°C " )
(hot dry rock) W

3. Other resources - .
- & : R

a) Sedimentary basfns 30°C to about 150°C
{hot fluid in ——— -

sedimentary rocks)

v ~t
PPESPTApsp

b) Geopressured " 150°C to about 200'C
(hot fluid under Mgh . - Lt

pressure) - . it et e e

¢) Radiogenic
{heat generated by
radioactive decay) ~

a . © aeamt = PR [

j-— Roosevelt Hot Springs, UT, il
The Geysers, CA; Valles Caldera, NM, I

~——Ralt River, 1D e

> 30°C 'to about 150°C | -




Hydrothemmal Resources

Hydrothe rmal convection resources are
geothermat resgurces In which the earth's heat {s
actively carrfed upward by ‘the convective
circulation of naturally occurring hot water or
tts gaseous phase, steam. Underlying some of the
higher temperature thydrothermal resources {s
presumably a body of still molten or recently
salidified rock (Fig. 6) that 1s very hot (300°C-
11g0°¢). Dther hydrothermal ‘'resourcés result
simply from circulation of water along faults and
fractures or within a permeable aguifer to depths
where the rock temperature 95 elevated, with
heating of +the water and subsequent buoyant
transport to the surface or near surface, Whether
or not steam actuaﬂy exists 1n a hydrothermal
reservolr depends, among other less 1mportant
variables, on temperature ard pressure conditions
at depth.

VAPOR DOMINATED GEOTHERMAL RESERVOIR

‘:r:r; ;a:e‘ - _/- —?-Ei;_[IF _—
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Figure 7

Figure 7 {after White et al., 1971) shows a
conceptual model of a hydrothermal system where

steam 1is present, a so-called vapor-dominated
hydrothermal system (la of Table I}, Conmvection

of deep saline water brings a large amount of heat
uvpward from depth to a levet where boiling can
take place under thé prevailing temperature and
pressure conditions. Steam moves upward through
fractures in the rock and is possibly superheated
further by thé hot surrounding rock. Heat s lost
from ‘the vapor ta the coolér, néar-surface rock
and condensation results, with some of the
condensed water moving downward to be vaporized
again. Within thé entire vapér-filled part of the
reservolr, temperature 15 nearly unfform due to
rapid fluid convection. This whale convection
system can be closed, so that the fluid cirfculates
without loss, but {f an apen fractyre penetrates
te the surface, steam may vent. In this case,
water lost to the system would be replaced by
recharge, which takes place mainly by cool ground
water moving downward and tnto thé Convection
system from the margins. The pressure within the

- and the discussion below} 1s-an .example of this:

. whose depths are 1.5 to 3 km, o
fed to turbinre generators that produce electri~; B

"perhaps 3 to 10 km.

U Wright
steam-Fillad resewoir 1ncrea5e5 much more slowly
with depth than would be the tase 1f the reservolr

were filled with water under hydrostatic
pressure. Because the- rocks surrounding the
reservolr will ‘generally contain ground water

under hydrostatic pressure, there must exist a .
1arge horizontal préssure di fferential bétween the
stean 1n the resérvoir and the water #n the ‘
adjacent rocks, and a signiffcant quest{on“ -
revolves around why the adjacent water does not-) -~ ~i-
move. in and 1inundate: the reservoir. . 1t {is.
postulated that the rock permeability at the edgesr -
of the reservoir and probably above also, is

S heer e

etthér naturally low or has been decreased b "f.'““

deposition of minerals from the hydrothermal fluid:
in the fractures and pores to form a self-sealed -
zone around the reéservoir. Self-sealed zones are *
known to occur 1n both vapor-dominated and water-.s .
dominated resources.
A well driYled @ inte a vapnr-dmn'lnated

reservolr would produce’ superhdated steam. The' AT
Geysers geothermal area in California (see Fig. 17:

Steam 15 produced from wells:
and this steam 137

type of resource..

city. The current generating capacity at The
Geysers 15 908 MWe (megawatts of electrical power,:
where 1 megawatt =. 1 mi1lfon watts}, and B8O Mve.
of additfonal generating capacity 1s schedu]ed to
come on line by 1986, . )

Other vapor-daninated resou‘rces th_nt are
currently being exploited occur at Lardarello and - -

‘Monte Amiata, Italy, and at Matsukawa, Japan. The-

famous Yéllowstone National Park’ In Wyoming
contalns many geysers, fumaroles, hot pools and™
thermal springs, and the Mud Volcanoes area is.—.. -
believed to be undertain by a dry steam f1e1d. & )

- ...' _". ..-} R

There are re]ative‘ly few known | vapDr— .
dominated resources in the world because~ spec1a1""“‘
geological conditions are required for their- o
formation (White et al., 1971). However, they are.;
eagerly sought by Industry because thay
generally easier and less expensive to devely
than the more common water- daminated systern
discussed below., ' ;

temperature, hot-water-domi nated hydrotherma
system [IB[J} of TabTe 1J. ~ The source of heat,
beneath many such systems fis probalﬂy melten rock

or rock that has solidified only in the last few’
tens of thousands of years, lying at a depthrofu
Normal ground water cip-""<
culates fn open fracturés and removes heat from -
these deep, hot rocks by convection, Fiuid -
temperatures are uniform over.large volumes of the
reservoir because convection is rapid, Recharge "
of cooler ground water takes ‘place at the margins“iv-s -~
of the system through circulation _dowm frac-
tures., Escape of hot. flutds at the surface fs<;..
often minimized by & near-surface sealed zone or.
cap-roeck  formed ~ by precipitation -
geotherma1 fluids "of minerals in fractures’ and. -
pore spaces. Surface manifestations of such a

from the -
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geothermal ‘system might {include hot springs,
fumaroles, geysers, thermal .spring deposits,
chemically alterpd rocks, or alternatively, no
surface manifestation may occur at all. If there
are no surface manifestations, discovery 1s much
more difficult and requires sophisticated geology,
.geophysics, geochemistry and hydrology. ~ A well
drilled into a witer<dominated geothermal system
would tikely encounter tight, hot rocks with hot
water 1nflow from the rock fnto the -well bore
mainly along open fractures. ‘Areas  where
different  fracture sets intersect may be
especially favorable for production of Tlarge
volumes of hot water. For generation of
e¢lectrical power a portion of the hot water
produced from the well 15 allowed to flash to
steam within the well bore or within surface
equipment as pressure js reduced, and thé steam is
used to drive a turbine genarator,

WATER DOMINATED GEOTHERMAL SYSTEM |
ELOW CONTROLLEDR BY'FRACTURES

9]
ey .
ontding

AL ‘a;\‘
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Figure B

Examples of this type of geothérmal resource
are abundant 1n the western U.S. -apd {nclude
Roosevelt Hot Springs, Utdh, and ‘the VYalles
Caldera area, Mew Mexico. Approximately 50 areas
having potential for containing such a resource
have been idéntified (Muffler . et.:al,.:1978} so
far in the West, with Hevada having a
disproporticnately large share.

& second type of hot-water dominated system
is shown in Figure 9. Here the reservoir rocks
are sedimentary rocks that have intergramular
permeabliity as well as fracture permeability.
Geothermal fluids can sometimes be produced from
such a reservolr without the need to interséct
open fractures.by a dritl hole; Examples of this
resource type occur in the Imperfal Valley of
California, Tn such areas as East Mesa, Haber,
Brawley, the 3Salton Sea, and dt Cerrp Prieto,
Mexico. In this regfon the East Pacific Rise, a
crustat spreading center, comes onto the HNorth
American continent. Figure 3 shows that the rise
is observed to trend northward up ‘the Gulf of
Californfa in small segments that are repeatedly
offset northward by transform faults.  Although
its location under the continert cannot be traced
very far with certainty, it is beijeved to occur

Gverlying stdimeritary rocks and their contajned

under and be responsible for the Imperial Valley -
geothermal resources. The source of the heat is
upwelling, wvery hot molten or plastic material
from the earth's mantle. This hot rock heats

flufds and has spawnéd volcanoes. The Tocations =~ '
of specific resource areas appear to be controlied
by faults that presumably allow deep fluid
circdlation to carry the heat upward to reservoir
depths, ! . : . -
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Virtually all  of 1industry's '_geothermal _
exploration effort 14n the \LUnited States 1s, .
presently directed at Tlocating vapor— or water-'
dominated hydrothermal systems. of the types ..
described above having temperatures above 200°C,

A few of these resources are capable of commercial- .
electrical power generation today. — Current .-,
surface exploration ‘technigues are generally -, -
concéded to be  inadequate for discovery “and. . .
assessment of these resources at a fast enpugh . "
pace to satisfy +the reliance the W.5. wmay :
ultimately put upon them for alternative energy--ws- +weey ho
squrces. Development of better and more cost- .J,
effective techniques 1s badly needed. :. L

v oLgm
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The fringe areas of high-temperature "vapors . -
ang water-dominated hydrothermal systems~ often:=r=-
produce water of low and fntermediate temperature - .-
{1b{t1) and 1b{f11} .of Table 1), These lawer< = + - «
temperature fluids are sultable for direct heat.: .
applications but nrot for electrical power -.°
production, Low- -and “intermediate-temperature
waters can also result from deep water circulatfon
in areas where heat conduction and the geothermal-:_ *-
gradient are . merely average, as previously -~
-discussed. Waters clrculated to depths of 1 to. @~
5 km are warmed {n the normal geothermal gradfent

and they return to the surface or near surface -~
along open fractures because of their "buoyancy © ..
{Fig. 10}. There need be no-enhanced gradient or.- ‘ :

magmatic heat source under such an area. -Warm. ~°




springs occur where these waters reach the
surface, but 1f the warm waters do not réach the
surface they are -generally difficult to find.
This type of warm water resource 1s especially
prevalent 1in the western U.§, where active
faulting keeps conduits open to depth.

MODEL OF DEEP CIRCULATION HYDROTHERMAL RESOURCE

Figure 10

Sedimentary Basins

Some basins are filled té dépths of 10 km or
more with sedimentary rocks that havé 3nter-
granular and open-space pemeability. 1In some of
these sedimentary units, circulation of ground
water can be very deep, Water may be heated in a
normal or enhanced geothermal gradient and may
then either return to the near-surface enviromment
or remain trapped at depth {3a of Table l). The
Madison group carbonate rock sequence of wide-

spread occurrente Tn MNorth and South Dakota,
Wyoming, Montana, and nortiward inte Canada
containg warm waters that are currently belng

tapped by drill holes 1n .a few places for space
heating and agricultural purposes. In a similar
application, substantfal benefit is being realized
in France from use of this type of resource for

space. heating by production of wam water
contained in the Paris basin. Many other areas of
occurrence of this resource type ares known
worldwide.
Geopressured Resourices

Geopressured  resources  {3b  of ‘Table 1)

consfst of deeply buried fluids contained in
permeable sedimentary rocks warmed in a nomal ‘or
anomalous geothermal gradient by thelr great
burial depth. Thése fluids are tightly confined

Wright

I T

and “thus bear :.

by surrounding fmpermeable rock
pressire that is ‘much greater than hydrostatic,
that is, the flufd pressure supports a portion of

. the weight of the overlying rock column as well as

the weight of the water coluin. Figure 11 {from
Papadopulos, 1875) gives a few typical parameters
for geopressured reservolirs and 11lustrates the-
origin of the above-normal fluid pressure. These"~
geopressured fluids, found matnly 1n the Gulf -
Coast of the U.S. (Fig. 17), . generally contafn .’ .
dissolved methane. Therefore,” three sources of - -
energy  are actually avallable from such
resources: 1) heat, 2). mechanical energy due to:

the great pressure with which these waters exit .

[

the borehole, and 3) the recoverable methane, ' - ‘.

Industry has a great deal of 1nterest in.
development of geopressured resources; although’
they are not yet economic. The 11.5. DEpartment of -~
Energy (DOE}, Division of Geathermal Energy,. 13’

currently sponsoripng development of apprc}priate PRI

exp]oitatfon technology. S

GEOPRESSURED GEOTHERMAL RESOURCE "
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Radmgenic Resources ’

Research that cuu1d lead to deve‘inpment uf
radicgenic geothermal resources in the easterf
U8, (3¢ of Table 11 15 currently underway .
following fdeas developed at Virgiala Palytechnic'®
Institute. and State Unfversity. The eastern
statés coastal plajn s blanketed by a layer of.
thermally: 1nsu'|at1ng sédiments, 1In places beneath,
these -sediments, ‘rocks hawving enhanced heata"
production due to higher content of radioacti\re

-
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elements -are believed to occur. These rocks
répresent. old intrusions of once molten material
‘that have long ,since cooled and crystallized.
Geophysical and geological methods for locating
such radiegenic rocks beneath the sedimentary
cover ‘are being deve]oped and df111 ‘testing of
the entire .geothermal target concept (Fig. 12] fs
currently being completed under DOE funding.
Success would most 1{kely come 1n the form of Tow-
to intermediate-temperature geothermal waters
sultable for space  Theating and industrial
procéssing. This could mean a great deal to the

eastérn U.5. where energy consumption s hfgh and . -

where no -shallow, high-temperature’ hydrothermal
convection systems are known. Geophysical and
'geological - data dndicate that radiogenically

héated rock bBodies may be. reasonably widespread.

RADIOGENIC GEOTHERMAL RESOURCE |
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Hot Dry Rock Resources

Hot dry rock resources (2b of Table 1) are
defined as héat stored in rocks within about 10 km
of the surface from which ‘the enérgy canhnot be
economically extracted by natural hot water or
steam. These heot rocks have few pore spaces or
fractures, and therefore contain tittle water.
The feasibility and economics of extractfon of
héat for electrical powef generation ‘and direct
uses from hot dry rocks {s presently the subject
of intensfve research at the U.S. Départment of
Energy's Los Alames National Laboratory din HNew
Mexico [Smith et al., 1975; Tester .and Atbright,
1979). Their work 1nd1cates that 1t s téchno-
logically feasible to f{nduce an artificta)l
fracture system in hot, tight crystalline rocks at
depths of about 3 km through hydraulic fracturing
from a deep well.
under high pressure and is allowed access to the
surrgunding rock through a packed -off Interval
near the botiom. when the watBr pressure f1s
rafsed sufficiently, the rock c¢racks to form -4
fracture system that usually consfsts of one or
more vertical, planar fractures. After the
fracture system is formed, {1ts orientation and
extent are mapped using geophysical techniques. A
second boréhole {s 'sited and drilled 1n such a way
that 1t intersects the fracture system.
then be circulated down the deeper -hole, through
the fracture system where 1t fs heated, and up the

Water 15 pumped into a borehole - °°

Water can-

shallower hole (Fig."13).” F]uids at' temperatures
of 150°C to 200°C have been produced §n this way -
from boreholes at the- Fenton Hi11 experimental
site pear the Valles Caldera, New Mexico. Much
technology development rema{ns te be done hefore

this technfque will be economically feasible.
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Molten Rock *

Experfments are undemqy at the Department’of e

Energy's Sandta National Laboratory 1n’*
Atbugquergue, MNew Mexico to learn how to extract’
hedt ensrgy directly from molten rock (2a of Table

1).  These experiments have riot indicated economic ...,

feasTbility for this scheme 1in the near future..
Techniques for . drilling 1into molten rock and
implanting heat exchangers or direct electrical
converters remafn to be developed. - e

HYDRDTHERMAL FLUIDS'

The processes causing mary of‘tndéy
temperature -'geathermal rescurces ™~ consist- of "

convectfon of aqueois selutions around a cooling o
have “.‘f“‘

Tntrusion, “These same basic processes
operated in the past to form many of the base and -
precious meta) ore bodies being currentiy®
exploited,

In sore aspects from  hydfothermal convection -
processes as we undérstand them at present. The!..
fluids dnvolved 1in geothermal resources ara® ‘;‘

* complex chemfcally and often contain elements that

cause scaling and corrosion of equipment or that

5 h1gh'!""'""

atthough ore forming processes dfffer...’

N
[

can be environmentally damaging 1f reléased. v

- I

L T LT




Geothermal floids contaln a2 widée variety and
concentration of dissolved constituents. Simple
chemical parameters often quoted to characterize
geothermal fluids are total dissolved solids (tds)
in parts per mi1l1on {ppm} or milligrams per 1iter
{mg/1] and -pH.
hundred to more than 300,000 mg/1. Many rescurces
in Utah, Nevada, and New Mexico contafn about
6,000 mg/1 tds, wheéreas a. portion of the Imperial
¥alley, California resburces are toward the high

end of the range. Typical pM values range from
moderately alkaline (8.5) to moderately acid
i5.5). A pH of 7.0 s neutral ‘at nommal ground

water temperature--neither acid nor alkaline. The
dissolved solids are usually composed mainly of
Ma, Ca, K; C), S§i0p, S04, and HCO3. Minor
constituents jncludé a wide range of elements with
Hg, ¥, B and a few others
concern, Dissolved gases usually include (05, NH
and H;S, 'the latter being a safety Ea‘zar
{Hartley, 1980). Effective means have beén and
are still being developed to handle the scaling,
corrosion and environmental problems caused by
dissolved constituents in ‘geothermal fiuids, )

GEOLOGY OF THE CONTINENTAL UNITED STATES

Before going on to a moré detailed discussien
of the occurrence of geothermal resources in the
Unfted States, let us turn to a summary of the
geolegy of the U.S. This wil) form an appropriate

context for consideration of the known and
suspected -geothermal occurrencés.
Like &al1 continental Tland masses, North

America has had a long and eventful geologic
history. The oldest rocks are dated at more than
2.5 billion years before present using radicactive
dating methods. During this timé the continent
has grown through accretion of crustal material,
mountain ranges have been uplifted and sub-
sequently .destroyed by erbsion, blocks of rock
have been displaced by faulting, both on a large
scale as evidenced, for example, by the. currently
active San Andreas fault in California, and on the
scale of an Individual geothermal prospect, and
volcanic activity has been widespread. In the
discussion below some of these events will be
described and will be keyed 1in time to the
geological time scale, shown in Flgure 14.

The U.5. can be divided into several distinct
reglons on the basis of gedlogy. One way to do
this 13 11lustrated in Figure 15, which shows the
major tectonic, or structural, divisions 1n the
u.5. (Eardley, 1851]. Aréas of long-time
stabflity are differéntiatéd from areas of
orogenic activity that has consfsted of crustal
downwarping accompanied by f111{ng of basins with
thick deposits of ‘eroded sediments, mountain
building with attendant faulting and folding of
the rock strata, metamorphic changes of existing
riocks by Heat and pressure die to great depth of
burial, {idtfusion of molten {gneous rock bodies,
some of great extent {batholiths), and eruption of
volcanfc rocks at the surface. A summary of these
events, following Eardley (1951} closely will be
given below for each of the tectoni¢ divisions.

Yalues for tds range from a few

of enviropmental .
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A second way to view the U,.S‘.’is‘;’i fte‘rms_"r of - . .
present land forms: or physiography as shownifm .. .«
Figure 16. This map will help the reader to .-

correlate the discussfon to follow with current . . "7

names for varfous physiographic division. By
reference to Figures 14, 15 and 16 this discussion
will be more meaningful, : y
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Canadian Shield
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For the last bfllion. years, the Canadfan :°
shield has been the great stable portion of the -~
North American continent. It consists mainly ofr @
gre-Cambrian granitfc Tntrusions and metamorphosed .,
volcanic and sedimentary rock., A few occurrences
of Paleozofc strata indicate that the Paleozoic -
formations were once much more widespread over the -~ -.
shield than now, and that they have heen stripped -
off by & long interval of erosion during the
Mesozoic and Cenozoic erag, | . . T

Central Stable Region
The central stable: regfon- ) :

foundation of pre-Cambrian crystalline rock, which

is a contfmuatfon &f the Canadian shield southward

and westward, covered by a veneer of sedimentary

sandstone, Yimestone and shale. The veneer varies

greatly 1in thitkiess from place to place, and...

several broad basins, archés, and domes, developed. - -
chiefly 1in Paleozoic times, are present. .
these basins have been the sfte of of]
aquifers, having

Many of .. .
accumu-

lation, and* some. contain

_gectherma) potential. -
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In the southwestern corner of the central
stable region, a system of ranges was elevated in
Carboniferous ‘time, and then during the Permian
and Mesozaic 1t was largely buried. The ranges
are knpwn -as the Ancestral Rockies in Colerado and
New Mexico, and as the Wichita mountain system in
Kansas, Dk]ahoma, and Texas. The late Cretacecus
and early Tertiary Laramide orogenic belt was
partly superposed on the Ancestral Rockies in
Colorado and New Mekico, and a fragmeént of ‘the
¢entral stable region was dismembered 1n the
process to form the Colorado Plateau.

Orogenic Belts of the Atlantic Margin

The Paleozoic orogenic belts of the Atlantic
margln bound effectively the southern, as well as
the éastern; continéntal margin. The major belt
is known as the Appalachian, and 1t consists of -an
inner folded and faulted division, the Valley and
Ridge, and an outer compressed, metamorphosed, and
intruded divisioa, the Piedmont. Y¥olcanic rocks
and great {ntrusiens of crystalline rock
{batholiths} aré important comporents of the outer
divisién, but the inner folded and faulted belt is
comparatively free of them. Both divisions are
made up of wvery thick sequences of sedimentary
rocks that nave been metamorphpsed.

The orogenic belt bordéring the southern
margin of the stable interior is mostly concealed
by overlappifg coastal plain deposits, but where
exposed, it is a folded and faulted complex,
somewhat similar to the 1inner Appalachian
division.

The eastern extent oar  breadth of the
Appalachian orogenic system and the nature and
conditién of -the crust that lies east of 1t are
not known, becausé of the cover of Atlantic
Coastal p'!a‘ln sediments. The continental margin
had begun to subside at least by early Cretaceous
time, if not before. The géntly sleping surface
on the crystalline rocks has been traced eastward
under this Crétaceous and Tertlary sedimentary
cover to a depth &f 10,000 feet, which 15 near thé
margin of the present cont1nenta1 shelf.  Most
units of the Ceastal Plain sediments dip gently
and thicken Tike a wadge oceanward as far as they
have- been traced by deep drilling and by seismic
traverses. Theé Gulf coastal plain 1s continuous
with the Atlantic coastal plain, and counting its
shallowly sibmerged porticns, it neaﬂy encioses
the Gulf of Mexico.

Orogenic Belts of theé Pacific Margin

The dreat complex of orogenic belts along the
Pacific margin of the continent evoived through a
very long tima. The pldest strata recognized are
Ordovician. In Paleozoic time, the Pacific margin
of the continent was -2 volecanic archipelago in
appearance, .and internally was a belt of profound
compression and fdneous fTnirusfop. Inward from
the archipeﬁago. much  volcanic
deposited in a ‘sagging trough and admixed with
other sediments. The Permlan, Triassic, and
Jurassic were times of volcanism, and represent a

materfal was.

" materfals during the Paléozoic. :

west and fafrly thin shelf sequences on
east. The line
approximately along the west side of the Colorade ~*“«-;,

"Colorada, and central . New Mexfco,

-

"Sterra of Baja California.

" Mashington,
.believed that subduction was active.in this area .
" until the last few mill1on years {Dickinson and®”

“1ying basaltic lava flows and. a1rfa11-deposits~~

-and Montana

P

: Wiright
continuatfan of ‘essentfally the same Paleozdic
conditions well {nte the Mesozeic; - In Tate
Jurassic and. early Crétaceous time, intense
folding preceded bathnchic intrusions  {Nevadan
Srogery) and the résults of this great geologic .-
activity now constitute large parts of the Coast
Range of British Columbia, the ranges along the .
international border in  British . Columbia,
Hashfngton, .and Idaho, “the Kiamath Mountains of
southwestern Oregon and northern Californfa, the . .
Sierra MWavada Mountains of California, and the .
¥t s probable that |
this orogeny was caused by compression due to
subduction of an oceanic plate beneath the western 2= *
margin of the contirent.

R ltd [y . FETe
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FoYlowing the Nevadan orogeny, ‘a, new - trough -

of accumulation and a new wolcani¢ archfpe1ago ROV

formed west of the Nevadan belt, and a complex” ™

history of deformation and sedimentation carries ' >
down through the Cretaceous and Tertiary” to the "7 7"
present, to result {1n the Coast ; Ranges . of « -~
Oregon, and Ea‘lifornia. It.> s ~

Snyder, 197%].

Yalcanism 15 al:t1ve todqy in.the;
Cascade Range. e d )

[ n u'-\.-o.-'i. b

The Columbia’ P!ateau is a: compTe: of ﬂat—

that cover much of eastern  Washington and -
Oregon. "The main perfod of volcantsm was Miccene,
but the deposits merge smodthly edstward with the: el
flows of the Snake River plain in Idaha where': .
volcanism has been active 1n places *{n the past = **
few hundred years. The wolcanic’ rocks “were — 7
deposfted in a downwarped area -and range 1in -
thickness up to perhaps 2 km. They were deposfted ©
on sedimentary rocks of Paleczofc and Mesozoic .-

age. 1t 1s 11kély that the Basin and Range '™ s

Province extends under the plateaus,

Brogenic Belts of the Racky Mounta1ns

During the complex and long urogenﬂ: h1story

. of the Pacific margin, the adjacent zone Tnward'. <. -
. was one of

gentle .sediment -’

comparatively

subsidence and

accumulation, free . of

. The Paleozoic and all the Mesozo1c sed1ments.~ -
. except the lUpper Cretaeous of the Rocky,Mountains::

may be divided iato thick basin sequenceés on, the

dividing the two

platéau and runs northward through western Wyoming*
to. western Alberta. . The
seguences were part of the central. stable reg1nn,
unt{l the Tate Cretaceous and early Tertfary 3 ,
{Laramide} orogeny. The eastern: Laramide belt of ™
folding and faulting extended through the shelf .
régian of central and eastern Wyoming, centreﬂ»
forming the )
cutting, off the™

eastern Rocky Mountains and

) Co1 orado pIateau from the central st’.ab'le _regton,

Fellowing 1n the middle Tertiary, weﬂ after

volcanfc '”",‘

shelf ;...-_,.-.«_-. y
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the compressfonal MNevadan and Laram{de orogenies
of western North America, an epissde of high-angle
faulting éccurred that created the Basin 2nd Range
physiographic province and gave sharp definition
to many of 1its mountafn ranges. The high-angle
faults were superposed on both the Nevadan and
Laramide belts; most of them are late Tertiary in
age and some are still active. 1In many areas of
the Basin and Range, volcanism occurred throughout
the Tertiary and, ‘especlally along its eastern and
western margins, it continues to the present
time.. Active volcanoes existed as recently as -a
few hundred years :age 1n parts of Idaho, Utah,
Nevada, Calffornia, Arizona and New Mexito.

‘GEQTHERMAL RESOURCES IN THE
LCONTINENTAL UNTTED STATES

Figure 17 displays the distirfbution of the
various resource types in the 48 contiguous
states. Information for this figure was taken
mainly from Muffler et at. (1978}, where a more
detailed discussion and more detailed maps can be
found. Not shown are locations of hot dry rock
resources because very 1{ttTe 1is known. In
addition, 1t should bé emphasized that the present
state of knowledge of gaothermal resources of all
types 1s poor. Because of the wery recent

emergence of the geutherma'l 1ndust'.ry, 'lnsufﬂcient»

exploration has been- done to define properly the
resource base. Each year brings more resource
discovery, 5o that Figure 17 will rapidly become
outdated.

Figure. 17 shows that most of the known
hydrothermal resources and all of the presently
known sites that are capable or believed to be
capable of electric power generation from
hydrothermal convection systems are 1n the western
half of the U.S. The prepondérance of thernal
springs and other surface manifestations of
underiying resources is alsc {n the west. large
areas underlain by warm waters 1n sedimentary
rocks exist in Montana, MNorth and South Dakota,
and Wyoming (the Madison Group of aquifers), but
the éxtent and potential of these rescurces s
poorly undefstood. Another fmportant large area
much of which
resources, 15 the northeast-trending Balcones
fault zone in Texas. The geopressuréd resource
areas of the Gulf Coast and surrounding states are
also shown. Resource areas indicated in the
eastern states are highly speculative because
almost no drilling has been done to actually
confirm their ex1stence, which 1s only inferred at.
present.

Regarding the température distribution of
geothermal resources, low- and intermediate-
temperalire resources are much more plentiful than
are high-temperature resources.. There are many,
many thermal springs and wells that have water at
a temperature only slightly above the. mean annual
air temperature, which is the temperature of most
non-gegthermal shallow ground water. Resources
Waving températures above 150°C are 1nfrequent,
but represent important occurrences. Muffler et
al. (1978) show a statistical analysfs of the

1s underlain by Tlow-temperature

Hestern U.s.

) Sa1 ton Trough}lmper1a1 Va'ney, A "

. horthward, up the Gu1f of California, by transform

- subsidence

oo 0T T right

temperature distribution of hy‘dr'otl.'nér"ma] .'l"'esou.rcés
and conclude that the cumulative frequency of

occurrence Tncreases exponentially as reservelir
temperature  decreases  (Fig. . 18]). This
relatignship 9Js based only on qata far known

dccurrénces having temperatures $0°C or higher. .
It {s firmly epough established, however, | that we
can have confidence fn the ex1stenr:e of. a very’
large low-temperature 'respurce base, must l:lf wh1ch
15 undiscovered.
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known = geothermal
beginnfng in the

Let us consider - the.
gccurrences in a bit more. deta‘f'l

landward extension . of the Gu]f of ;
California. It 1s an area of complex, currently
active plate tectonic - geslogic processes. . As
showin on Figure 3, thé crest of the East Pacific?
Rise spreading center {5 offset repeated]yah :

along the

faulting. Bith the Fise crest and the transform-
faults come onto the contipent under the delta of »
the Colorado River {Fig. 19) and the structure of -~
the Salton Trough seggests that they- -underlie the »;'w‘ R
trough, - The offsetting faults ‘trend northwest, 3.
parallel’ to the str1ke of the well-known San

.Andreas fau'lt. w L n

T TR Sl L

The Salton "l'r'ough has beenf'an T area® of -
since * Miocene times: 2! During ~the 2 -
ensuing years sedimentation in the’ trcugh has kept~—--4-~ -
pace with subsidence, with shallow water sediments:

o N it e

- and debris from the  Colorado™ River ' '
predominating.” At present, 3 to 5 km of - phoriy. =-t— oo FgR
consplidated sediment overlies a  basement of * :

Mesozolc crystalline rocks that intruded Paleozoic 3+
and Precambrian sedimentary rocks. - Detafled ‘1
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analysis of drilling data and of surface and
downhole geophysics Indicates that at least some
of the known gecthermal occurrences {Cerro Prieto,
Brawley and the Salton Sea) aré underlain by
"pull-apart basins" apparently caused by crustal
spreading above a lpcal section -of the East
Pacific Rise crest (Eldérs, 1979), VYery young
volcanic activity has oGcurred at Cefro Prieto
where a rhyodacite cone: 1s known, and along the
southern margin of the Salton Sea where rhyolite
domes occur. The domes have an approximate age of
60,000 years (Muffler and White, 1969). The Cerrc
Prieto volcano has been d1ff1cu'|t to date but may

be about 10,000 years old {(Wollenberg et al.,
1980}. Fau1ting is occurring at the present time
as evidenced by ‘thé many earthquakes and

earthguake swarms recorded there (Johnson, 1979).

EXPLANATION
SPREADING CENTERS
4 YOUNG VOLCANICS
@ GECTHERMAL AREAS

o 25 50 KM

. Obsidlan

B utte-d Srawie
\ B fre \\‘}( GEmm'{mﬂf
‘:.:: Afea
N \ \
’-:;\_ Heb L U5}
LI e @ Mesa

I
- —

e o —

. W&B:qnnar
A aa&a asin
Cecae N\

—_—

MAJOR STRUCTURES OF SALTON TROUGH

{after Palmer et al,

Figure 1%

The Lerro Prieto field fs the best understood
geothermsl occurrence {n the Salton Trough because
of the drilling done there, We may take 1t as an
example of a Salton Trough resource type. This
field currently produces 150 MWe .and theré are
glans by the Comisign Federal de Electricidad fn
Mexice to enlarge Jts capacity te 370 MWe by

1975) |

- due to dissolution of minerals by the geothermal.g-ncy

dissolved solids.

'shown 1n Figure 21,

- faulted.

v - . -
.- -

1985. The field s water-dominated ‘and the more
‘than 60 wells produce from depths of 1.5 to over

3 km. Flufd tenperatures range from absut 200°C

to over 350°C (Alanso, et al., 1979), The rocks

are composed of an upper 1ayer' of unconsolidated
si11ts, sands and clays, and a layer of con-
s¢lidated sandstones and shales overlying the |
¢rystalline basement (Puete Cruz and dé Ta Pena,.- -
1979}, Two principal, reservolir horizons occur in, ... ...
sandstones within the . consolidated sequence, and
enhanced production has been noted in the vicinity -

of faults, 1indicating that fracture permeab111ty ;
1s important, although- intergranular permeabil{ty=: --

fluids- 15 believed to be important also (Lyons and - . .
Yan de Kamp, 1980}, Reservoir recharge s =~ %
apparently from the - northeast and east and
censists, at least partly, of Colorado River water i
{Truesdel) et al., 1980) o

The geothermal ﬂuid from Cerro Prfeto af‘ter e
steam separation, contains about 25,000 ppm total : :
This figure is much Tower than
some of thé other résources {in the Salton -
Trough. For example, the Salton $Sea area contains ‘s
20 to 30 percent by weight by solids {Pa‘rmer.,,_; :
1975). Primarfly because of problems assoctated..
with this high salinity; no signiffcant use has’
been made. of Salton Sea fiufds to date. . .; w .:.:

"

“for “the several Salton -
Hot, partly molten .

The heat source(s)
Trough resources are unknown.

" vock at shallow depth (5-15 kam) could underly at .

least some of the resource areas, or alternatively .
the active faulting could provide a
where water could circulate to depths great enough
to be heated by the enhanced geothermal gradient

The Geysers, CA

' The Geysers geothermal -area -is “the world's :':-,-7-~
largest producer of electricity from geothermal .

flulds with 908 MWe on 'ine and an additional 880: g

Mie scheduled by 1986, = This area 1ies about 150 "
km north of San Francisco. The portion of the " .
resource befng explofted 1s- a vapor-deminated 5.7 %
field having a temperature of 240°C, as previously"”

discussed, The ultimate potential of the vapor-:-
domfnated system ¥s presently belfeved: to be ™./
argund 2000 MMe. Associated with the vapor—)l -
dominated field are believed to be several .

unexplofted hot water-dominated reservoir's whose ™
volume.and temperature are unknown. g '.-..
The geology of The Geysers area is complex,’
especially structurally, Reservoir rocks consist
mainly of fractured greywackies, [sandstone-1fke’
rocks consisting of poorly sorted fragments of
quartzite, shale, graritte, volcanic rocks and
other rocks)., The fracturing has created the .
permeability necessary for steam productien in -
quantities Targe encugh _to be eéconomically ... .
exploftable.  Overiying the reservolr rocks, as
is a serfes of {mpermeable: ..
metamo rphosed rocks .(serpentinite, greenstone, .,
melange. and metagranite] that form a:cap on the:..
system. These rocks are all comp1ex1y folded and ‘oo
They are believed to have been closely ..

mechanism ... .

aeia




associated with and perhaps included in subduction
of the eastward-moving plate (Fig. 3) under the
continent. This subduction apparently ended 2 to
3 million years ago.

ochs Formatlon

MAJOR STRUCTURES in

THE GEYSERS-CLEAR LAKE AREA
(Afver Goff, 1980)

Figure 20

As shown in Figure 20, the presently known
steam field is confined between the Mercuryville
fault* zone on the southwest and the Collayomf
Fault zone on the northeast. The northwest and
southeast margins are not defintely known. To the
east and northeast lies the extensive Clear Lake
volcanic field composed of dacite, rhyolite,
andesite and basalt. The {interval of eruption for
these volcanics extends from 2 million years ago
to 10,000 years ago, with ages progressively
younger northward (Donnelly, 1977). The Clear
Lake volcanics are very porous and soak up large

* quantities of surface water. 1t is believed that
recharge of a deep, briny hot-water reservoir
comes .from water percolating through the Clear
Lake volcanics, and that this deep reservoir may
supply steam to the vapor-dominatéd system through
boiling (Fig. 21) although these ideas are not
universally supported by geologists and the deep
water table has never been 1Intersected by
drilling. -

The postulated | water-dominated geothermal
reservoirs do not occur everywhere in the Clear
Lake volcanics. At several locations drill holes
have found temperatures of 200°C at depths of only
2000 m, but the rocks are tight and impermeable
(Goff, 1980). Fractured areas apparently host the

LRSI R EXT [
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water-dominated reservoirs at the Wilbur Sprtngs oo
district {(Thompson, 1979), the Sulphur Bank Mine :*
{White and Roberson, 1962) and other smaller |
occurrences. Potential 1n The Geysers area for
discovery of additional. exploitable resources is
good. .

The Basin and Rang_

‘The Basin and Range province extends from‘
Mexico 1nto southern Arizona,
Mexico and Texas on the south, through parts of ...
California, MNevada and Utah, and becomes 111-"'.“
defined beneath the covering vo'lcanic flows of the ;.
Columbia Plateau on the north:(Fig. 16).. This
area, espectally the northern “portion, contains - -~
abundant geothermal resources of all temperatures: ..
and is perhaps the most active area of exploratfon
in the U.S. outside of the Imperfal Valley and The '
Geysers areas. Resources along the eastern and :
western margins of the province are both more 6. .
abundant and of higher temperature. Although no,
electrical power is presently being generated from .
geothermal resources in this area, plans have been’ f‘ T
announced to develop 20 MMe from Roosevelt Hot™ -
Springs in Utah and 10 MWe from an area yet to be -
selected 1n Nevada. Candidate sftes in Nevada

‘Include Steamboat Springs, Dixie Valley,, Desert . '

Peak and Beowawe. Exploration {s being conducted
at probably 20 or more sites 1in the Basin and’
Range, including, in addition "to those named
above, Cove Fort, Utah; Tuscarora, McCoy, - - -
Baltazor, Leach Hot Springs, San Emidio, Soda .. . ..
Lake, Stillwater, and Humboldt House, Nevada; and ~~
Surprise Valley, Long Valley Caldera and Ceso,
California. Direct applfcatfon of geothermal .
energy for industrial - process heating and space .« ,--
heating are currently operating in this area at.: .

several sites 1including Brady Hot Springs-. -
{vegetable drying), Renc (space heating) and Salt. ..
Lake City (greenhouse heating). T

.

The reasons for the abundance of resources in
the Basin and Range seem clear, This area,-
especially at {ts margins, is an active area.
geologically. VYolcanism only a few hundred years-:
old is known from tens of areas, including parts .
of west central Utah on the east {Nash and Smith,
1977) and Long Valley caldera on the west™:
(Rinehart and Huber, 1965). The area is a'lso'—",
active seismically and faulting that causes the ™1™
uplift of mountain ranges in this area also serves w:'... -
to keep pathways open for deep fluid .circulation ...
at numerous locations. Rocks in the Basin and
Range consist of ‘Paleozoic  and Mesozoic -
sandstones, 1limestones and shales that 11e on '
Precambrian metamorphic and 1{ntrusive rocks.*:
These rocks were deformed, complexly -in some .. .
places, during the Nevadan and Laramide orogenies, .
as discussed above, and some base and precious: ’
metal deposits were formed. Beginning in mid-
Tertiary times volcanic activity i{ncreased many - '
fold with both basaltic and rhyolitic rocks being |
erupted. Extentional stresses also began to
operate and a sequence of north-south mountain
ranges were formed which separate valleys that -~
have been filled with erosional debris from the -
mountains (Eardley, 1951). In some places more %= ..o~

R
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than 2 km offset has occurred along range-front
faults, and the valleys may contain a hundred to
as much as 3,000 m of unconsolidated erosional
debris. This activity persists to the present
time.

As an example of a Basin and Range hydro-
thermal system we will discuss Roosevelt Hot
Springs, although 1t should not be supposed to be
typical of all high temperature occurrences 1in
this province. This geothermal area has been
studied in detafl for the past six years {(Nielson
et al., 1978; Ward et al., 1978). The oldest
rocks exposed (Figs. 22 and 23) are Precambrian
sedimentary rocks that have been extensively
metamorphosed. These rocks were {intruded during
Miocene time by granitic rocks (diorite, quartz
monzonite, syenite and granfte). Rhyolite
volcanic flows and domes were emplaced during the
interval 800,000 to 500,000 years ago. The area
has been complexly faulted by north to northwest-
trending high angle faults and by east-west high-
angle faults. The Negro Mag fault is such an
east-west fault that s an important controlling

B}

- . ea t

structure in the north portion of the field.™ The - -~ '° -
north-trending Opal Mound fault apparently - forms ... .
the western 1imit of the system. The oldest fault
system 1s a sertes of Yow-angle denudation faults °_-
(Fig. 23) along which the upper plate has moved <
west by about 600 m and has broken into a series:;
of discrete blocks. Producing areas fn the T -
southern portion of the field are located in zones=&-% .’
of 1intersection of the upper plate fault zones - . .°
with the Opal Mound and other 'parallel faults.? 7
Producing zones in the northern part of the region .
are located at the intersection of north-south and- .
east-west faults. . The permeability 1s obviously= .
" fracture controlled. .. -

“

Seven producing’ wells have been drilled-in.:.:
the area (Fig. 22). - Fluid temperature is about . .
260°C and the geothermal system .1s water-
dominated. Average well production “ts - perhaps: ™~
318,000 kg/hr (700,000 Tbs./hr). Inftial plans< =
are for a 20 MWe power plant with two 50 MWe 1%

plants to be {nstalled as knowledge of reservoir’-. .. .. .,'

performance increases. . -,
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'GEOLOGIC CROSS SECTION
ROOSEVELT HOT SPRINGS, UTAH '~ - -
(from Nielson et al.,, 1978) ‘

Figure 23

Cascade Range and Vicinity

The Cascade Range of northern California,
Oregon, Washington and British Columbia {s
comprised of a series of volcanoes, 12 of which
have been active in historic times. The May 18,
1980 eruption of Mount St. Helens attests to the
youth of volcanic activity here. The Cascade
Range probably lies over a subduction zone (Fig.
3) and magma moving into the upper crust has
transported large amounts of heat upward. In
spite of the widespread, young volcanism, however,
geothermal manifestations are not as plentiful as
one would suppose they should be (Fig. 17).
Figure 24 11lustrates in schematic form that the
high rainfall and snowfall in the Cascades are
believed to suppress surface geothermal mani-
festations through downward percolation of the
cold surface waters 1n the highly permeable
volcanic rocks. In the absence of surface
manifestation, discovery of these resources
becomes much more difficult.

No producible high-temperature hydrothermal
systems have yet been located fn the Cascades,
although they are belived to exist. Geological
and geochemical evidence {indicates that a vapor-
dominated system fs present at Lassen Peak in
California, but {t lies within a national park,
and will not be developed. Elsewhere hydrothermal
systems having predicted temperatures greater than
150°C are postulated at Newberry Caldera in Oregon
and Gamma Hot Springs in Washington, but drill
evidence has not been obtained (Muffler et al.,
1978). Industry's exploration effort so far in
this area has been minimal.

The use of geothermal energy for space heat-
ing at Klamath Falls, Oregon {is well known {Lund,
1975; Lund, 1980), and numerous hot springs and

(paciric ocsan

Columbia Plateaus .~ 't = -

e

R ..-.-.~.--<...—-n bR T -v,.mlwn—n— -
AN B - -~ et n) 4=av b

wells occur 1n -both - Oregon and. Hash1ngton st
Potential for discovery of resources in allf S0
temperature categories is great. . o e e :

oy

Figur_‘e 24 e

The Columbla Plateaus  area f{s™ an” area -of
young volcanic rocks, mostly basalt flows, that|

the course of the Snake River (see below).

[N
PR S 1.

There are no hydrothemal resources having'
temperatures >30°C known through drilHng in this
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area. However, there are numerous warm springs
and wells that indicate the presence of geothermal
resources potentially sujtable for direct heat
uses.

Snake River Plain

The basalt flows and other volcanic deposits
of the Snake River Plain are an extension of the
Columbia Plateau eastward across southern Idaho to
the border with Wyoming. The plain is divided
into a western part and an eastern part. Thermal
waters occur in numerous wells and springs in the
western portion, especially on or near the edges
of the plain.
temperatures exceed 150°C at Neal Hot Springs and
Yale, Oregon and Crane Creek, ldaho, but indicated
temperatures for most resources are Jlower.
Younger voicanic rocks occur in the eastern part
of the plain, but no high-temperature resources
(7>150°C) are yet fdentified, although numerous
areas have warmm wells and springs. This part of
the plain is underlain by a high-flow cold-water
aquifer that {s ©believed to mask surface
geothermal indications.

Direct use of hydothermal energy for space
heating is famous at Boise, where the Warm Springs
district has been heating homes geothermally for
almost 100 years (Mink et al., 1977). Also in
this area is the Raft River site where DOE is
currently constructing a 5 MWe binary
demonstration plant on a hydrothermal resource
whose temperature {s 147°C.

Rio Grande Rift

The Rio Grande Rift 1is a north-trending
tectonic feature that extends from Mexico through
central New Mexico and ends {in central Colorado
(Figs. 16 and 17). It is a down-dropped area that
has been filled with volcanic rocks and erosional
debris from the bordering plateaus and mountains
(Fig. 25). The rift began to form in late
0ligocene times, and volcanic and seismic activity
have occurred subsequently to the present. Young
volcanism, faulting and high heat flow
characterize the area today.

are several low- and intermediate-
temperature hydrothermal convection systems in
this area, but the only high-temperature system
that has been drill tested to any significant
extent and where production {s proven is a hot
water-dominated system in the Valles Caldera
{Oondanville, 1978). Surface manifestations at
the Baca No.
fumaroles, widely distributed hot springs and gas
sesps. Hydrothermal alteration extends over 40
km=. Deep drilling has encountered a hydrothermal
convection system in fractured Tertiary volcanic,
Paleozoic sedimentary and Precambrian granitic
rocks at an average depth of 2 to 3 km.
Temperatures as high as 300°C have been recorded
and tie average production temperature will 1likely
be 260°C. There are current plans for a 50 MWe
flash steam plant at this locatfon. Also located
near the caldera 1s the site of Los Alamos

There
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National Laboratory s hot dry rock experiment at
Fenton Hi1).
hydrothermal convection
their heat from magma that has provided the
materfal for the several episodes- of volcan1sm
that created the caldera structure

Geochemically indicated resource .

1 location ‘in the caldera include
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Figure 25 L . '
Elsewhere in the Rio Grande Rift, there'arev

numerous hot springs and wells. . Discovery .
potential 1is high, although there are no known

sites where discovery of fluids in excess of 150
to 170°C 1s indicated by present data (Harder et
al., 1980).

- ce s ey .-

The Madison and other Aguifers {f; i

Underlying a large area 1n western North and
South Dakota, eastern Montana and northeastern
Wyoming are a' number of aquifers that contain™
thermal waters. These aquifers have been .
developed 1in carbonates:. and sandstones
Paleozoic and Mesozoic age..*

.

of .- ...
The permeability is ..

both intergranuiar and fracture controlled in the

" case of the sandstones (e.g. the Dakota Sandstone)-’

v

Both the hot dry rock site and the ~ -
system probably derive

R RV

-

and fracture and open spaces {n the carbonates .v.

(e.g. the Madison Limestone). . At least some of |
the aquifers - will produce under artesian
pressure. Depths to production vary widely but’

average perhaps 2,000 ft.
80°C (Gries, 1977)’ in the Madison but are lower in
other sha]lower aquifers such as the Dakota.

The U. S Geo]og1ca1 Survey {is. comp]et1ng an

Temperatures are 30- °

intensive study of these aquifers, and the results }"

will
development than presently exists.
the thermal water {is being made at a few locations: .
today, and it {s evident that the potential for‘
further development ts substantial. -

form a much firmer basis for hydrothermal

The Balcones Zone, Texas
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northeasterly across central Texas. Many of the
large population centers are {n or near this zone,
and there appears to be significant potentfal for
geothermal development in spite of the rather low
temperatures.

n {nftfal assessment of the geothermal
potential has been documented by Woodruff and
McBride (1979). The thermal waters occur in a
band broadly delimited by the Balcones fault zone
on the west and the Luling-Mexia-Talco fault zone
on the east. In many locations the thermal waters
are low enough in content of dissolved salts to be
potable, and indeed many communities already tap
the warm waters for their municipal water
supplies.

The geothermal aquifers are mostly Cretaceous
sandstone units, although locally thermal waters
are provided from Cretaceous 1limestones and
Tertiary sandstones. The thermally anomalous zone
coincides with an ancient 2z0ne of structural
weakness dating back more than 200 miilion
years. The zone has been a hinge 1ine with uplift
of mountain ranges to the north and west and
downwarping to the south and east. Sediments have
been deposited in the area of downwarping, and the
rate of sedimentation has kept pace with sinking,
keeping this area close to sea level. Structural
deformation of the sediments, {ncluding faulting
and folding, and 1nterfingering of
sedimentary units have resulted in the complex
aquifer system of today.

The source of the anomalous heat is not known
with certainty but several postulates are
(Woodruff and McBride, 1979): 1) deep circulation
of ground waters along faults; 2) upwelling of
connate waters, originally trapped in sediments
now deeply buried; 3) stagnation of deep ground
waters owing to faults that retard circulation; 4)
local hot spots such as radiogenic heat sources
{intrusions) within the basement complex, or; 5)
other loci of high heat flow.

A minor amount of direct use is being made of

these waters at present, and potential for further

development is good.

Other Areas--Eastern Half of U.S.

Hydrothermal resources in other areas of the
continental U.S. besides those mentioned above are
very poorly known. There 1{s believed to be
potential for thermmal waters of about 100°C at a
number of locations along the Atlantic Coastal
plain associated with buried intrusions that are
generating anomalous heat through radioactive
decay of contained natural uranium, thorium and
potassium. Examples of such areas are shown at
Savannah-Brunswick, Charleston, Wiimington,
Kingston- Jacksonvﬂle and the mid-New-Jersey

Coast. One drill test of such an area (Delmarva
Penninsula near Washington, D.C.}) has been
conducted with {nconclusive results regarding

amount of thermal water that could be produced.
This is the only geothermal test well so far in
the east. Less than a dozen warm springs and

diverse . to have geothermal potentfal.

_been comp1eted (Thomas et al., 1980)

Alaska .. LT

_ “been done
- occurrences are located on the Alaska Peninsula

. occurrence of ~ hot
1978).

wells are known at'present. The Allegheny Basin
ts outlined on Figure 17 because it has potential
for thermal flufds 1n aquifers burfed deeply
enough to be heated 1n a normal earth's
gradient. Parts of Ohio, Kansas, Nebraska, and
Oklahoma as well as other states are belived to
have potential for low-temperature fluids. No
drill tests have been conducted, however..

Hawaiian Islands -~ = - e

The chain of 1s1ands known ‘as the HawaHan
archipelago stretches 2500 km 1{in _a northwest-
southeast line across the Pacific ocean from Kure '
and Midway Islands to the Big Island of Hawaii.’

Built of basaltic volcanic rocks, this: 1s]and
chain boasts the greatest volcanic. masses on
earth. The volcano Kilauvea rises 9800 m above the .

floor of the ocean, the world's largest mountain
in terms of elevation above d{ts 'base. - The '.__f_'
K{lauea, Mauna Loa and other vents on the big
fsland are 1in an almost continua) state” of .
activity, but by contrast volcanoes on the other
islands have shown 1{ttle recent, activity.
Haleakala on the island of Maui {s the only other_
volcano 1n the state that has erupted in the last ~
few hundred years, and the last eruption there was"
in 1790 (MacDonald and Hubbard, 1975). L iE
.-. A x .- e
Several of the Hawaiian 1s1ands are believed.
The only area where -
exploration has proceeded for enough to establish

. the existence of a hydrothermal reservoir is in -~

the Puna district near Kapoho along the so-called .. -

"cast Rift", a fault zone on the east flank of

Kileaua. Here a well was completed to a depth of .w .
1965 m - (Helsley, 1977) with a bottom-hole.. . ..
temperature of 358°C. Little 1is known in detail -~ ~

of the reservoir at present, but it is believed to

be fracture-controlled and water-dominated. A -
3 MWe generator is currently befng installed and °

is scheduled for start-up in mid-1981,
this project would undoubtedly spur
development at this site.

w3t s seae oL -

Elsewhere . on the . islands " potentfal for:
occurrence of " low- “to
resources has been established at a number of"‘.
locations on Hawaii, Mauf and Oahu, although no . '

drilling to establish existence of a resource has

Very ‘Iitt'le geothermal exp'lorat!on “work " has
in Alaska. A number of geotherma1'

and the Aleutian Islands -and .in central and-.
southeast Alaska. The Aleutians and the Peninsula’™’
overly a zone of active subduction (Fig. 3), and -,
volcanoes are numerous. MNone of the {dentified’
hydrotherma) convection

Low- and mderate-temperature resources -are
indicated in a number of locations in Alaska by-.
springs (Muffler et al.,
One area that has been studied in more - - -

moderate-temperature * v -

Success of - .
further . .
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systems here have been = 7
studied in detail, Lo, R
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TABLE 2 T
GEOTHERMAL ENERGY OF THE UNITED STATES.""
After Muffler et al. (1979) Table 20 -l .. .
RESOURCE T ELECTRICITY BENE%CIA'L fiEAT K REBSOURCE
YPE {MWe for 30 yr) ) {10°° Jjoules) (10 Joules)
Hydrothermal . .
ldentified 23,060 : ~
Undiscovered 72,000-127,000

Sedimentary Basins

Geopressured {N. Gulf of Mexico)
Thermal

Methane
Radfogenic
Hot Rock

detail and has had limited drilling {s Pilgrim Hot
Springs (Turner et al., 1980). This site 1s 75 km
north of Nome, Alaska. Inftial drilling has
confirmed %he presence of a hot water reservoir
about 1 km® in extent that has artesian flow rates
of  200-400 gallons/minute of 90°C  water.
Geophysical data suggest that the reservoir f{s
near the intersection of two inferred fault
zones. Further exploration work will be required
to determine the potential of this reservoir.

POTENTIAL FOR GEOTHERMAL DEVELOPMENY

A small industry exists in the U.S. that f{s
beginning the development of high-temperature
hydrothermal resources for electrical power
production. Developers involved are mainly large
petroleum companies and potentfal users of the
hydrothermal fluids are electric utilities.
Exploration for high-temperature resources fs
being conducted at a rather low level, mainly
because development of geothermal resources is not
yet economic.

There 1s virtually no {ndustry activity to

develaop geothermal resources for direct heat uses
in the U.S. Good inventories of low- and

moderate-temperature resources are only now .

becoming available in map form through efforts of
the Federal geotherma)l program. And there has

been very 1{ittle drill testing that {s necessary -

to prove resource viability so that money could be
obtained for construction of utflization systems.

Muffler et al. (1978) have dealt with the

problem of how much accessible resource exists in -

* Hydrotherma) -~ '?'.f~ 12,800 -+

pPe "l i s eecmame cma . v

the U.S; both'at known sites “and " those thaf are
undiscovered. They conclude that the undiscovered
resource base 1s on the order of 3 to 5 times.

greater than the resources known today.- - These’

figures do not iInclude possible hot dry rock or: -

other more speculative resources. Table 2 {s a.
summary of the current estimate of the geotherma]
resource base as taken from Muffler al.”

(1978). This table demonstrates our 1ack of -

resource knowledge through the ranges and relative
amounts of undiscovered resources and through the

many missing numbers We can conclude, however, . -

that the geothermal resource base is 1arge 1n the
u.s .

ph -~ =

PR R AR ) -

.The amount of geothennal energy that w111 be e

in use at various times fn the future 1s a topic
of much discussion. It s no trivia) exercise to”

estimate this number. Table 3 shows the best j‘
current estimates (Anon., 1980;- Anon., 198la;

Anon., 1981b).
L TABLE 3
GEOTHERMAL DEVELOPMENT POTENTIAL

Mw) 2o T (1007 BTY) ¢
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NATURE AND OCCURRENCE OF GEOTHERMAL RESOURCES IN THE UNITED STATES

Phillip M. ¥Wright

tarth Science Laboratory
University of Utah Research Institute
Salt Lake City, Utah 84108

INTRODUCTION

Geothermal energy s heat energy that origi-
nates within the earth, Under suitable
circumstances a smal) portion of this energy can
be extracted and used by man. So active is the
earth as a thermal engine that many of the large-
scale geological processes that have helped to
form the earth's surface features are powered by
redistribution of {internal heat as it flows from
inner regions of higher temperature to outer
regions of lower temperature. Such seemingly
diverse phenomena as motion of the earth's crustal
plates, uplifting of mountain ranges, occurrence
of earthquakes, eruption of volcanoes and spouting
of geysers all owe their origin to the transport
of internal ‘thermal energy.

In the United States and in many other
countries, geothermal energy is used both for
generation of electrical power and for direct
applications such as space heating and industrial
process energy. Although the technical viability
of geothermal energy for such uses has been known
for many years, the total amount of application
today {s very small compared with the potential
for application. Availability of inexpensive
energy from fossil fuels has suppressed use -of
geothermal resources. At present geothermal
application is economic only at a few of the
highest-grade resources. Development of new
techniques and equipment to decrease costs of
exploration, drilling, reservoir evaluation and
extraction of the energy is needed to make the
vastly more numerous lower grade resources also
economic. '

The objective of this paper is to. present an
overview of the geology of geothermal resources.
It was wri'tten specifically with the non-geologist
in mind. The use of highly techaical geological
language is avoided where possible, and the terms
that are used are also cefined. Emphasis {s on
resources in the United States, but the geological
principles discussed have world-wide
epplication. We will see that geothermal
resources of high tempereture are found mainly in
areas where a number of specific geologic
processes are active today and that resources of
tower temperature are more widespread. We will
present a classification for observed resource
types and briefly describe the geology of each

type. The geology of the United States wil) then
be summarized to provide an appropriate background
for consideration of the occurrence of geothermal
resources. Ffinally we will be able to reach the
conclusion that the accessible geothermal resource
base in the United States is very large and that
the extent of development over the next decades
will be limited by economics rather than by
availability.

THE EARTH'S INTERNAL HEAT

Although the distribution with depth in the
earth of density, pressure and other related
physical parameters is well known, the temperature
distribution is extremely uncertain. We do know
that temperature within the earth increases with
increasing depth (Fig. 1) at least for the first
few tens of kilometers, and. we hypothesize a
steadily increasing temperature to the earth's
center. Plastic or partially molten rock at
estimated temperatures between 700°C and 1200°C is
postulated to exist everywhere beneath the earth's
surface at-depths of 100 km, and the temperature
at the earth's center, nearly 6400 km dcep, may be
more than 4000°C. Using present technology and
under good conditions, holes.can be drilled to
depths of about 10 km, where temperatures range
upward from about 150°C in areas underlain by
cooler rocks to perhaps 600°C 1n exceptional
areas.

IMPERATURE VS DEPTH IN EARTH
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Because the earth is hot inside, heat flows
steadily outward over the entire surface, where it
is permanently lost by radiation into space. The
mean value of th\s surface Beat flow for the world
fs about 60 X 1073 watts/m® {White and Willfiams,
1975) and since th&mein surface area of the earth
is about 5.1 )8210 the rate of heat loss 1s
about 32 X 10 Uatts (32 million megawatts) or

about 2.4 X calories/year, a very large
amount indeed. At present only a small portion of
this heat, namely that concentrated in what we

call geothermal resources, can be captured for
man's benef{ The mean surface heat flux of 60
milliwatts/m is ebout 20,000 times smaller than
the heat arriving from the sun when it {s directly
overhead, and the earth's surface temperature is
thus controlled by the sun and not by heat from

the interior (Goguel, 1976).

Two ultimate sources for the earth's fnternal
heat appear to be most important among a number of
contributing alternatives: 1) heat released
throughout the earth's 4.5 billion-year history by
radioactive decay of certain isotopes of uranfum,
thorium, potassjum, and other elements; and 2)
heat released during formatfon of the earth by
gravitational accretion and during subsequent mass
redistribution when much of the heavier material
sank to form the earth's core (Fig. 2). The
relative contribution to the observed surface heat
flow of these two mochanisms 1s not yet re-
solved. Some theoretical models of the earth
indicate that heat produced by radicactive decay
can account for nearly all of the presant heat
flux (VMacConald, 1965). Other studies (Davis,
1980) indicate that, if the earth's core formed by
sinking of the heavier metallic elements in an
originally homogeneous earth, the gravitational
heat released would have been sufficient to raise

the temperature of the whole earth by about
2000°C. An appreciable fraction of today's
INTERIOR OF THE EARTH
&
B tl.:\::.grs;';:}gi}
12.7564m
7.926 mi

MANTLE

Figure 2_

observed heat flow could be accounted for by such
a  source. However, the distribution of
radioactive elements within the earth {s poorly
known, as is the earth's early formational history
some 4 billion years ago. We do know that the
thermal conductivity of crustal rocks is low so
that heat escapes from the surface slowly. The
deep regions of the earth retain a substantial
portion of their original heat, whatever its
source, and billions of years will pass before the
earth cools sufficiently to quiet the active
geological processes we will discuss below.

GEOLOGICAL PROCESSES

Geocthermal resource areas, or geotherma)
areas for short, are generally those in which
higher temperatures are found at shallower depths
than is normal. This condition usually results
fromn either 1) intrusion of molten rock to high

tevels in the earth's crust, 2) higher-than-
average flow of heat to the surface with an
attendant high rate of increase of temperature

with depth (geothermal gradient) as illustrated in
Figure 1, often in broad areas where the earth's
crust fs thin, 3) heating of ground water that
circulates to depths of 2 to 5 km with subsequent
ascent of the thermal water near to the surface,
or 4) anomalous heating of a shallow rock body by
decay of an unusually high content of radiocactive

elements, We will consider each of these
phenomena in more detail below.
In many geothermal areas heat {s brought

surface by circulation of ground
water. [f temperature is high enough, steam may
be produced, and geysers, fumaroles, and hot
springs are common surface manifestations of
underlying geothermal reservoirs.

right to the

The distribution of geothermal areas on the
earth's surface is not random but instead is
governed by geological processes of global and

local scale. This fact helps lend order to
exploration for geothermal resources once the
geological processes are understood. At present

our understanding of these processes is rather
sketchy, but, with rapidly increasing need for use
of geothermal resources as an alternative to
fossil fuels, our learning rate is high. ’

Figure 3 shows the principal areas of known
ceothermal occurrences on a world map. Also
indicated are areas of young volcanoes and a
number of currently active fundamental geological
structures. It iJs readily seen that many
geothermal resource areas correspond with areas
that now have or recently have had volcanic and
other geological activity. To understand why this
is true we must consider some of the geologic
processes going on in the earth's interior.

A schematic cross section of the earth is
shown in Figure 2. A solid layer called the
lithosphere extends from the surface to a depth of
about 100 km. The 1ithosphere is composed of an
uppermost layer called the crust and of the
uppermost regions of the mantle, which 1ie below
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the crust. Mantle materfal below the lithosphere

is less solid than the overlying lithosphere and
is able to flow very slowly undery sustained

stress. The crust and the mantle are composed of
minerals whose chief building block is silica
(slo ). The outer core is a region where material

is much denser than mantle material, and it {s
believed to be composed of a liquid iron-nickeI-
copper mixture. The inner core {s believed to be
a solid metallic mixture.

One very important group of geological
processes that cause geothermal resources is known
collectively as “"plate tectonics". (Nyllie,
1971). It is illustrated in Figure 4. Outward
flow of heat from .the deep interior s
hypothesized to cause formation of convection
cells in the earth's mantle in which deeper,
hotter mantle material slowly rises toward the
surface, spreads out parallel to the surface under
the solid lithosphere as it cools and, upon
cooling, descends again. The Yithosphere above
the upwelling portions of these convection cells
cracks and spreads apart along linear or arcuate
zones called “spreading centers” that are
typically thousands of kilometers long and
coincide, for the most part, with the world's mid-
oceanic ridge or mountain system (Figs. 3 and
4). The crustal plates on each side of the crack
or rift move apart at rates of a few centimeters
per year, and molten mantle material rises in the
crack and solidifies to form new cruyst. The
laterally moving oceanic 1ithospheric plates
impinge against adjacent plates, some of which
contain the imbedded continental land masses, and
in most locations the oceanic plates are thrust
beneath the continental plates. These zones of
under-thrusting, called subduction zones, are
marked by the world's deep oceanic trenches which
result from the crust being dragged down by the
descending oceanic plate. The oceanic plate
descends into regions of warmer material in the
mantle and 1is warmed both by the surrounding
warmer material and by frictional heating as it is
thrust downward. At the upper boundary of the
descending plate, temperatures become high enough
in places to cause partial melting. The degree of
melting depends upon the amount of water contained
in the rocks as well as upon temperature and
pressure and the upper layers of the descending
plate often contain oceanic sediments rich f{n
water. The molten or partially-molten rock bodies
{magmas) that result then ascend buoyantly through
the crust, probably along lines -of structural
weakness (Fig. 5) and carry their contained heat
to within 1.5 to 15 km of the surface. They give
rise to volcanges if part of the molten material

escapes to the surface through faults and
fractures in the upper crust.
Figure 3 shows where these processes of

crustal spreading, formation of new oceanic crust
from molten mantle material and subduction of
oceanic plates beneath adjacent plates, are
currently operating. Oceanic rises, where new
crustal material is formed, occur in all of the
major oceans. The East Pacific Rise, the Mid-
Atlantic Ridge and the Indian ridges are
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examples, The ridge or rise crest is offset in
places by large transform faults that result from
variations in the rate of crustal spreading from
place to place along the ridge. Oceanfc crustal
material is subducted or consumed in the trench
areas. Almost all of the world's earthquakes
result from these large-scale processes, and occur
efther at the spreading centers, the transform
faults or in association with the subduction zone
(Benioff zone), which dips underneath the
continental land masses in many places. VWe thus
see that these very active processes of plate
tectonics give rise to diverse phenomena, among
which is the generation of molten rock at shallow
depths in the crust both at the spreading centers
‘and above zones of subduction. These bodies of
shallow molten rock provide the heat for many of
the world's geothermal resources.
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Before going on, let us discuss a bit more
the processes of development of a crustal
intrusion, {llustrated in Figure 5. An ascending
body of molten material may cease to rise at any
level {in the earth's crust and may or may not vent
to the surface in volcanoes. Intrusion of molten
magmas into the upper parts of the earth's crust
has gone on throughout geological time. We see
evidence for this in the occurrence of volcanic
rocks of all ages and in the small to very large
areas of crystalline, granitic rock that result
when such a magma cools slowly at depth.

Yolcanic rocks that have been extruded at the
surface and crystalline rocks that have cooled at
depth are known collectively as igneous rocks.
They vary over a range of chemical and mineral
composition. At one end of the range are rocks
that are relatively poor in silica (Si0, about
50%) and relatively rich in iron (Fe,0, + Fe0
about 8%) and magnesium (Mg0 about 72‘”3 The
volcanic variety of this rock is basalt and an
example {s the black rocks of the Hawaiian
Islands. The crystalline, plutonic varfety of
this rock that hes consolidated at depth is known
as gabbro. At the other end of the range are
rocks that are relatively rich in silifca (Si0
about 641) and poor {n iron (Fe,03 + FeO about ,513
and magnesiun (HgD about 2%]). The volcanic
variety of this rock, rhyolite, is usuvally lighter
in color than the black basalt and it occurs
mainly on land. The plutonic variety of this rock
is granfite, although the temm “granitic® f{s
sometimes used for any crystalline igneous rock.
Magmas that result in basalt or gabbro are terred
"basic” whereas magmas that result in rhyolite or
granite are termed “"acidic®; however these terms
are misleading because they have nothing to do
with the pH of the magma.

. The upper portions of the mantle are believed
to be basaltic 1in composition. The great
outpourings of basalt seen in places like the
Hawaiian Islands and on the volcanic plateaus of
the Columbia and Snake rivers (Fig. 16) seem to
indicate a more or less direct pipeline from the
upper mantle to the surface in places. The origin
of granites is a subject of some controversy. It
can be shown that granitic magmas could be derived
by differential segregation from basaltic
magmas. However, the chemical composition of
granites is much like the average composition of
the continental crust, and some granites probably
result fram melting of crustal rocks by upwelling
basaltic magmas whereas others probably result
from differentiation from a basaltic magma. In
any case, basaltic magmas are molten at a higher
temperature than are granitic magras (see Fig. 6)
and more {mportantly for our discussion basaltic
magmas are less viscous (more fluid) than are
granitic magmas. Occurrence of rhyolitic volcanic
rocks of very young age (less than 1 million years
and preferably. 1less than 50,000 years) fis
generally taken as a sign of good .ceothermal
potential {in an area because presumably a large
body of viscous megma may be indicated at depth to
provide a geothermal heat source. On the other
hand, occurrence of young basaltfc magma is not as
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encouraging because the basalt, being fairly
fluid, could simply ascend along narrow condufts
from the mantle directly to the surface without
need for a shallow magma chamber that would
provide a geothermal heat source. In many areas
both basaltic and rhyolitic volcanic rocks are
present and often the younger eruptfons are more
rhyolitic, possibly indicating progressive
differentiation of an underlying basaltic magma in
a chamber like those illustrated in Figure S.

A second important source of volcanic rocks
results from hypothesized point sources of heat in
the mantle as contrasted with the rather large
convection cells discussed above. It has been
hypothesized that the upper mantle contains local
areas of upwelling, hot material called plumes,
although other origins for the hot spots have also

been postulated. As crustal plates move over
these local hot spots, a linear or arcuate
sequence of volcanoes is developed. Young

volcanic rocks occur at one end of the volcanic
chain with older ones at the other end. The
Hawaiian Island chain is an excellent example.
Yolcanic rocks on the island of Kauvai at the
northwest end of the chain have been dated through
radioactive means at about 6 million years,
whereas the volcanoes Mauna Loa and Mguna Kea on
the island of Hawaii at the southeast end of the
chain are in almost continual activity, at the
present time having an interval between eruptions
of only 11 months. In addition, geologists
speculate that Yellowstone National Park, Wyoming,
one of the largest geothermal areas in the world,
sits over such a hot spot and that the older
volcanic rocks of the eastera and western Snake
River plains in ldaho are the surface trace of
this mantle hot spot in the geologic past (see
Fig. 16 and the discussion below).

Not all geothermal resources are caused by
near-surface intrusion of molten rock bodies.
Certain areas have a higher than average rate of
increase fn temperature with depth (high geo-
thermal gradient) without shallow magma being
present. Much of the western United States
contains areas that ha§e an anomalously high mean
heat flow (100 mwatt/m“) and an anomalously high
geothermal gradient (50°C/km). Geophysical and
geological data indicate that the earth's crust is
thinner than normal and that the isotherms are
upwarped beneath this area. Much of the western -

U.S. 1is ogeologically active, as manifested by
earthquakes and actfve or recently active
volcanoes. Faulting and fracturing during

earthquakes help to keep fracture systems open,
and this allows circulation of ground water to
depths of 2 km to perhaps 5 km. Here the water -is
heated and rises buoyantly along other fractures
to form geothermal resources near surface. Many
of the hot springs and wells in the western United
States and elsewhere owe their origin to such
processes. .

GEOTHERMAL RESQURCE TYPES

We have seen that the fundamental cause of
many geothermal resources lies in the transport of
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heat near to the surface through one or more of a
number of geological processes. We have also seen
that the ultimate source of that heat is in the
interior of the earth where temperatures are much
higher than they are at the surface. We will now
turn to an examination of various geothermal
resource types.

A1l geothermal resources have three common
components: .
1) a heat source
2) permeability in the rock, and
3) a heat transfer fluid.

In the foregoing we have considered some of the
possible heat sources, and we will discuss others
presently. Ltet us now consider the second
cumponent, permeability..

Permeability is a measure of how easily
fluids flow through rock as a result of pressure
differences. Of course fluid does not flow
through the rock ratrix itself but rather it flows
in open spaces between mineral grains and in
fractures. Rocks in many, but not all, geothermal
areas are very solid and tight, and have little or
no interconnected pore space between mineral
grains. In such rocks the only "through-going
pathways for fluid flow are cracks or fractures in
the rock. A geothermal well must intersect one or
more fractures if the well is to produce geo-
thermal fluids in quantity, and it is generally
the case that these fractures can not be located
precisely by means of surface exploration.
Fractures sufficient to make a well a good
producer need only be a few millimeters in width,
but must be connected to the general fracture
network in the rock in order to carry large fluid
volumes.

The purpose of the heat transfer fluid is to
remove the heat from the rocks at depth and bring
it to the surface. The heat transfer fluid is
either water (sometimes saline) or steam. Water
has a high heat capacity (amount of heat needed to
raise the temperature by 1°C) and a high heat of
vaporization (amount of heat needed to convert 1
gm to steam). Thus water, which naturally
pervades fractures and other open spaces in rocks,
is an ideal heat transfer fluid because a given
quantity of water or steam can carry a large
amount of heat to the surface where it is easily
removed.

Geothermal resource temperatures range upward
from the mean annual ambient temperature (usually
10-30°C) to well over 350°C. Figure 6 shows the
span of temperatures of interest in geotherma)
work.

The classifications of geothermal resource
types shown in Table 1 is modeled after one given
by White and Williems (1975). €fach type will be
described briefly with emphasis on those that are
presently nearest to commercial use in the U.S In
order to describe these resource types we resort
to simplified geologic models. A given model s

often not acceptable to all geologists, especially
at our rather primitive state of knowledge of

geothermal resources today.
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TABLE 1

GEOTHERMAL RESOURCE CLASSIFICATION
(After White and Willfams, 1975)

Temperature

Resource Type Characteristics’

1. Hydrothermal convection resources (heat carried
upward from depth by convection of water or
steam)

a) Va.por dominated about 240°C

b) Hot-water dominated

i} High Temperature 150°C to 350°C+

ii) Intermediate 90°C to 150°C

iii) Low Temperature less than 90°C

2. Hot rock resources [(rock intruded in molten

form from depth)

a) Part still molten higher than 600°C

b) Nof molten 90°C to 650°C
(hot dry rock)

3. Other resources
a) Sedimentary basins 30°C to about 150°C
{(hot fluid in
sedimentary rocks)

b) Geopressured 150°C to about 200°C
(hot fluid under high °
pressure)

¢) Rediogenic 30°C to about 150°C

(heat generated by

radioactive decay)



Hydrothermal Resources

Hydrothermal convection resources are
geothermal resources in which the earth's heat fs
actively carried wupward by the convective

circulation of naturally occurring hot water or

fts gaseous phase, steam. Underlying some of the
higher temperature hydrothermal resources s

presumably a body of still molten or recently.

solidified rock (Fig. 6) that is very hot (300°C-
1100°C). Other hydrothermal resources result
simply from circulation of water along faults and
fractures or within a permeable aquifer to depths
where the rock temperature {is elevated, with
heating of the water and subsequent buoyant
transport to the surface or near surface. Whether
or not steam actually exists in a hydrothemmal
reservolr depends, among other less
variables, on temperature and pressure conditions
at depth.

VAPOR DOKIKATED GEOTHERKAL RESERVOIR -
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Figure 7 (after White et al., 1971) shows a
conceptual model of a hydrothermal system where
steam 1is present, a so-called vapor-dominated
hydrothermal system (la of Table IJ.” Convection
of deep saline water brings a3 large amount of heat
upward from depth to a .Jevel where bofling can
take place under the prevailing temperature and
pressure conditfons. Steam moves upward through
fractures in the rock and is possibly superheated
further by the hot surrounding rock. Heat {s lost
from the vapor to the cooler, near-surface rock
and condensation results, with some of the
condensed water moving downward to be vaporized
again. MWithin the entire vapor-filled part of the
reservoir, temperature fs nearly uniform due to
rapid fluid convection. This whole convection
system can be closed, so that the fluid circulates
without loss, but if an open fracture penetrates
to the surface, steam may vent. In this case,
water lost to the system would be replaced by
recharge, which takes place mainly by cool ground
. water moving downward and
system from the margins. The pressure within the

important -
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steam-filled reservoir increases much more slowly
with depth than would be the case if the reservoir

were filled with water under hydrostatic
pressure. Because the rocks surrounding the
reservoir will generally contain ground water

under hydrostatic pressure, there must exist a
large horizontal pressure differentfal between the
stean in the reservoir and the water {n the
adjacent rocks, and_. _a significant question
revolves around why the adjacent water does not
move in and 1inundate the reservoir. It s
postulated that the rock permeability at the edges
of the reservoir and probably above also, fis
either naturally low or has been decreased by
deposition of minerals from the hydrothermal fluid
in the fractures and pores to form a self-sealed
zone around the reservoir. Self-sealed zones are
known to occur in both vapor-dominated and water-
dominated resources.

A well drilled 1into a vapor-dominated
reservoir would produce superheated steam. The
Geysers geothermal area in California (see Fig. 17
and the discussion below) is an example of this
type of resource. Steam {is produced from wells
whose depths are 1.5 to 3 km, and this steam {s
fed to turbine generators that produce electri-
city. The current generating capacity at The
Geysers {s 908 MWe (megawatts of electrical power,
where 1 megawatt = 1 million watts), and 880 MWe
of additional generating capacity s scheduled to
come on line by 1986.

Other vapor-dominated resources that are
currently being exploited occur at Lardarello and
Monte Amiata, Italy, and at Matsukawa, Japan. The

famous Yellowstone National Park 1n Wyoming
contains many geysers, fumaroles, hot pools and
thermal springs, and the Mud Volcanoes area is

believed to be underlain by a dry steam field.

There are relatively few known vapor-
dominated resources in the world because special
geological conditions are required for their
formation (White et al., 1971). However, they are
eagerly sought by industry because they are
generally easier and less expensive to develop
than the more common water-dominated system
discussed below,

Figure 8 schematically illustrates a high-
temperature, hot-water-dominated hydrothérma

fnto~ the convection —- -gecthermal-

system (1b(1) of Table 1J. The source of heat
enea many such systems is probably molten rock
or rock that has solidified only in the last few
tens of thousands of years, lying at a depth of
perhaps 3 to 10 km. Normal ground water cir-
culates in open fractures and removes neat from
these deep, hot rocks by convection.  Fluid
temperatures are uniform over large volumes of the
reservoir because convection is rapid. Recharge
of cooler ground water takes place at the margins
of the system through circulation down frac-
tures. Escape of hot fluids at the surface fis
often minimized by a near-surface sealed zone or
cap-rock formed by precipitation from the
fluids of minerals -in fractures and
pore spaces. Surface manifestations of such a
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geothermal system might include hot springs,
fumaroles, geysers, thermal spring deposits,
chemically altered rocks, or alternatively, no
surface manifestation may occur at all. If there

are no surface renifestations, discovery is much
more difficult and requires sophisticated geology,
geophysics, geochemistry and hydrology. A well
drilled into a water-dominated geothermal system
would likely encounter tight, hot rocks with hot
water inflow from the rock into the well bore
mainly along open fractures. Areas where
different fracture sets {ntersect may be
especially favorable for production of large
volumes of hot water. fFor generation of
electrical power a portion  of the hot water
produced from the well is allowed to flash to
steam within the well bore or within surface
equipment as pressure is reduced, and the steam is
used to drive a turbine generator.

WATER DOMINATED GEOTHERMAL SYSTEM
FLOW CONTROLLED BY FRACTURES
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Examples of this type of geothermal resource
are abundant in the western U.S. and include
Roosevelt Hot Springs, Utah, and the Valles
Caldera area, New Mexico. Approximately S50 areas
having potential for containing such a resource
have been identiffed (Muffler and others, 1978) so
far in the West, with NKevada
disproportionately large share.

A second type of hot-water dominated system
is shown in Figure 9. Here the reservoir rocks
are sedimentary rocks that have intergranular
permeability as well as fracture permeability.
Geothermal fluids can sometimes be produced from
such a reservoir without the need to intersect
open fractures by a drill hole. Examples of this
resource type occur fn the Imperial VYalley of
California, in such areas as Cast Mesa, Heber,
Brawley, the Salton Sea, and at Cerro Prieto,
Mexico. In this region the East Pacific Rise, a
crustal spresding center, comes onto the MNorth
American continent. Figure 3 shows that the rise
fs observed to trend northward up the Gulf of
California in small segments that are repeatedly
offset northward by transform faults. Although
1ts location under the continent-cannot be.traced
very far with certainty, it is believed to occur

having a

under and be responsible for the Imperial Valley
geothermal resources. The source of the heat is
up~elling, very hot molten or plastic material
from the earth's mantle. This hot rock heats
overlying sedimentary rocks' and their contained
fluids and has spawned volcanoes. The locations
of specific resource areas appear to be controlled
by faults that presumably allow deep fluid
circulation to carry the heat upward to reservoir
depths.

IMPERIAL VALLEY, CALIFORNIA GEOTHERMAL RESOURCE
l€— HiGH HEAT FLOow —]
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Virtually atl of 1industry's geothermal
exploration effort in the United States s
presently directed at locating vapor- or water-
dominated hydrothermal systems of the types

described above having temperatures above 200°C.
A few of these resources are capable of commercial
electrical power generation today. Current
surface exploration techniques are generally
conceded to be inadequate for discovery and
assessment of these resources at a fast enough
pace to satisfy the reliance the U.S. may
ultimately put upon _them for alternative energy
sources. Development of better and more cost-
effective techniques is badly needed.

The fringe areas of high-temperature vapor-
and water-dominated hydrothermal systems often
produce water of low and intermediate temperature
(1b(if) and 1b(iii) of Table 1). These lower
temperature fluids are suitable for direct heat
applications but not for electrical power
production. Low- and intermediate-temperature
waters can also result from deep water circulation
in areas where heat conduction and the geothermal
gradient are merely average, as previously
discussed. Waters circulated to depths of 1 to
5 km are warmed in the normal geothermal gradient
and they return to the surface or near surface

along open fractures because of their buoyancy
(Fig. 10). There need be no enhanced gradient or---.-
magmatic heat source under such an area. warm



springs occur where these waters reach the
surface, but if the warm waters do not reach the
surface they are gencrally difficult to find.
This type of warm water resource is especially
prevalent {in the western U.S. where active
faulting keep conduits open to depth.

MODEL OF DFEP CIRCULATION HYDROTHERMAL RESOURCE

fFigure 10

Sedimentary Basins

Some basins are filled to depths of 10 km or

more with sedimentary rocks that have finter-
granular and open-space permeabflity. In some of
these sedimentary units, circulation of ground

water can be very deep. Water may be heated in a
normal or enhanced geothermal gradient and may
then either return to the near-surface envirorment
or remain trapped at depth (3a of Table 1). The
Fadison group carbonate rock sequence of wide-

spread occurrence in North and South Dakota,
Wyoming, Montana, and -northward ‘into Canada
contains warm waters that are currently being

‘tapped by drill holes in a few places for space
heating and agricultural purposes. In a similar
application, substential benefit is being realized
in France from use of this type of resource for
space heating by production of warm water
contained in the Paris basin. Many other areas of
occurrence of this resource type are known
worldwide.

Geopressured Resources

Geopressured resources (3b of - Table 1)
consist of deeply buried fluids contained 1in
permeable sedimentary rocks warned in a normal or
anomalous geotherral gradient by their great
burial depth. These fluids are tightly confined
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by surrounding {mpermeable rock and thus bear
pressure that is much greater than hydrostatic,
that s, the fluid pressure supports a portion of
the weight of the overlying rock column as well as
the weight of the water column. Figure 11 (from
Papadopulos, 1975) gives a few typical parameters
for geopressured reservoirs and illustrates the
origin of the above-normal fluid pressure. These
geopressured fluids, found mafnly 1in the Gulf
Coast of the U.S. (Fig. 17), generally contain
dissolved methane. Therefore, three sources of
energy are actually available from  such
resources: 1) heat, 2) mechanfcal energy due to
the great pressure with which these waters exit
the borehole, and 3) the recoverable methane. ’

Industry has a great deal of f{nterest in
development of geopressured resources, although
they are not yet economic. The U.S. Department of
Energy (DOE), Division of Geothermal Energy, {s
currently sponsoring development of appropriate
exploftation technology.

GEOPRESSU?ED GEéT-HE-RMAL RESOURCE
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Radiogenic Resources

Research that could lead to development of
radiogenic geothermal resources in the eastern
U.S. (3c of Table 1) is ‘currently underway
following ideas developed at Yirginia Polytechnic
Institute and State University. The eastern
states coastal plain is blanketed by a layer of
thermally insulating sediments. In places beneath
these sediments, rocks having enhanced heat-
production due to higher content of radfoactive
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elements are belfeved to occur. These rocks
represent old intrusions of once molten material

that have long since cooled and crystaliized.
Geophysical and geological methods for locaeting
such rediogenic rocks beneath the sedimentary

cover are being developed, and drill testing of
the entire geothermal target concept (Fig. 12) is
currently being completed under DOE funding.

Success would most likely come in the form of low- .-

to intermediate-temperature geothermal waters
suitable for space heating and industrial
processing. This could mean a great deal to the
eastern U.S. where energy consumption is high and

where no shallow, high-temperature hydrothermal
convection systems are known. Geophysical and
geological data indicate that radiogenically

heated rock bodies may be reasonably widespread.

"RADIOGENIC GEOTHERMAL RESOURCE
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Hot Dry Rock Resources

Hot dry rock resources (2b of Table 1) are
defined as heat stored in rocks within about 10 km
of the surface from which the energy cannot be
economically extracted by natural hot water or
steam. These hot rocks have few pore spaces or
fractures, and therefore contain little water.
The feasibility and economics of extraction of
heat for electrical power generation and direct
uses from hot dry rocks 1s presently the subject
of intensfve research at the U.S. Department of
Energy's Los Alamos National Laboratory in New
Mexico (Smith et al., 1975; Tester and Albright,
1979).  Thefr work indicates that it is techno-
logically feasible to induce an artificial
fracture system in hot, tight crystalline rocks at
depths of about 3 km through hydraulic fracturing
from a deep well. Water is pumped into a borehole
under high pressure and is allowed access to the
surrounding rock through a packed-off interval
near the bottom. when the water pressure is
raised sufficiently, the rock cracks to form a
fracture system that usually consists of one or
more vertical, plenar fractures. After the
fracture system is formed, its orientation and
extent are mapped using geophysical techniques. A
second borehole is sited and drilled in such a way
that it intersects the fracture system. Water can

then be circulated down the -deeper -hole; through™

the fracture system where it fs heated, and up the

shallower hole (Ffg. 13). Fluids at temperatures
of 150°C to 200°C have been produced {n this way
from borcholes at the Fenton Hill experimental
site near the Valles Caldera, New Mexico. Much
technology development remains to be done before
this technique will be economically feasible.
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Figure 13

Molten Rock

Experiments are underway at the Department of
Energy's Sandia National Laboratory in
Albuquerque, New Mexico to learn how to extract
heat energy directly from molten rock (2a of Table
1). These experiments have not indicated economic
feasibility for this scheme 1{in the near future.
Techniques for drilling into molten rock and
implanting heat exchangers or direct electrical
converters remain to be developed.

HYDROTHERMAL FLUIDS

The processes causing many of today's high
temperature  geothermal resources consist of
convection of aqueous solutions around a cooling
intrusion. These same basic processes have
operated in the past to form many of the base and

precfous  metal ore bodies being currently
exploited, although ore forming processes differ
in some aspects from hydrothermal convection

processes as we understand them at present. The
fluids involved 1in geothermal resources are
complex chemically and often contain elements that -
cause scaling and corrosion of equipment or that
can be environmentally damaging if released.
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Geothermal fluids contain a wide variety and
concentration of d<issolved constituents. Simple
chemical parameters often quoted to characterize
geotherma) fluids are total dissolved solids {tds)
in parts per million (ppm) or milligrams per liter
(mg/1} and pH. VYalues for tds range from a few
hundred to more than 300,000 mg/1. Many resources
in Utah, Nevada, and New Mexico contain about
6,000 mg/1 tds, whereas a portion of the Imperial
Valley, California resources are toward the high
end of the range. Typical ‘pH values range from
moderately alkaline (8.5) to moderately acid
(5.5). A pH of 7.0 is neutral at normal ground
water temperature--neither acid nor alkaline. The
dissolved solids are wusvally composed mainly of
Ma, Ca, K, C1, SiDp,, SO, and HCOj. Minor
constituents include a wide range of elements with
Hg, F, B and a few others of environmental.
concern. Dissolved gases usually include CO,, NH
and H,S, the latter being a safety gazar
(Hartley, 1980). Effective means have been and
are still being developed to handle the scaling,
corrosion and environmental problems caused by
dissolved constituents in geothermal fluids.

GEOLOGY OF THE CONTINENTAL UNITED STATES

Before going on to a more detailed discussion
of the occurrence of geothermal resources in the
United States, let us turn to a summary of the
geology of the U.S. This will form an appropriate
context for consideration of the known and
suspected geothermal occurrences.

Like all continental 1land masses, North
America has had a long and eventful geologic
history. The oldest rocks are dated at more than
2.5 billion years before present using radioactive
dating methods. During this time the continent
has grown through accretion of crustal material,
mountain ranges have been uplifted and sub-
sequently destroyed by erosion, blocks of rock
have been displaced by faulting, both on a large
scale as evidenced, for example, by the currently
active San Andreas fault in California, and on the
scale of an individual oeothermal prospect, and
volcanic activity has been widespread. In the
discussion below some of these events will be
described and will be keyed in time to the
geological time scale, shown in Figure 14.

The U.S: can be divided into several distinct
regions on the basis of*géology. One way to do
this Vs illustrated in Figure 15, which shows the
major tectonic, or structural, divisions in the
U.S. ({Eardley, 1951). Areas of long-time
stability are differentiated from areas of
orogenic activity that has consisted of crustal
downwarping accompeznied by filling of basins with
thick deposits of eroded sediments, mountain
building with attencant faulting and folding of
the rock strata, metamorphic changes of existing
rocks by heat and pressure due to great depth of
burial, intrusion of molten igneous rock bodies,
some of great extent (batholiths), and eruption of
volcanic rocks at the surface. A summary of these

events, following Eardley (1951) closely will be-.

given below for .each of the tectonic divisions.
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A second way to view the U.S. is in terms of
present land forms or physfography as shown in
Figure 16. This map will help the reader to
correlate the discussion to follow with current
names for various physiographic division. By
reference to Figures 14, 15 and 16 this discussion
will be more meaningful.

Canadian Shield

For the Jlast billion years, the Canadian
shield has been the great stable portion of the
North American continent. It consists mainly of
pre-Cambrian granitic intrusions and metamorphosed
volcanic and sedimentary rock. A few occurrences
of Paleozoic strata indicate that the Paleozoic
formations were once much more widespread over the
shield than now, and that they have been stripped
off by a long 1interval of erosion during the
Mesozoic and Cenozoic eras. N :

Central Stable Region

The central stable region consists of a
foundation of pre-Cambrian crystalline rock, which
is a continuation of the Canadian shield southward
and westward, covered by a veneer of sedimentary
sandstone, Yimestone and shale. The veneer varies
greatly in thickness from place to place, and
several broad basins, arches, and domes, developed

chiefly in Paleozoic times, are present.” Many of
these basins have been the site of o0il accumu-
~lation; ~-and~ some "“contain " aquifers having

geothermal potential.
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In the southwestern corner of the central
stable region, a system of ranges was elevated in
Carboniferous time, and then during the Permian
and Mesozoic it was largely buried. The ranges
are known as the Ancestral Rockies in Colorado and
New Mexico, and as the Wichita mountain system in
Kansas, Oklahoma, and Texas. The late Cretaceous
and early Tertiary Laramide orogenic belt was
partly superposed on the Ancestral Rockies in
Colorado and New Mexfco, and a fragment of the
central stable region was dismembered in the
process to form the Colorado Plateau.

Orogenic Belts of the Atlantic Margin

The Paleozoic orogenic belts of the Atlantic

margin bound effectively the southern, as well as .

the eastern, continental margin. The major belt
1s known as the Appalachian, and it consists of an
inner folded and faulted division, the Yalley and
Ridge, and an outer compressed, metamorphosed, and
intruded division, the Piedmont. Volcanic rocks
and great intrusions of crystalline rock
(batholiths) are important components of the outer
division, but the inner folded and faulted belt is
comparatively free of them. Both divisions are
made up of very thick sequences of sedimentary
rocks that have been metamorphosed.

The orogenic belt bordering the southern
margin of the stable interior is mostly concealed
by overlapping coestal plain deposits, but where
exposed, it is a folded and faulted complex,
sorewhat similar to the inner Appalachian
division.

The eastern extent or breadth of the
Appalachian orogenic system and the nature and
condition of the crust that lies east of it are
not known, because of the cover of Atlantic
Coastal plain sediments. The continental margin
had begun to subside at Yeast by early Cretaceous
time, if not before. The gently sloping surface
on the crystalline rocks has been traced eastward
under this Cretaceous
cover to a depth of 10,000 feet, which is near the
margin of the present continental shelf. Most
units of the Coastal Plain sediments dip gently
and thicken like a wedge oceanward as far as they
have been traced by deep drilling and by seismic
traverses. The Gulf coastal plain is continuous
with the Atlantic coastal plain, and counting its
shallowly “submerged portions, it nearly encloses
the Gulf of Mexico.

Orogenic Belts of the Pacific Margin

The great complex of orogenic belts along the
Pacific margin of the continent evolved through a
very long time. The oldest strata recognized are
Ordovicfan. 1In Paleozoic time, the Pacific margin
of the continent was a volcanic archipelago in
appearance, and internally was a belt of profound
compression and igneous fntrusion. Inward from
the archipelago, much volcanic material was

deposited fn a segging trough and admixed with.

other sediments. The Permian, Triassic, and
Jurassic were times of volcanism, and represent a

Uright

continuation of essentially the same Paleozoic
conditions well into the Mesozoic. In late
Jurassic and ear)ly Cretaceous time, {ntense
folding preceded batholithic intrusions (Nevadan
orogeny) and the results of this great geologic
activity now constitute large parts of the Coast
Range of British Columbia, the ranges along the
international border in British Columbia,
Washington, and Idaho, the Klamath Mountains of
southwestern Oregon and northern California, the
Sierra kevada Mountains of California, ané the
Sierra of Baja California. It is probable that
this orogeny was caused by ‘compression due to
subduction of an oceanic plate beneath the western
margin of the continent.

Following the Nevadan orogeny, a new trough
of accumulation and a new volcanic archipelago
formed west of the Nevadan belt, and a complex
history of deformation and sedimentation carries
down through the Cretaceous and Tertiary to the
present, to vresult in the Coast Ranges of
Washington, Oregon, and California. It s
believed that subduction was active in this area
until the last few million years (Dickinson and
Snyder, 1979). Yolcanism is active today in the
Cascade Range.

The Columbia Plateau is a complex .of flat-
lying basaltic lava flows and airfall deposits
that cover much of eastern Washington and
Oregon. The main period of volcanism was Miocene,
but the deposits merge smoothly eastward with the
flows of the Snake River plain in Idaho where
volcanism has been active in places in the "past
few hundred years. The volcanic rocks were
deposited in a downwarped area and range in
thickness up to perhaps 2 km. They were deposited
on sedimentary rocks of Paleozoic and Mesozoic
age. It is 1likely that the Basin and Range
Province extends under the plateaus.

Orogenic Belts of the Rocky Mountains

and Tertiary sedimentary .

During the complex and long orogenic history
of the Pacific margin, the adjacent zone inward
was one of gentle subsidence  and sediment
accumulation, comparatively free of volcanic
materials during the Paleozoic.

The Paleozoic and all the Mesozoic cediments
except..the-Upper Cretaeous of the -Rocky Mountains
may*' be divided into thick basin sequences on the
west and fairly thin shelf sequences on the
east. The line dividing the two lies
approximately along the west side of the Colorado
plateau and runs northward through western Wyoming
and Montana to western Alberta. The shelf
sequences were part of the central stable region
until the late Cretaceous and early Tertiary
(Laramide) orogeny. The eastern Laramide belt of
folding and faulting extended through the shelf
region of central and eastern Wyoming, central
Colorado, and central New Mexica, forming the
eastern Rocky Mountains and cutting " off the

-.Colorado plateau from the central stable region.

o

Following in the middle Tertiary, well after
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the compressional Nevadan and Laramide orogenies
of western North America, an episode of high-angle
faulting occurred that created the Basin and Range
physiographic province and gave sharp definition
to many of fts mountain ranges. The high-angle

faults were superposed on both the Nevadan and .

Laramide belts; most of them are late Tertiary in
age and some are still active. In many areas of
the Basin and Range, volcanism occurred throughout
the Tertfary and, especially along its eastern and
western margins, it continues to the present
time. Active volcanoes existed as recently as a
few hundred years ago in parts of Idaho, Utah,
Nevada, California, Arizona and New Mexico.

GEOTHERMAL RESOURCES IN THE
"CONTTNCNTAL UNTTED SYATES

Figure 17 displays the distribution of the
various resource types 1in the 48 contiguous
states. Information for this figure was taken
rainly from Muffler et al. (1978), where a more
detailed discussion and more detailed maps can be
found. Not shown are locations of hot dry rock
-resources because very little is known. In
additfon, it should be emphasized that the present
state of knowledge of geothermal resources of all
types 1is poor. Because of the very recent
emergence of the geothermal industry, insufficient
exploration has been done to define properly the
resource base, Each year brings more resource
discovery, so that Figure 17 will rapidly become
outdated.

Figure 17 shows that most of the known
hydrothermal resources and all of the presently
known sites that are capable or believed to be
capable of electric power generation from
hydrothermal convection systems are in the western
half of the U.S. The preponderance of thermal
springs and other surface manifestations of
underlying resources is also in the west. large
areas underlain by warm waters in sedimentary
rocks exist in Montana, North and South Dakota,
and Wyoming {the Madison Group of aquifers), but
the extent and potential of these resources 1is
poorly understood. Another important large area
much of which is wunderlain by low-temperature
resources, 1is the northeast-trending Balcones
fault zone in Texas. The geopressured resource
areas of the Gulf Coast and surrounding states are
also shown. Resource areas indicated in the
eastern states are highly speculative because
almost no drilling has been done to actually
confirm their existence, which is only inferred at
present.

Regarding the temperature distribution of
geothermal resources, low- and .intermediate-
temperature resources are much more plentiful than
are high-temperature resources. There are many,
many thermmal springs and wells that have water at
a temperature only slightly above the mean annua)
air temperature, which is the temperature of most
non-geothermal shallow ground water. Resources
having temperatures above 150°C are infrequent,

but represent important occurrences. ~ Muffler et —

al. (1978) show a statistical analysis of the

“and conclude

Wright

temperature distribution of hydrothermal resources
that the cumulative frequency of
increases exponentially as rescervoir
temperature  decreases (Fig. 18). This
retationship is based only on data for known
occurrences having temperatures 90°C or higher.
It is firmly enough established, however, that we
can have confidence in the existence of a very
large low-temperature resource base, most of which
is undiscovered.

occurrence
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Figure 18 ?
Let us <consider the known geothermal

occurrences in a bit more detail, beginning in the
Western U.S. ’

Salton Trough/Imperial Yalley, CA

" predominating.

The Salton Trough is the name given an area
along the landward extension of the Gulf of
California. It 1is an area of complex, currently
active plate tectonic geologic processes. As
shown on Figure 3, the crest of the East Pacific
Rise spreading center {s offset repeatedly
northward, up the Gulf of California, by transform
faulting. Both the rise crest and-‘the transform
faults come onto the continent under the delta of
the Colorado River (Fig. 19) and the structure of
the Salton Trough suggests that they underlie the
trough. The offsetting faults trend northwest,
paraliel to the strike of the well-known San
Andreas fault.

The Salton Trough has been an area of
subsidence since Miocene times. During the
ensuing years sedimentation in the trough has kept
pace with subsidence, with shallow water sediments
and debris from the Colorado. River
At present, 3 to 5 km of poorly-
consolidated sediment overlies a basement " of
Mesozo0iC crystalline rocks that intruded Paleozoic °
and Precambrian sedimentary rocks. . Detailed
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analysis of drilling cata and of surface and
downhole geophysics indicates that at least some
of the known geothermal occurrences (Cerro Frieto,
Brawley and the Salton Sea) are underlain by
"pull-apart basins™ apparently caused by crustal
spreading above a local section of the East
Pacific Rise crest (Elders, 1979). Very young
volcanic activity has occurred at Cerro Prieto
where a rhyodacite cone is known, and along the
southern margin of the Salton Sea where rhyolite
domes occur. The domes have an approximate age of
60,000 years (Muffler and White, 1969). The Cerro
Prieto volcano has been difficult to date but may
be about 10,000 years old (Wollenberg et al.,
1980). Faulting is occurring at the present time
as evidenced by the wmany earthquakes and
earthquake swarms recorded there (Johnson, 1979).
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Figure 19

The Cerro Prieto field is the best understood
geothermal occurrence in the Salton Trough because
of the drilling done there. We may take it as an
example of a Salton Trough resource type. This
field currently produces 150 MWe and there are

1985. The field is water-dominated and the rore
than 60 wells produce from depths of 1.5 to over
3 km. Fluid temperatures range from about 200°C
to over 350°C (Alanso, et al., 1979). The rocks
are composed of an upper layer of unconsolidated
silts, sands and clays, and a layer of con-
solidated sandstones and shales overlying the
crystalline basement (Puete Cruz and de la Pena,
1979). Twor principal reservoir horizons o<cur in
sandstones within the consolidated sequence, and
enhanced production has been noted in the vicinity
of faults, indicating that fracture permeability
is important, although jntergranular permeability
due to dissolution of minerals by the geothermal
fluids is believed to be important also (Lyons and
Van de Kamp, 1980}). Reservoir recharge is
apparently from the northeast and east and
consists, at least partly, of Colorado River water
(Truesdell et al., 1980).

The geothermal fluid from Cerro Prieto, after
steam separation, contains about 25,000 ppm total
dissolved solids. This figure is much lower than
some of the other resources in the Salton
Trough. For example, the Salton Sea area contains
20 to 30 percent by weight by solids (Paimer,
1975). Primarily because of problems associated

.with this high salinity, no significant use has

been made of Salton Sea fluids to date.

The heat source(s) for the several -Salton
.Trough resources are unknown. Hot, partly molten
rock at shallow depth (5-15 km) could underly at
least some of the resource areas, or alternatively
the active faulting could provide a mechanism
where water could circulate to depths great enough
to be heated by the enhanced geothermal gradient.

The Geysers, CA

The Geysers geothermal area is the"world”s
largest producer of electricity from geothermal
fluids with 908 MWe on line and-an additional 880
MWe scheduled by 1986. This area lies about 150
km north of San Francisco. The portion of the
resource being exploited 1is a vapor-dominated
field having a temperature of 240°C, as previously
discussed. The ultimate potential of the vapor-
dominated system is presently believed to be
around 2000 MNWe. Associated with the vapor-
dominated field are believed to be several
unexploited hot water-dominated reservoirs_whose
volume and temperature are unknown. ST

The geology of The Geysers area is complex,
especially structurally. Reservoir rocks consist
mainly of fractured greywackies, sandstone-1ike
rocks consfsting of poorly sorted fragments of
quartzite, shale, granite, volcanic rocks and
other rocks). The fracturing has created the
permzability necessary for steam production in
quantities large enough to be economically
exploitable. Overlying the reservoir rocks, as
shown 1n Figure 21, is a series of impermeable
metamorphosed rocks (serpentinite, grcenstone,
melange and metagranite) that form a cap on the

plans by the Comision Federal-de-Electricidad.dn __—_system.. These rocks.are all complexly folded and

Mexfco to enlarge its capacity "to 370 NWe by

faulted. They are believed to have been closely



assocfated with and perhaps {ncluded in subduction
of the eastward-moving plate (Fig. 3) under the
continent. This subduction apparently ended 2 to
3 million years ago.
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As shown in Figure 20, the presently known
steam field is confined between the Mercuryville
fault zone on the southwest and the Collayomi
Fault zone on the northeast. The northwest and
southeast margins are not defintely known. To the
east and northeast Ties the extensive Clear Lake
volcanic field composed of dacite, rhyolite,
andesite and basalt. The interval of eruption for
these volcanics extends from 2 million years ago
to 10,000 years ago, with ages progressively
younger northward (Donnelly, 1977). The Clear
Lake-volcanics are very porous and soak up large
nuanhtxes of surface water. It is believed that
recharge of a deep, briny hot-water reservoir
comes from water percolating through the Clear
Lake volcanics, and that this deep reservoir may
supply steam to the vapor-dominated system through
boiling (Fig. 21) although these {fdeas are not
universally supported by geologists and the deep
water table has never been f{ntersected by
drilling.

The postulated water-dominated geothermal
reservoirs do not occur everywhere in.the Clear
Lake volcanics. At several locations drill holes
have found temperatures of 200°C at depths of only
2000 m, but the rocks are tight and impermeable
(Goff, 1980).

Fractured areas appirently host the ~ ~ mountains” (Fardley, 1951).~
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water-dominated reservoirs at the Wilbur Springs
district (Thompson, 1979), the Sulphur Bank Mine
(White and Roberson, 1962) and other smaller
occurrences. Potential in The Geysers area for
discovery of additional exploftable resources is
good.

The Basin and Range

The Basin and Range province extends from
Mexico into southern Arizona, southwestern New
Mexico and Texas on the south, through parts of
California, Nevada and Utah,  and becomes ill-
defined beneath the covering volcanic flows of the

.Columbia Plateau on the north (Fig. 16). This

area, especially the northern portion, contains
abundant geothermal resources of all temperatures
and 1s perhaps the most active area of exploration
in the U.S. outside of the Imperial Valley and The
Geysers areas. Resources along the eastern and
western margins of the province are both more
abundant and of higher temperature. Although no
electrical power is presently being generated from
geothermal resources in this area, plans have been
announced to develop 20 MWe from Roosevelt Hot
Springs in Utah and 10 MWe from an area yet to be
selected in Nevada., Candidate sites fn Nevada
include Steamboat Springs, Dixie Valley, Desert
Peak and Beowawe. Exploration is being conducted
at probably 20 or more sites in the Basin and
Range, 1including, 1in addition to those named
above, Cove Fort, Utah; Tuscarora, , McCoy,
Baltazor, Leach Hot Springs, San Emidio, Soda
Lake, Stillwater, and Humboldt House, Nevada; and
Surprise VYalley, Long Valley Caldera and Coso,
California. Direct application of geothermal
energy for industrial process heating and space
heating are currently operating in this area at
several sites including Brady Hot Springs
(vegetable drying), Reno (space heating) and Salt
Lake City (greenhouse heating).

The reasons for the abundance of resources in
the Basin and Range seem clear. This area,
especially at 1its margins, {s an active area
geologically. Volcanism only a few hundred years
old is known from tens of areas, including parts
of west central Utah on the east (Nash and Smith,
1977) and 1Llong Valley caldera on the west
(Rinehart and Huber, 1965). _The area is also
active seismically and faulting that causes the
uplift of mountain ranges in this area also serves
to keep pathways open for deep fluid circiulation
at numerous locations. Rocks in the Basin and

Range consist of Paleozoic and Mesozoic
sandstones, limestones and shales that 1lie on
~Precambrian metsmorphic and intrusive rocks.

These rocks were deformed, complexly in some
places, during the Mevadan and Laramide orogenies,
as discussed above, and some base and precious
metal deposits were formed. Beginning fn mid-
Tertiary times volcanic activity {ncreased many
fold with both basaltic and rhyolitic rocks being
erupted. Extentional stresses also began .to
operate and a sequence of north-south mountain
ranges were formed which separate valleys that
have been filled with erosional debris from the
In""some placés more
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than 2 km offset has occurred along range-front
faults, and the valleys may contain a hundred to
as much as 3,000 m of unconsolidated erosional
debris. This activity persists to the present
time.

As an example of a.Basin and Range hydro-
thermal system 'we “will discuss Roosevelt Hot
Springs, although it should not be supposed to be

typical of all high temperature occurrences in
this province. This geothermal area has been
studied in detail for the past six years (Nielson
et al., 1978; wWard et al., 1978). The oldest
rocks exposed (Figs. 22 and 23) are Precambrian
sedimentary rocks that have been extensively
metamorphosed. These rocks were intruded during

Miocene time by granitic rocks (diorite, quartz

monzonite, syenite and granite). Rhyolite .
volcanic flows and domes were emplaced during the

interval 800,000 to 500,000 years ago.” The area

has been complexly faulted by north to northwest-

trending high angle faults and by east-west high-

angle faults. The Negro Mag fault f{s such an

east-west fault that is an important controlling

structure in the north portion of the field. The
north-trending Opal Mound fault apparently forms
the western limit of the system. The oldest fault
system is a series of low-angle denudation faults
(Fig. 23) along which the upper plate has moved
west by about 600 m and has broken into a series
of discrete blocks. Producing areas 1in the
southern portion of the field are located in zones
of 1intersection of the upper plate fault zones
with the Opal Mound and other parallel faults.
Producing zones in the northern part of the region
are located at the intersection of north-south and
east-west faults. The permeability is obviously
fracture controlled.

Seven producing wells have been drilled in
the area (Fig. 22). Fluid temperature is about
260°C and the geothermal system s water-
dominated. Average well production is perhaps
318,000 kg/hr (700,000 1ibs./hr). Initial plans
are for a 20 MWe power plant with two 50 MWe
plants to be installed as knowledge of reservoir
performance increases, ——-—-—:-=" - =~
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" GEOLOGIC CROSS SECTION
ROOSEVELT HOT SPRINGS,-UTAH
(from Nielson et al.,, 1978)

Figure 23

Cascade Range and Vicinity

The Cascade Range of northern California,
Oregon, W¥ashington and British Columbia s
comprised of a series of volcanoes, 12 of which
have been active in historic times. The May 18,
1980 eruption of Mount St. Helens attests to the
youth of volcanic activity here. The Cascade
Range probably lies over a subduction zone (Fig.
3) and magma moving into the upper crust has
transported large amounts of heat upward. In
spite of the widespread, young volcanism, however,
geothermal manifestations are not as plentiful as
one would suppose they should be (Fig. 17).
Figure 24 illustrates in schematic form that the
high rainfall and snowfall in the Cascades are
believed to suppress surface geothermal mani-
festations through downward percolation of the
cold surface waters in the highly permeable
volcanic rocks. In the absence of surface
manifestation, discovery of these resources
becomes much more difficult.

No producible high-temperature hydrothermal
systems have yet been located in the Cascades,
although they are belived to exist. Geological
and geochemical evidence indicates that a vapor-
dominated system 1is present at Lassen Peak in
California, but it lies within a national park,
and will not be developed. Elsewhere hydrothermal
systems having predicted temperatures greater than
150°C are postulated at Newberry Caldera in Oregon
and Gamma Hot Springs in Washington, but drill
evidence has not been obtained (Muffler et al.,
1978).  Industry's exploration effort so far in
this area has been minimal. -

The use of geothermal energy for space heat-
ing at Klamath Falls,-Oregon is well known (Lund,
1975; Lund, 1980}, and numerous hot springs and

and Washington.
resources in all

wells occur in both Oregon
Potential for discovery of
temperature categories is great.

(PACIFIC OCEAN

-

CASCADES GEOTHERMAL ENVIRONMENT

Figure 24

Columbia Plateaus

The Columbia Plateaus area 1is an area of
young volcanic rocks, mostly basalt flows, that
cover much of eastern Washington and Oregon and
continue in a curved pattern into Idaho, following
the course of the Snake River (see below).

There are no hydrotherina\ resources having
temperatures >90°C known through drilling in this

.
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area. However, Llhere are numerous w»arm springs
and wells that indicate the présence of ceothermal
resources potentially suitable for direct heat
uses.

Snake River Plain

The basalt flows and other volcanic deposits
of the Snake River Plain are an extension of the
Columbia Plateau eastward across southern Idaho to
the border with Wyoming. The plain is divided
into a western part and an eastern part. Thermal
waters occur in numzrous wells and springs in the
western portion, especially on or near the edges
of the plain. Geochemfcally {ndicated resource
temperatures exceed 150°C at Neal Hot Springs and
vYale, Oregon and Crane Creek, Idaho, but indicated.
temperatures for ‘most ~resources are
Younger volcanic rocks occur in the eastern part
of the plain, but no high-temperature resources
(T>150°C) are yet identified, although numerous
areas have warm wells and springs. This part of
the plain is underlain by a high-flow cold-water
aquifer that s believed to mask surface
geothermal indications.

Direct use of hydothermal energy for space
heating is famous at Boise, where the Warm Springs
district has been heating homes geothermally for
almost 100 years (Mink et al., 1977). Also in

this area is the Raft River site where DOt is - -
currently constructing a S MWe binary
demonstration plant on a hydrothermal resource

whose temperature is 147°C.
Rio Grande Rift

The Rio Grande Rift {1s a north-trending
tectonic feature that extends from Mexico through
central New Mexico and ends in central Colorado
(Figs. 16 and 17). It is a down-dropped area that
has been filled with volcanic rocks and erosional
debris from the bordering plateaus and mountains
(Fig. 25). The rift began to form in late
Oligocene times, and volcanic and seismic activity
have occurred subsequently to the present. Young
volcanism, faulting and high  heat flow
characterize the area today.

There are several 1low- and intermediate-
temperature hydrothermal  convection systems in
this area, but the only high-temperature system
that has been drill tested to any significant
extent and where production is proven is a hot
water-dominated system 1in the Valles Caldera
{Dondanville, 1978). Surface manifestations at
the Baca No. 1 location in the caldera include
fumaroles, widely distributed hot springs and gas
segps. Hydrothermal alteration extends over 40

Deep drilling has encountered a hydrothermal
convection system in fractured Tertiary volcanic,
Paleozoic sedimentary and Precambrian granitic
rocks at an average depth of 2 to 3 km.
Temperatures as high as 300°C have been recorded
and the average production temperature will likely
be 260°C.
flash steam plant at this location.” Also located
near the caldera 1is the site of Los Alamos

Tower. -

s
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National Laboratory's hot dry rock experiment at
Fenton Hill. Both the hot dry rock site and the
kydrothennal convection system probably derive
their heat from magma that has provided the
material for the several episodes of volcanism
that created the caldera structure.
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'Figure 25 .
Elsewhere in the Rio Grande Rift, there are
numerous hot springs and wells. Discovery

potential is high, although there are no known
sites where discovery of fluids in excess of 150
to 170°C is indicated by present data (Harder et
al., 1980).

The Madison and other Aquifers

Underlying a large area in western North and
South ODakota, eastern Montana and northeastern
Wyoming are a  number of aquifers that contain
thermal waters. These aquifers have been
developed in carbonates and sandstones of
Paleozoic and Mesozoic age. The permeability is
both intergranular and fracture controlled in the
case of the sandstones (e.g. the Dakota Sdndstone)
and fracture and open spaces in the carbonates

{e.g. the Madison Limestone). At least some of
the aquifers will produce under artesian
pressure. Depths- to™production vary widely but

average perhaps -2;000 ft. Temperatures are 30-
80°C {Gries, 1977) in the Madison but are lower in
other shallower aquifers such as the Dakota.

The U.S. Geological Survey is completing an
intensive study of these aquifers, and the results
will form a much firmer basis for hydrothermal
development than presently exists. Direct use of
the thermal water is being made at a few locations
today, and it is evident that the potent\al for
funher development is substantial.

The Ba1cones Zone, Texas

There are current plans for a 50 MWe .

“below

" temperatures Qengrally
zone that trends

waters at
occur in a

" Thermal
60°C

21



Wright

northeasterly across central Texas. Many of the
large population centers are in or near this zone,
and there appears to be significant potential for
geothermal developrent in spite of the rather low
temperatures.

An initial assessment of the geothermal
potential has been documented by Voodruff and
McBride (1979). The thermal waters occur in a
band broadly delimited by the Balcones fault zone
on the west and the Luling-Mexia-Talco fault zone
on the east. In many locations the thermal waters
are low enough in content of dissolved salts to be
potable, and indeed many communities already tap
the warmm waters for their municipal water
suppifes.

The geothermal aquifers are mostly Cretaceous
sandstone units, although locally thermal waters
are provided from Cretaceous limestones and
Tertiary sandstones. The thermally anomalous zone
coincides with an ancient zone of structural
weakness dating back more than 200 million
years. The z0ne has been a hinge line with uplift
of mountain ranges to the north and west and
downwarping to the south and east. Sediments have
been deposited in the area of downwarping, and the
rate of sedimentation has kept pace with sinking,
keeping this area close to sea level.  Structural
deformation of the sediments, including faulting
and folding, and {nterfingering. of diverse
sedimentary units have resulted in the complex
aquifer system of today.

The source of the anomalous heat is not known
with certainty but several postulates are
{Woodruff and McBride, 1979): 1) deep circulation
of ground waters along faults; 2) upwelling of
connate waters, originally trapped in sediments
now .deeply buried; 3) stagnation of deep ground
waters owing to faults that retard circulation; &)
local hot spots such as radiogenic heat sources
(intrusions) within the basement complex, or; 5)
other loci of high heat flow.

A minor amount of direct use is being made of
these waters at present, and potential for further
development is good.

Dther Areas--Eastern Half of U.S.

Hydrothermal resources in other areas of the
continental U.S. besides those mentioned above are
very poorly known. There is believed to be
potential for thermal waters of about 100°C at a
number of locations along the Atlantic Coastal
plain associated with buried intrusions that are
generating anomalous heat through radioactive
decay of contained natural uranium, thorium and
potassium, Examples of such areas are shown at
Savannah-Brunswick, Charleston, Wilmington,
Kingston-Jacksonville and the mid-New-Jersey

Coast. One drill test of such an area (Delmarva
Penninsula near Washington, D.C.) -has been
conducted with inconclusive results regarding

amount of thermal water-that could be produced.
This {is the only geothermal test well so far in
the east. Less than a dozen warm springs and

wells are known at present. The Allegheny Basin
is outlined on Figure 17 because 1t has potential
for thermal fluids in aquifers buried deeply
enough to be heated 1in a normal earth's
gradient. Parts of Ohio, Kansas, Nebraska, and
Oklahoma as well as other states are belived to
have potential for low-temperature fluids. No
drill tests have been conducted, however.

Hawaiian Islands

The chain of islands known as the Hawaifan
archipelago stretches 2500 km fn a northwest-
southeast 1ine across the Pacific ocean from Kure
and Midway Islands to the Big Island of Hawaif.

Built of basaltic volcanic rocks, this {sland
chain boasts the greatest volcanic masses on---
earth. The volcano Kilauvea rises 9800 m ahove the

floor of the ocean, the world's largest mountain
in terms of elevation above its base. The
Kilauea, Mauna Loa and other vents on the big
istand are {in an almost continual state of
activity, but by contrast volcanoes on the other
islands have shown little vrecent activity.
Haleakala on the island of Maui is the only other
volcano in the state that has erupted in the last
few hundred years, and the last eruption there was
in 1790 (MacDonald and Hubbard, 1975).

Several of the HKawaiian islands are belfeved
to have geothermal potential. The only area where
exploration has proceeded for enough to establish
the existence of a hydrothermal reservoir is in
the Puna district near Xapoho along the so-called
"East RiftY, a fault zone on the east flank of
Kileaua. Here a well was completed to a depth of
1965 m (Helsley, 1977) with a bottom-hole
temperature of 358°C. Little is known in detail
of the reservoir at present, but it is believed to
be fracture-controlled and water-dominated. A
3 MWe generator is currently being Installed and
is scheduled for start-up in mid-1981. Success of
this project would undoubtedly spur further
development at this site.

Elsewhere on the islands potential for
occurrence of low- to moderate-temperature
resources has been established at a number of
locations on Hawaii, Maui and Oahu, although no
drilling to establish existence of a resource has
been completed (Thomas et al., 1980). .

Alaska - -

Yery little geothermal exploration work has
been done in Alaska. A number of geothermal
occurrences are located on the Alaska Peninsula
and the Aleutian Islands and 1in central and
southeast Alaska. The Aleutians and the Peninsula
overly a zone of active subduction (Fig. 3), and
volcanoes are numerous. None of the identified
hydrothermal convection systems here have been
studied in detail. .

" Low- and moderate-temperature resources are’

- ~indicated in. a number of-locations in Alaska--by-.--*
" occurrence of thot

springs (Muffler et
1978). One area that has been studied in more

al.,
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TABLE 2

GEQTHERMAL ENERGY OF THE UNITED STATES
After Muffler et al. (1979) Table 20

ELECTRICITY BENigéCIAL HEAT % SOURCE
RESOURCE TYPE (M¥e for 30 yr) (10°° Joules) (10°° joules)

Hydrothermal

Identified 23,000 42 ) 400

Undiscovered 72,000-127,000 "184-310 2,000
Sedimentary Basins ? ?
Geopressured (N. Gulf of Mexico) -

Thermal 270-2800

Vethane 160-1600

' L
Radiogenic ? -
Hot Rock ? ?

detall and has had limited drilling is Pilgrim Hot
Springs {Turner et al., 1980). This site is 75 km
north of Nome, Alaska. Initial drilling has
confirmed the presence of a hot water reservoir
about 1 km® in extent that has artesian flow rates
of 200-400 gallons/minute of 90°C water.
Geophysical data suggest that the reservoir fis
near the intersection of two inferred fault
zones. Further exploration work will be required
to determine the potential of this reservoir.

POTENTIAL FOR GEOTHERMAL DEYELOPMENT

A small industry exists in the U.S. that is
beginning the development of high-temperature
hydrothermal resources for electrical power
production. Developers involved are mainly large
petroleum companfes and potential users of the
hydrothermal fluids are electric utilities.
Exploration for high-temperature resources fs
being conducted at a rather low level, mainly
because development of geothermal resources is not
yet economic.

There is virtually no industry activity to
develop geothermal resources for direct heat uses
in the U.S. Good inventories of low- and
moderate-temperature resources are only now
becoming available in map form through efforts of
the Federal geothermal program. And there has
been ‘very little drill testing that {s necessary
to prove resource viability so that money could be
obtained for construction of utilization systenms.

Muffler et al. (1978) have dealt with the ..
problem of how much accessible resource exists in-

the U.S. both at known sites and those that are
undiscovered. They conclude that the undiscovered
resource base 1s on the order of 3 to 5 times
greater than the resources known today. These
figures do not include possible hot dry rock or
other more speculative resources. Table 2 is a
summary of the current estimate of the geothermal
resource base as taken from Muffler et al.
(1978). This table demonstrates our lack of
resource knowledge through the ranges and relative
amounts of undiscovered resources and through -the
many missing numbers We can conclude, however,
that the geothermal resource base is large in the
u.s

The amount of geothermal energy that will be
in use at various times in the future is a topic
of much discussion. It 1s no trivial exercise to
estimate this number. Table 3 shows the best
current estimates (Anon., 1980; Anon., 198la;
Anon., 1981b).

TABLE 3
GEOTHERMAL DEVELOPMENT POTENTIAL

Estimated Use by Year 2000

ELECTRICAL DIRE?E HEAT
{MW) (10°° BTU)
Hydrothgrmal 12,800 "0.57
Geppressured”__ . 2,000 3.6 (mefhane)
Hot Dry Rock 700 " 0.007 “
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NATURE AND OCCURRENCE OF GEOTHERMAL RESOURCES IN THE UNITED STATES

Phillip M. Wright

Earth Science Laboratory
University of Utah Research Institute
Salt Lake City, Utah 84108

INTRODUCTION

Geothermal energy fs heat energy that origi-
nates within the earth. Under suitable
circumstances a small portion of this energy can
be extracted and used by man. So active is the
earth as a thermal engine that many of the large-
scale geological processes that have helped to
form the earth's surface features are powered by
redistribution of dnternal heat as it flows from
inner regions of higher temperature to outer
regions of lower temperature. Such seemingly
diverse phenomena as motion of the earth's crustal
plates, uplifting of mountain ranges, occurrence
of earthquakes, eruption of volcanoes and spouting
of geysers all owe their origin to the transport
of internal thermal energy.

In the United States and in many other
countries, geothermal energy is wused both for
generation of electrical power and for direct
applications such as space heating and industrial
process energy. Although the technical viability
of geothermal energy for such uses has been known
for many years, the total amount of application
today is very small compared with the potential
for application. Availability of inexpensive
energy from fossil fuels has suppressed use 'of
geothermal resources. At present geothermal
application is economic only at a few of the
highest-grade resources. Development of new
techniques and equipment to decrease costs of
exploration, drilling, reservoir evaluvation and
extraction of the energy is needed to make the
vastly more numerous lower grade resources also
economic.

The objective of this paper is to present an
overview of the geology of geothermal resources.
It was written specifically with the non-geologist
in mind. The use of highly technical geological
language is avoided where possible, and the terms
that are used are also defined. Emphasis {s on
resources in the United States, but the geological
principles discussed have world-wide
application. We will see that geothermal
resources of high temperature are found mainly in
areas where a number of specific geologic
processes are active today and that resources of
lower temperature are more widespread. We will
present a classification for observed resource
types and briefly describe the geology of each

type. The geology of the United States will then
be summarized to provide an appropriate background
for consideration of the occurrence of geothermal
resources. Finally we will be able to reach the
conclusion that the accessible geothermal resource
base in the United States is very large and that
the extent of development over the next decades
will be limited by economics rather than by
availability.

THE EARTH'S INTERNAL HEAT

Although the distribution with depth {n the
earth of density, pressure and other related
physical parameters fs well known, the temperature
distribution is extremely uncertain, We do know
that temperature within the earth fncreases with
fncreasing depth (Fig. 1) at least for the first
few tens of kilometers, and. we hypothesize a
steadily increasing temperature to the earth's
center. Plastic or partially molten rock at
estimated temperatures between 700°C and 1200°C is
postulated to exist everywhere bencath the earth's
surface at depths of 100 km, and the temperature
at the earth's center, nearly 6400 km dcep, may be
more than 4000°C. Using present technology and
under good conditions, holes can be drilled to
depths of about 10 km, where temperatures range
upward from about 150°C in areas underlain by
cooler rocks to perhaps 600°C 1in exceptional
areas.

TEMPERATURE VS OEPTH IN EARTH
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Because the ecarth is hot inside, heat flows
steadily outward over the entire surface, where it
is permanently lost by radiation into space. The
mean value of this_surface heat fiow for the world
is about 60 X 1073 watts/m’ (White and Williams,
1975) and since thfz4 m?" surface area of the earth
is about 5.1 )&210 m¢, the rate of heat loss is
about 32 X 10 gotts (32 millfon megawatts) or
about 2.4 X 102 calories/year, a very large
amount indeed. At present only a small portion of
this heat, namely that concentrated in what we
call geothermal resources, can be captured for
man's benefit. - The mean surface heat flux of 60
milliwatts/ is ebout 20,000 times smaller than
the heat arriving from the sun when it {s directly
overhead, and the earth's surface temperature {s
thus controlled by the sun and not by heat from
the interior (Goguel, 1976).

Two ultimate sources for the earth's internal
heat appear to be most important among a number of
contributing alternatives: 1) heat released
throughout the earth's 4.5 billion-year history by
radioactive decay of certain isotopes of uranfum,
thorium, potassium, and other elements; and 2)
heat released during formatfon of the earth by
gravitatfonal accretion and during subsequent mass
redistributfon when much of the heavier materfal
sank to form the earth's core (Fig. 2). The
relative contribution to the observed surface heat
flow of these two mechanisms Js not yet re-
solved. Some theoretical models of the earth
indicate that heat produced by radioactive decay
can account for nearly all of the present heat
flux {VMaclonald, 1965). Other studies (Davis,
1980) indicate that, if the earth's core formed by
sinking of the heéavier metallic elements 1n an
originally homogeneous earth, the gravitational
heat released would have been sufficient to raise

the temperature of the whole earth by about
2000°C. An appreciable fraction of today's
INTERIOR OF THE EARTH
3
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CGincludes the coust)

12,7560m.

7,926 mi.

figure 2_

observed heat flow could be accounted for by such
a  source. However, the distribution of
radiocactive elements within the earth {s poorly
known, as is the earth's early formational history
some 4 billion years ago. We do know that the
thermal conductivity of crustal rocks is low so
that heat escapes from the surface slowly. The
deep regions of the earth retain a substantial
portion of their original heat, whatever its
source, and billions of years will pass before the
earth cools sufficiently to quiet the active
geological processes we will discuss below.

GEOLOGICAL PROCESSES

Geothermal resource areas, or geothermal
areas for short, are generally those in which
higher temperatures are found at shallower depths
than is normal. This condition usually results
from either 1)} intrusion of molten rock to high
levels in the earth's crust, 2) higher-than-
average flow of heat to the surface with an
attendant high rate of increase of temperature
with depth (geothermal gradient) as illustrated in
Figure 1, often in broad areas where the earth's
crust is thin, 3) heating of ground water that
circulates to depths of 2 to 5 km with subsequent
ascent of the thermal water near to the surface,
or 4) anomalous heating of a shallow rock body by
decay of an unusually high content of radioactive

elements. We will consider each of these
phenomena in more detail below.
In many geothermal areas heat fs brought

right to the surface by circulation of ground
water. If temperature is high enough, steam may
be produced, and geysers, fumaroles, and hot
springs are common surface manifestations of
underlying geothermal reservoirs.

The distribution of geothermal areas on. the
earth’'s surface is not random but instead is
governed by geological processes of global and
local scale. This fact helps lend order to
exploration for geothermal resources once the
geological processes are understood. At present
our understanding of these processes is rather
sketchy, but, with rapidly increasing need for use
of geothermal resources as an alternative to
fossil fuels, our learning rate is high. ’

Figure 3 shows the principal areas of known
geothermal occurrences on a world map. Also
indicsted are areas of young volcanoes and a
number of currently active fundamental geological
structures. It 1is readily seen that many
geothermal resource areas correspond with areas
that now have or recently have had volcanic and
other geological activity. To understand why this
fs true we must consider some of the' geologic
processes going on in the earth's interior.

. A schematic cross section of the earth is
shown 1in Figure 2. A solid layer called the
lithosphere extends from the surface to a depth of
about 100 km. The lithosphere is composed of an
uppermost layer called the crust and of the
uppermost regions of the mantle, which lie below
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the crust. Mantle material below the lithosphere
is less solid than the overlying lithosphere and
is able to flow very slowly undery sustained

stress. The crust and the mantle are composed of
minerals whose chief building block is silica
{Si0;). The outer core {s a region where material

s much denser than mantle material, and it f{s

believed to be composed of a liquid fron-nfckel-

copper mixture. The inner core is believed to be
a solid metallic mixture.

One very important group of geological
processes that cause geothermal resources is known
collectively as "plate tectonics”. (Wyllie,
1971). It is illustrated in Figure 4. Outward
flow of heat from the deep interior is
hypothesized to cause formation of convection
cells in the earth's mantle in which deeper,
hotter mantle material slowly rises toward the
surface, spreads out parallel to the surface under
the solid lithosphere as it cools and, upon
cooling, descends again. The 1lithosphere above
the upwelling portions of these convection cells
cracks and spreads apart 2long linear or arcuate
zones called “spreading centers” that are
typically thousands of kilometers long and
coincide, for the most part, with the world's mid-
oceanic ridge or mountain system (Figs. 3 and
4). The crustal plates on each side of the crack
or rift move apart at rates of a few centimeters
per year, and molten mantle material rises in the
crack and solidifies to form new crust.  The
laterally meving oceanic 1ithospheric plates
{mpinge against adjacent plates, some of which
contain the imbedded continental land masses, and
in most locations the oceanic plates are thrust
beneath the continental plates. These zones of
under-thrusting, «called subduction zones, are
marked by the world's deep oceanic trenches which
result from the crust being dragged down by the
descending oceanic plate. The oceanic plate
descends into regions of warmer material in the
mantle and is warmed both by the surrounding
warmer material and by frictional heating as it is
thrust downward. At the upper boundary of the
descending plate, temperatures become high enough
in places to cause partial melting. The degree of
melting depends upon the amount of water contained
in the rocks as well as upon temperature and
pressure and the upper layers of the descending
plate often contain oceanic sediments rich in
water. The molten or partially molten rock bodies
(magmas) that result then ascend buoyantly through
the crust, probably along lines -of structural
weakness (Fig. 5) and carry their contained heat
to within 1.5 to 15 km of the surface. They give
rise to volcanoes if part of the molten material
escapes to the surface through faults and
fractures in the upper crust.

shows where these processes of
crustal spreading, formation of new oceanic crust
fron molten mantle material and subduction of
oceanic plates berneath adjacent plates, are
currently operating. Oceanic rises, where new
crustal material is formed, occur jn all of the
major oceans. The Etast Pacific Rise, the Mid-
Atlantic Ridge and the Indian ridges are

Figure 3
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examples. The ridge or rise crest is offset in
places by large transform faults that result from
variations in the rate of crustal spreading from
place to place along the ridge. Oceanic crustal
material is subducted or consumed in thé trench
areas. Almost all of the worid's earthquakes
result from these large-scale processes, ard occur
either at the spreading centers, the transform
faults or in association with the subduction zone
(Benioff zone), which dips underneath the
continental land masses in many places. We thus
see that these very active processes of plate
tectonics give rise to diverse phenomena, among
which is the generation of molten rock at shallow
depths in the crust both at the spreading centers
‘and above zones of subduction. These bodies of
shallow molten rock provide the heat for many of
the world's geothermal resources.
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Before going on, let us discuss a bit more
the processes of development of a crustal
intrusion, illustrated in Figure 5. An ascending
body of molten material may cease to rise at any
level in the earth's crust and may or may not vent
to the surface in volcanoes. Intrusion of molten
magmas into the upper parts of the earth's crust
has gone on throughout geological time. We see
evidence for this in the occurrence of volcanic
rocks of all ages and in the small to very large
areas of crystalline, granitic rock that result
wvhen such a magma cools slowly at depth.

Yolcanic rocks that have been extruded at the
surface and crystalline rocks that have cooled at
depth are known collectively as igneous rocks.
They vary over a range of chemical and mineral
camposition. At one end of the range are rocks
that are relatively poor in silica (Si0, about
50%1) and relatively rich in iron (Fe,0, + Fe0
about 8%) and rmagnesium (Mgl about ;%)3 The
volcanic variety of this rock is basalt and an
example f{s the black rocks of the Hawalian
I1slands. The crystalline, plutonic varfety of
this rock that hes consolidated at depth is known
as gabbro. At the other end of the range are
rocks that are relatively rich in silica (Si0
about 641) and poor in fron (Fe,03 + FeD aboutﬁ%g
and magnesium (Mg0 about 2%]. The volcanic
variety of this rock, rhyolite, is usually lighter
in color than the black basalt and it occurs
mainly on land. The plutonic variety of this rock
is granite, although the term “granitic® {1s
sometimes used for any crystalline igneous rock.
Magmas that result in basalt or gabbro are terred
"basic® whereas magmas that result in rhyolite or
granite are termed "acidic"; however these terms
are misleading because they have nothing to do
with the pH of the magma.

. The upper portions of the mantle are believed
to be basaltic 1in composition. The great
outpourings of basalt seen in places like the
Hawalian Islands and on the volcanic plateaus of
the Columbia and Snake rivers (Fig. 16) seem to
indicate a more or less direct pipeline from the
upper mantle to the surface in places., The origin
of granites is a subject of some controversy. It
can be shown that granitic magmas could be derived
by differential segregation from  basaltic
magmas. However, the chemical composition of
granites is much like the average composition of
the continental crust, and some granites probably
result from melting of crustal rocks by upwelling
basaltic magras whereas others probably result
from differentiation from a basaltic magma. In
any case, basaltic magmas are molten at a higher
temperature than are granitic magmas {see Fig. 6)
and more importantly for our discussion basaltic
magmas are less viscous {(more fluid) than are
granitic magmas. Occurrence of rhyolitic volcanic
rocks of very young age (less than 1 million years
and preferably. less than 50,000 years) s
generally taken as a sign of good -geothermal
potential in an area because presumably a large
body of viscous magma may be indicated at depth to
provide a geothermal heat source. On the other
hand, occurrence of young basaltic magma is not as
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encouraging because the basalt, being fairly
fluid, could simply ascend along narrow condufts
from the mantle directly to the surface without
need for a shallow magma chamber that would
provide a geothermal heat source. In many areas
both basaltic and rhyolitic volcanic rocks are
present and often the younger eruptions are more
rhyolitic, possibly indicating progressive
differentiation of an underlying basaltic magma in
a chamber 1like those illustrated in Figure S.

A second important source of volcanic rocks
results from hypothesized point sources of heat in
the mantle as contrasted with the rather large
convection cells discussed above. It has been
hypothesized that the upper mantle contains local
areas of upwelling, hot material called plumes,
although other origins for the hot spots have also

been postulated. As crustal plates move over
these local hot spots, a linear or arcuate
sequence of volcanoes is developed. Young

volcanic rocks occur at one end of the volcanic
chain with older ones at the other end. The
Hawaiian Island chain is an excellent example.
Yolcanic rocks on the island of Kauai at the
northwest end of the chain have been dated through
radioactive means at about 6 million years,
whereas the volcanoes Mauna Loa and Mauna Kea on
the fsland of Hawaii at the southeast end of the
chain are in almost continual activity, at the
present time having an interval between eruptions
of only 11 months. In addition, geologists
speculate that Yellowstone National Park, Wyoming,
one of the largest geothermal areas in the world,
sits over such a hot spot and that the older
volcanic rocks of the eastern and western Snake
River plains in ldaho are the surface trace of
this mantle hot spot in the geologic past (see
Fig. 16 and the discussion below).

Not all geothermal resources are caused by
near-surface intrusion of molten rock bodies.
Certain areas have a higher than average rate of

increase 1in temperature with depth (high geo-
thermal gradient) without shallow magma being
present. Much of the western United States

contains areas that haEe an anomalously high mean
heat flow (100 mwatt/m“) and an anomalously high
geothermal gradient (50°C/km).  Geophysical and
geological data indicate that the earth's crust is
thinner than normal and that the isotherms are
upwarped beneath this area. Much of the western -

U.S. 1s ogeologically active, as manifested 'by
earthquakes and actfve or recently active
volcanoes. Faulting and fracturing during

earthquakes help to keep f{racture systems open,
and this allows circulation of ground water to
depths of 2 km to perhaps 5 km. Here the water -is
heated and rises buoyantly along other fractures
to form geothermal resources near surface. Many
of the hot springs and wells in the western United
States and elsewhere owe their origin to such
processes. :

GEOTHERMAL RESOURCE TYPES

'k'e have seen that the fundamental cause of
many geothermal resources lies in the transport of
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heat near to the surface through one or more of a
number of geological processes. We have also seen
that the ultimate source of that heat is in the

interfor of the earth where temperatures are much’

higher than they are at the surface. We will now
turn to an examination of various geothermal
resource types.

A1l geothermal resources have three common
components: -
1) a heat source
2) permeability in the rock, and
3) a heat transfer fluid.

In the foregoing we have considered some of the
possible heat sources, and we will discuss others
presently. let uvs now consider the second
component, permeability..

Permeability is a measure of how easily
flufds flow through rock as a result of pressure
differences. Of course fluid does not flow
through the rock matrix itself but rather it flows
in open spaces between mineral grains and in
fractures. Rocks in many, but not all, geothermal
areas are very solid and tight, and have little or
no interconnected pore space between mineral
grains. In such rocks the only through-going
pathways for fluid flow are cracks or fractures in
the rock. A geothermal well must intersect one or
more fractures if the well is to produce geo-
thermal fluids in quantity, and it is generally
the case that these fractures can not be located
precisely by means of surface exploration.
Fractures sufficient to make a well a good
producer need only be a few millimeters in width,
but must be connected to the general fracture
network in the rock in order to carry large fluid
volumes.

The purpose of the heat transfer fluid is to
remove the heat from the rocks at depth and bring
it to the surface. The heat transfer fluid is
either water (sometimes saline) or steam. |Water
has a high heat capacity (amount of heat needed to
raise the temperature by 1°C) and a high heat of
vaporization (amount of heat needed to convert 1
gm to steam). Thus water, which naturally
pervades fractures and other open spaces in rocks,
is an ideal heat transfer fluid because a given
quantity of water or steam can carry a large
amount of heat to the surface where it is easily
removed. ’

Geothermal resource temperatures range upward
from the mean annual ambient temperature (usually
10-30°C) to well over 350°C. Figure 6 shows the
span of temperatures of interest in geothermal
work.

The classifications of geothermal
types shown in Table 1 is modeled after one given
by White and Williams (1975). [Each type will be
described briefly with emphasis on those that are
presently nearest to commercial use in the U.S In
order to describe these resource types we resort
to simplified geologic models. A given model {s

resource.

often not acceptable to all geologists, especially
at our rather primitive state of knowledge of
geothermal resources today.

GEOTHERMAL TEMPERATURES

l‘ . .c
2192T1200
2012 L1100
- 1832 }000 ]basall melts
1652 } soo .
1472 | 800
1292} 700 ] granile mells

1112 1 600 L cyrie temp. magnelite

. 932 + 500

w152 F 400
olectricat |[|S7T2 F 300

powaer

generation 392 200

Puna, HA
= Imperial Valley, CA& MEX (some holes)

3-—— Roosevell Hot Springs, UT,
The Geysers, CA; Vailes Caldera. NM.

-—Raft River, 1D
waler boils {1 atm.)

direct hoat 12124 100
spplication

32 . 0 ~—— waler freezes

Figure 6
TABLE 1

GEOTHERMAL RESOURCE CLASSIFICATION
(After White and Will{ams, 1975)

Temperature

Resource Type Characteristics’

1. Hydrothermal convection resources (heat carried
upward from depth by convection of water or
steam)

a) Va.por dominated about 240°C

b) Hot-water dominated
{1}  High Temperature 150°C to 350°C+

i1) Intermediate 90°C to 150°C

iii) Low Temperature less than 90°C

2. Hot rock resources (rock intruded in molten
form from depth)

a) Part still molten higher than 600°C

b) Not molten <. §O;C to 650°C
(hot dry rock)

3. Other resources
a) Sedimentary basins 30°C to about 150°C
{hot fluid in
sedimentary rocks)

b) Geopressured 150°C to about 200°C
(hot fluid under high
pressure)

c) Radiogenic 30°C to about 150°C

(heat generated by

radioactive decay)



Hydrothermal Resources

Hydrothermal convection resources are
gecthermal resources in which the earth's heat is
actively carried upward by the convective
circulation of naturally occurring hot water or
{ts gaseous phase, steam. Underlying some of the
higher temperature hydrothermal resources s

presumably a body of still molten or recently.

solidified rock (Fig. 6) that is very hot (300°C-
1100°C). Other hydrothermal resources result
simply from circulation of water along faults and
fractures or within a permeable aquifer to depths
where the rock temperature fs elevated, with
heating of the water and subsequent buoyant
transport to the surface or near surface. Whether
or not steam actuwally exists in a hydrothermal

reservolr depends, among other less important -

variables, on temperature and pressure conditions
at depth.
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Figure 7 (after White et al., 1971) shows a
conceptual model of a hydrothermal system where
steam is present, a so-called vapor-dominated
hydrothermal system (la of Table [)J. Convection
of deep saline water brings a large amount of heat
upward from depth to a -level where boiling can
take place under the prevailing temperature and
pressure conditions. Steam moves upward through
fractures in the rock and is possibly superheated
further by the hot surrounding rock. Heat {s lost
from the vapor to the cooler, near-surface rock
and condensation results, with some of the
condensed water moving downward to be vaporized
again. MWithin the entire vapor-filled part of the
reservoir, temperature fs nearly uniform due to
rapid fluid convection. This whole convection
system can be closed, so that the fluid circulates
without loss, but if an open fracture penetrates
to the surface, steam may vent, In this case,
water lost to the system would be replaced by
recharge, which takes place mainly by cool ground

. water moving downward and into- the convection -

system from the margins. The pressure within the
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steam-filled reservoir increases much more slowly
with depth thzn would be the case if the reservoir
were filled with water under  hydrostatic
pressure. Because the rocks surrounding the
reservoir will generally contain ground water
under hydrostatic pressure, there must exist a
large horizontal pressure differentfal between the
stean in the reservoir and the water In the
adjacent- rocks, and_ .a significant question
revolves around why the adjacent water does not
move in and inundate the reservoir. It s
postulated that the rock permeability at the edges
of the reservoir and probably above also, fis
either naturally low or has been decreased by
deposition of minerals from the hydrothermal fluid
in the fractures and pores to form a self-sealed
zone around the reservoir. Self-sealed zones are
known to occur in both vapor-dominated and water-
dominated resources.

A well drilled into a vapor-dominated
reservoir would produce superheated steam. The
Geysers geothermal area in California (see Fig. 17
and the discussion below) is an example of this
type of resource. Steam is produced from wells
whose depths are 1.5 to 3 km, and this steam is
fed to turbine generators that produce electri-
city. The current generating capacity at The
Geysers is 908 MWe (megawatts of electrical power,
where 1 megawatt = 1 millfon watts), and 880 MWe
of additional generating capacity fs scheduled to
come on line by 1986.

Other vapor-dominated resources that are
currently being exploited occur at Lardarello and
Monte Amiata, Italy, and at Matsukawa, Japan. The
famous Yellowstone National Park 1in Wyoming
contains many geysers, fumaroles, hot pools and
thermal springs, and the Mud Volcanoes area is
believed to be underlain by a dry steam field.

There are relatively few known vapor-
dominated resources in the world because special
geological conditions are required for their
formation (White et al., 1971). However, they are
eagerly sought by industry because they are
generally easier and less expensive to develop
than the more common water-dominated system
discussed below.

Figure 8 schematically .illustrates a high-
temperature, hot-water-dominated hyd no,t,h??gnm'
system [Ib[7) of Table 1J. The source—of heat
beneath many such systems is probably molten rock
or rock that has solidified only in the last few
tens of thousands of years, lying at a depth of
perhaps 3 to 10 km. Normal ground water cir-
culates in open fractures and removes deat from
these deep, hot rocks by convection.  Fluid
temperatures are uniform over large volumes of the
reservoir because convection s rapid. Recharge
of cooler ground water takes place at the margins
of the system through circulation down frac-
tures. Escape of hot fluids at the surface is
often minimized by a near-surface sealed zone or
cap-rock formed by precipftation from the
‘geothermal- fluids of minerals -1n fractures and
pore spaces. Surface manifestations of such a
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geothermal system might include hot springs,
fumaroles, geysers, thermal spring deposits,
chemically altered rocks, or alternatively, no
surface manifestation may occur at all. If there

are no surface menifestations, discovery is much
more difficult and requires sophisticated geology,
geophysics, geochemistry and hydrology. A well
drilled into a water-dominated geothermal system
would likely encounter tight, hot rocks with hot
water inflow from the rock into the well bore
mainly along open fractures. Areas where
different fracture sets {Intersect may be
especially favorable for production of large
volumes of hot water. For generation of
electrical power a portion .of the hot water
produced from the well is allowed to flash to
steam within the well bore or within surface
equipment as pressure is reduced, and the steam is
used to drive a turbine generator.

WATER DOMINATED GEOTHERMAL SYSTEM
FLOW CONTROLLED BY FRACTURES
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Examples of this type of geothermal resource
are abundant in the western U.S. and include
Roosevelt Hot Springs, Utah, and the Valles
Caldera area, New Mexico. Approximately 50 areas
having potential for containing such a resource
have been identified (Muffler and others, 1978) so
far in the West, with Nevada having a
disproportionately large share.

A second type of hot-water dominated system
is shown in Figure 9. Here the reservoir rocks
‘are sedimentary rocks that have 1intergramular
permeability as well as fracture permeability.
Geothermal fluids can sometimes be produced from
such a reservoir without the need to intersect
open fractures by a drill hole. £Examples of this
resource type occur 1in the Imperial Valley of
California, in such areas as Fast Mesa, Heber,

Brawley, the Salton Sea, and at Cerro Prieto,
Mexico. In this region the fast Pacific Rise, a
crustal spreading center, comes onto the HNorth

American continent. Figure 3 shows that the rise
is observed to trend northward up the Gulf of
California in small segments that are repeatedly
offset northward by transform faults. Although
{ts location under the continent-cannot be .traced
very far with certainty, it is believed to occur

under and be responsible for the Imperfal Valley
geothermal resources. The source of the heat is
upselling, very hot molten or plastic material
from the earth's mantle. This hot rock heats
overlying sedimentary rocks' and their contained
fluids and has spawned volcanoes. The locations
of specific resource areas appear to be controlled
by faults that presumably allow deep fluid
circulation to carry the heat upward to reservoir
depths.
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Virtually all of industry's geothermal
exploration effort in the United States s
presently directed at locating vapor- or water-
dominated hydrothermal systems of the types

described above having temperatures above 200°C.
A few of these resources are capable of commercial
electrical power generation today. Current
surface exploration techniques are generally
conceded to be 1inadequate for discovery and
assessment of these resources at a fast enough
pace to satisfy the reliance the U.S. may
ultimately put upon _them for alternative energy
sources. Development of better and more cost-
effective techniques is badly needed.

The_ firinge areas of high-temperature vapor-
and water-dominated hydrothermal systems often
produce water of low and intermediate temperature
{1b{i1) and 1b{iii) of Table 1). These lower
temperature fluids are suitable for direct heat
applications but not for electrical power
production. Low- and {intermediate-temperature
waters can also result from deep water circulation
in areas where heat conduction and the geothermal
gradient are merely average, as previously
discussed. Waters circulated to depths of 1 to
5 km are warmed in the normal geothermal gradient
and they return to the surface or near surface
along open fractures because of their buoyancy
{Fig. 10).
magmatic heat source under such an area. warm

There need be no enhanced gradient or-...-.



springs occur where these waters reach the
surface, but if the warm waters do not reach the
surface they are generally difficult to find.
This type of warm water resource is especially
prevalent {in the western U.S. where active
faulting keep conduits open to depth.

MODEL OF DEEP CIRCULATION HYDROTHERMAL RESOURCE

Figure 10

Sedimentary Basins

Some basins are filled to depths of 10 km or

more with sedimentary rocks that have finter-
granular and open-space permeabflity. 1In some of
these sedimentary units, circulation of ground

water can be very deep. Water may be heated in a
normal or enhanced geothermal gradient and may
then either return to the near-surface envirorment
or remain trapped at depth (3a of Table 1). The
Kadison group carbonate rock sequence of wide-
spread occurrence in North and South Dakota,
Wyoming, Montana, and -.northward “into Canada
contains warm ‘waters-‘that are currently being
tapped by drill holes in a few places for space
heating and agricultural purposes. In a similar
application, substential benefit is being realized
in France from use of this type of resource for
space heating by production of warm water
contained in the Paris basin. Many other areas of
occurrence of this resource type are known
worldwide.

Geopressured Resources

Geopressured resources (3b of - Table 1)
consist of deeply buried fluids contained in
permeable sedimentary rocks wanned in a normal or
anomalous geotherral gradient by their great
burial depth. These fluids are tightly confined
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by surrounding impermeable rock and thus bear
pressure that is much greater than hydrostatic,
that §s, the fluid pressure supports a portion of
the weight of the overlying rock column as well as
the weight of the water column. Figure 11 (from
Papadopulos, 1975) gives a few typical parameters
for geopressured reservoirs and illustrates the
origin of the above-normal fluid pressure. These
geopressured fluids, found mainly {n the Gulf
Coast of the U.S. (Fig. 17), generally contain
dissolved methane. Therefore, three sources of
enerqy are actually available from  such
resources: 1) heat, 2) mechanical energy due to

the great pressure with which these waters exit

the borehole, and 3) the recoverable methane.

Industry has a great deal of f{nterest in
development of geopressured resources, although
they are not yet economic. The U.S. Department of
Energy (DOE), Division of Geothermal Energy, fs
currently sponsoring development of appropriate
exploftation technology.

GEOPRESSURED GEOTHERMAL RESOURCE
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Radiogenic Resources

Research that could lead to development of
radiogenic geothermal resources 1in the eastern
U.S. (3c of Table 1} s Turrently underway
following ideas developed at Virginia Polytechnic
Institute and State University. The eastern
states coastal plain is blanketed by a layer of
thermally insulating sediments. In places beneath
these sediments, rocks having enhanced
production due to higher content of radiocactive

heat ~
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elements are believed to occur. These rocks
represent old intrusions of once molten material
that have long since cooled and crystallized.
Geophysical and geological methods for locating
such rediogenic rocks beneath the sedimentary
cover are being developed, and drill testing of
the entire geothermal target concept (Fig. 12) is
currently being completed under DOE funding.

Success would most likely come in the form of low- .-.

to intermediate-temperature geothermal waters
suitable for space heating and industrial
processing. This could mean a great deal to the
eastern U.S. where energy consumption is high and
where no shallow, high-temperature hydrothermal
convection systems are known. Geophysical and
geological data indicate that radiogenically
heated rock bodies may be reasonably widespread.

"RADIOGENIC GEOTHERMAL RESOURCE
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Hot Dry Rock Resources

Hot dry rock resources (2b of Table 1) are
defined as heat stored in rocks within about 10 km
of the surface from which the energy cannot be
economically extracted by natural hot water or
steam. These hot rocks have few pore spaces or
fractures, and therefore contain 1little water.
The feasibility and economfcs of extraction of
heat for electrical power generation and direct
uses from hot dry rocks is presently the subject
of intensive research at the U.S. Department of
Energy's Los Alamos National Llaboratory 1in New
Mexico (Smith et al., 1975; Tester.and Albright,
1979). Their work indicates “that it is techno-
logically feasible to induce an artificial
fracture system in hot, tight crystalline rocks at
deoths of about 3 km through hydraulic fracturing
from a deep well., WwWater is pumped into a borehole
under high pressure and is allowed access to the
suyrrounding rock through a packed-off interval
near the bottom. When the water pressure is
raised sufficiently, the rock cracks to form a
fracture system that usually consists of one or
more vertical, plenar fractures. After the
fracture system is formed, its orientation and
extent are mapped using geophysical techniques. A
second borehole is sited and drilled in such a way
that it intersects the fracture system. %Water can

then be circulated down the -deeper ~hole; through

the fracture system where it {s heated, and up the

shallower hole (Fig. 13). Fluids at temperatures
of 150°C to 200°C have been produced in this way
from borcholes at the Fenton Hill experimental
site near the Valles Caldera, New Mexico. Much
technology development remains to be done before
this technique will be economically feasible.

SURFACE PLANT

HIGH HEAT FLOW
AREA

!
IL DIRECTIONALLY DKILLED

HYDRAULIC Il to INTERCEPT FRACTURE
FRACTURE i
ZONE

HOT DRY ROCK GEOTHERMAL RESOURCE

Figure 13

Molten Rock

Experiments are underway at the Department of
Energy's Sandia National Laboratory in
Albuquerque, New Mexico to learn how to extract
heat energy directly from molten rock (2a of Table
1). These experiments have not indicated econamic
feasibility for this scheme {in the near future.
Techniques for drilling into molten rock and
jmplanting heat exchangers or direct electrical
converters remain to be developed.

HYDROTRERMAL FLUIDS

The processes causing many of today's high
temperature  geothermal resources consist of
convection of aqueous solutions around a cooling
intrusion. These same basic processes have
operated in the past to form many of the base and

precfous metal ore bodies befng currently
exploited, although ore forming processes differ
fn some aspects from hydrothermal convection

processes as we understand them at present. The

fluids involved 1in geothermmal resources are

complex chemically and often contain elements that -
cause scaling and corrosion of equipment or that

can be environmentally damaging if released.
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Geothermal fluids contain a wide variety and GEOLOGICAL TiIME SCALE
concentration of dissolved constituents. Simple Millions of Years
chemical parameters often quoted to characterize
eothermal fluids are total dissolved solids {tds) {trom ven Eysings, 1078) Recent
in parts per million (ppm) or milligrams per liter Pleistocene
(mg/1) and pH. Values for tds range from a few Quaternary Vs 0
hundred to more than 300,000 mg/}. Many resources V4 —— =" T Pliccene | 1.8
in Utah, WNevada, and New Mexico contain about ou . 18
6,000 mg/1 tds, whereas a portion of the Imperial EE Tertiary Miocene
valley, California resources are toward the high (] 23
end of the range. Typical 'pH values range from ~§ Cretaceous . Oligocene
moderately alkaline (8.5} to moderately acid N 180\ 38
{5.5}). A pH of 7.0 is neutral at normal ground e Jurassic N
water temperature--neither acid nor alkaline. The 2 Trisenic 195 \ focene
dissolved solids are usually composed mainly of - 230 N 54
Na, Ca, K, CI, Sioz. S04, and HCO3. Minor Permian 280 \ Paleocene
constituents include a wide range of elements with Carboniferous ) 65
Hg, F, B and a few others of environmental : 385"
concern. Dissolved gases usvally include CO,, NH 2 Devonian
and H,S, the latter being a safety Eazar 5 Siurian 395
(Hartley, 1980). Effective means have been and 2 435 |
are still being developed to handle the scaling, o Ordovician

corrosion and environmental problems caused by 500
dissolved constituents in geothermal fluids.

Cambrian
GEOLOGY OF THE CONTINENTAL UNITED STATES = 600
Ll

Before going on to a more detailed discussion ‘é
of the occurrence of geothermal resources in the 3
United States, let us turn to a summary of the v about 4,500
geology of the U.S. This will form an appropriate & ‘
context for consideration of the known and
suspected geothermal occurrences. : Figure 14

Like all continental 1land masses, North A second way to view the U.S. 1s in terms of
America has had a 1long and eventful geologic present land forms or physfography as shown in
history. The oldest rocks are dated at more than Figure 16. This map will help the reader to
2.5 billion years before present using radicactive correlate the discussion to follow with current
dating methods. During this time the continent names for various physiographic dfvision. By
has grown through accretion of crustal material, reference to Figures 14, 15 and 16 this discussion
mountain ranges have been wuplifted and sub- will be more meaningful.

sequently destroyed by erosion, blocks of rock
have been displaced by faulting, both on a large Canadian Shield
scale as evidenced, for example, by the currently I —

active San Andreas fault in California, and on the For the 1last billion years, the Canadian
scale of an individual geothermal prospect, and shield has been the great stable portion of the
volcanic activity has been widespread. In the North American continent. It consists mainly of
discussion below some of these events will be pre-Cambrian granitic intrusfons and metamorphosed
described and will be keyed in time to the volcanic and sedimentary rock. A few occurrences
geological time scale, shown in Figure 14. of Paleozoic strata indicate that the Paleozoic
formations were once much more widespread over the
The U.S. can be divided into several distinct . shield than now, and that they have been stripped
regions on the basis of geology. One way to_ do.... off by a long finterval of erosion during the
this is illustrated in Figure 15, which shows the Mesozoic and Cenozoic eras. '
major tectonic, or structural, divisions in the
u.s. (Eardley, 1951). Areas of long-time Central Stable Region
stability are differentiated from areas of
orogenic activity that has consisted of crustal The central stable region consists of a
downwarping accompznied by filling of basins with foundation of pre-Cambrian crystalline rock, which
thick deposits of eroded sediments, mountain is a continuation of the Canadian shield southward
building with attencant faulting and folding of and westward, covered by a veneer of sedimentary
the rock strata, metamorphic changes of existing sandstone, limestone and shale. The veneer varies
rocks by heat and pressure due to great depth of greatly in thickness from place to place, and
burial, intrusion of molten igneous rock bodies, several broad basins, arches, and domes, developed
some of great extent (batholiths), and eruption of chiefly in Paleozoic times, are present.” Many of
volcanic rocks at the surface. A summary of these these basins have been the site of oil accumu-
events, following Eardley (1951) closely will be-. --lation; --and~ some "~contain ~aquifers having

given below for .each of the tectonic divisions. geothermal potential.
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In the southwestern corner of the central
stable region, a csystem of ranges was elevated in
Carboniferous time, and then during the Permian
and Mesozofc it was largely buried. The ranges
are known as the Ancestral Rockies in Colorado and
New Mexico, and as the Wichita mountain system in
Kansas, Oklahoma, and Texas. The late Cretaceous
and early Tertiary Laramide arogenic belt was
partly superposed on the Ancestral Rockies 1in
Colorado and New Mexico, and a fragment of the
central stable region was dismembered in the
process to form the Colorado Plateau.

Orogenic Belts of the Atlantic Margin

The Paleozoic orogenic belts of the Atlantic
margin bound effectively the southern, as well as
the eastern, continental margin. The major belt
1s known as the Appalachian, and it consists of an
inner folded and faulted division, the Yalley and
Ridge, and an outer compressed, metamorphosed, and
intruded division, the Piedmont., Volcanic rocks
and great intrusions of crystalline rock
(batholiths) are important components of the outer
division, but the inner folded and faulted belt is
comparatively free of them. Both divisions are
made up of very thick sequences of sedimentary
rocks that have been metamorphosed.

The orogenic belt bordering the southern
margin of the stable interior is mostly concealed
by overlapping coastal plain deposits, but where
exposed, it is a folded and faulted complex,
somewhat similar to the inner Appalachian
division.

The eastern extent or breadth of the
Appalachian orogenic system and the nature and
condition of the crust that lies east of it are
not known, because of the cover of Atlantic
Coastal plain sediments. The continental margin
had begun to subside at least by early Cretaceous
time, if not before. The gently sloping surface
on the crystalline rocks has been traced eastward

under this Cretaceous and Tertiary sedimentary -

cover to a depth of 10,000 feet, which is near the
margin of the present continental shelf. Most
units of the Coastal Plain sediments dip gently
and thicken like a2 wedge oceanward as far as they
have been traced by deep drilling and by seismic
traverses. The Gulf coastal plain is continuous
with the Atlantic coastal plain, and counting its
shallowly submerged portions,. it :nearly encloses
the Gulf of Mexico.

Orogenic Belts of the Pacific Margin

The great complex of orogenic belts along the
Pacific margin of the continent evolved through a
very long time. The oldest strata recognized are
Ordovicfan. In Paleozoic time, the Pacific margin
of the continent was a volcanic archipelago in
appearance, and internally was a belt of profound
compressfion and igneous intrusion. Inward from
the archipelago, much volcanic material was

deposited in a segging trough and admixed with.

other sediments. The Permian, Triassic, and
Jurassic were times of volcanism, and represent a

Wright

continuation of essentially the same Paleozoic
conditions well into the Mesozoic. In late
Jurassic and early Cretaceous time, {ntense
folding preceded batholithic intrusions {Nevadan
orogeny) and the results of this great geologic
activity now constitute large parts of the Coast
Range of British Columbia, the ranges along the
{nternational border in  British Columbia,
Washington, and Idaho, the Klamath Mountains of
southwestern Oregon and northern California, the
Sierra Nevada Mountains of Californfa, anJ the
Sierra of Baja California. It is probable that
this orogeny was caused by ‘compression due to
subduction of an oceanic plate beneath the western
margin of the continent.

Following the Nevadan orogeny, a new trough
of accumulation and a new volcanic archipelago
formed west of the Nevadan belt, and a complex
history of deformation and sedimentation carries
down through the Cretaceous and Tertiary to the
present, to result in the Coast Ranges of
Washington, Oregon, and California. 1t s
believed that subduction was active in this area
until the last few million years (Dickinson and
Snyder, 1979). Volcanism is active today in the
Cascade Range.

The Columbia Plateau is a complex of flat-
lying basaltic lava flows and airfall deposits
that cover much of eastern Washington and
Oregon. The main period of volcanism was Miocene,
but the deposits merge smoothly eastward with the
flows of the Snake River plain in Idaho where
volcanism has been active in places in the ‘past
few hundred years. The volcanic rocks were
geposited in a downwarped area and range in
thickness up to perhaps 2 km. They were deposited
on sedimentary rocks of Paleozoic and Mesozoic
age. It 1is Tlikely that the Basin and Range
Province extends under the plateaus.

Orogenic Belts of the Rocky Mountains

During the complex and long orogenic history
of the Pacific margin, the adjacent zone inward
was one of gentle subsidence and sediment
accumulation, comparatively free of volcanic
materials during the Paleozoic.

The Paleozoic and all the Mesozoic cediments
except the Upper Cretaepus_of the Rocky Mountains
may be divided into thick basin sequences on the
west and fairly thin shelf sequences on the
east. The line dividing the two lies
approximately along the west side of the Colorado
plateau and runs northward through western Wyoming
and Montana to western Alberta. The shelf
sequences were part of the central stable region
until the 1late Cretaceous and early Tertiary
(Laramide) orogeny. The eastern Laramide belt of
folding and faulting extended through the shelf
region of central and eastern Wyoming, central
Colorado, and central New Mexico, forming -the
eastern Rocky Mountains and cutting ' off the

~.Lolorado plateau from the central stable region.

Following in the middle Tertiary, well after
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the compressional Nevadan and Llaramide orogenies
of western North Amzrica, an epfsode of high-angle
faulting occurred that created the Basin and Range
physiographic province and gave sharp definition
to many of its mountain ranges. The high-angle

faults were superposed on both the Nevadan and .

Laramide belts; most of them are late Tertiary in
age and some are still active. 1In many areas of
the Basin and Range, volcanism occurred throughout
the Tertiary and, especially along its eastern and
western margins, {t continues to the present
time. Active volcanoes existed as recently as a
few hundred years ago 1in parts of Idaho, Utah,
Nevada, Californfa, Arizona and New Mexico.

GEOTHEPMAL RESOURCES IN THE
CONTTHENTAL ©

Figure 17 displays the distribution of the
various resource types, in the 48 contiguous
states. Information for this figure was taken
rainly from Muffler et al. (1978), where a more
detailed discussion and more detailed maps can be
found. Not shown are locations of hot dry rock
-resources because very little is known. In
addition, it should be emphasized that the present
state of knowledge of geothermal resources of all
types 1is poor. Because of the very recent
emergence of the geothermal industry, insufficient
exploration has been done to define properly the
resource base. Each year brings more resource
discovery, so that Figure 17 will rapidly become
outdated.

Figure 17 shows that most of the known
hydrothermal resources and all of the presently
known sites that are capable or believed to be
capable of electric power generation from
hydrothermal convection systems are in the western
half of the U.S. The preponderance of thermal
springs and other surface manifestations of
underlying resources is also in the west. Large
areas wunderlain by warm waters in sedimentary
rocks exist in Montana, North and South Dakota,
and Wyoming (the Madison Group of aquifers), but
the extent and potential of these resources is
poorly understood. Another important large area
much of which is wunderlain by low-temperature
resources, 1S the northeast-trending Balcones
fault zone in Texas. The gqeopressured resource
~areas of the Gulf Coast and surrounding states are
also shown. Resource areas indicated in the
eastern states are highly speculative because
almost no drilling has been done to actually
confirm their existence, which is only inferred at
present.

Regarding the temperature distribution of
geothermal resources, 1low- and .intermediate-
temperature resources are much more plentiful than
are high-temperature resources. There are many,
many thermal springs and wells that have water at
a temperature only slightly above the mean annual
air temperature, which is the temperature of most
non-geothermal shallow ground water. Resources
having temperatures above 150°C are infrequent,

but represent important occurrences. ~ Muffler et "

al. ({1978) show a statistical analysis of the

" predominating.
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temperature distribution of hydrothermal resources

“and conclude that the cumulative frequency of

occurrence increases exponentially as reservoir
temperature  decreases (Fig. 18). This
relationship is based only on data for known
occurrences having temperatures 90°C or higher.
It is firmly enough established, however, that we
can have confidence in the existence of a very
large low-temperature resource base, most of which
is undiscovered.

'FREQUENCY OF OCCURRENCE VS TEMPERATURE
FOR GEOTHERMAL RESOURCES
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Figure 18 *
let wus consider the known geothermal

occurrences in a bit more detail, beginning in the
Western U.S. :

Salton Trough/Imperial Valley, CA

The Salton Trough is the name given an area
along the landward extension of the Gulf of
Californfa. It {s an area of complex, currently
active plate tectonic geologic processes. As
shown on Figure 3, the crest of the East-Pacific
Rise spreading center 1is offset repeatediy
northward, up the Gulf of California, by transform
faulting. Both the rise crest and the transform
faults- come onto the continent under the delta of
the Colorado River (Fig. 19) and the structure of
the Salton Trough sugaests that they underlie the
trough. The offsetting faults trend northwest,
parallel to the strike of the well-known San
Andreas fault.

The Salton Trough has been an area of
subsidence since NMiocene times. During the
ensuing years sedimentation in the trough has kept
pace with subsidence, with shallow water sediments
and debris from the Colorado. River
At present, 3 to 5 km of poorly-
consolidated sediment overlies a basement “of

Mesozoic crystalline” rocks that intruded Paleozoic

and Precambrian sedimentary rocks. . Detailed
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analysis of drilling data -and of surfice and
downhole geophysics indicates that at least some
of the known geothermal occurrences {Cérrp Prieto,

Brauley and the Salton Seal are underiain by
"pull-apart basins” apparently caused by crustal
spreading above a local section of the -East
Pacific Rise crest ([Elders, 1979). Yery young

velcanic activity hWas oc¢curred at Cerre Prieto
where a rhyodacite cone i5 known, and along the
southern margin of the Sa'lton Sea where rhyolite
dames. occur: The domes have an’ approximate age of
60,000 years (Muffler.and White, 1969}. The Cerron
Pr1eto volcano has heen d1ff1cu'lt to date but may
be about 10;000 years old (Ms1lenberg et. al.,
1980). Fau1t|ng is occurring at the present time
8y .evidenced by the many earthquakes and
earthquake swarms recorded there (Johnson, 1979},
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MAJOR STRUCTURES OF SALTON TROUGH
tafter Palmer et al, 1975}

Figure 19

The Cerro Prieto field is the besiunderstood
gedthermal gecurrence in the Salton Trough betause
of the: dr1111ng done there. We may take it as an
example of a Salten Trough resource type. This
fietd currently préducés 150 MKe and there -are

plans by the Comision Federal-de- E?ectric:-dad dn . __system,

Mexico to en'large its capac‘tty “to 370 HWe by

consists,

.Trough resources are unknown. Hot,

quartzite,

quantities

1985, The field i§ watér-dominsted and the rore
than 60 wells produce from depths of 1.5 to over
3 km:  Fluid temperatures range from ahout 200°C
to -over 350°C {Alanso, et al., 1979). The rocks
are composed of an upper layer of unconsplidated
s{1ts, sands and clays, and a layer of con-
.so]idated sandstones and shales overlying the
crystalline basement (Puete Cruz and de la Pena,
1979). Twp principal reservoir horizons otcur in
sangstones within the consolidated sequence, and
enhanced production has been noted in the v1c1n1ty
of faults, indicating that fracture permeability
js important, although {ntergrarular permeability

due to dissolution of minerals by the geothermal

fluids is believed ts be important alse [Lyons and
Van de Vamp, 1980). Reservoir recharge s
apparently from the northeast and east and
at Teast partly, of Colorado River water
(TruesdeYl et al., 1980).

The geothermal fluid from Cerro Prieto, after
stéam separation, contains about 25,000 ppm total
dissolved splids: This figure is mur.h Tower than
some of the other Tresources 3in the Salton
Trough. For example, the Salton Sea zrea contafns
20 to 30 percent by weight by solids {Palmer,
1975). Primerily because of problems associated

.with this high salinity, no signiffcant use has

beén made of Salton Sea fluids to date,

for the several -Sa'l~ton
partly molten
rock at shallgw depth (5-15 km) l:ou1d underly at
least some of the resource areas, or alternatively
the active faulting could prowde a mechanism
where water could circulate to depths great encugh
to be heated by the enhanced geothermal grad!ent.

The heat sourcels)

The Geysers, CA

The Geysers geothermal area is the"world"s
largest producer of electricity from geothermal
fluids with 908 MWe on line and-an additional 880
MWe .scheduled by '1986. This area lies @bout 150
km north of San Francisco. The portion of the
rescurce being exploited fs a vapor-dominated
field having a temperature of 240°C, as previously

discussed. The ultimate potential of the 'vapor-
dominated system is presently believed to be
around 2000 MWe. Associated with the vapor-
déninated field are believed to be several

unexploited hot water-dominated reservoi rs, whase
volume and temperafure are unknown.

The geology of The Geysers area is complex,
especially strutturally. Reéservoir rocks consist
mainly of fractured grey».ack:es sandstone-1iké
rocks consisting of poorly sorted fragments of
- shale¢, granite, vilcanic .rocks and
other rocks). The fracturing has created 'the
permeability necessary for steam production in
Targe enpugh 1o " bé economically
exploitable. Ov'e’ﬂ_ying the reservoir rocks, as
shown in Figure 21, is a series of imperneable
metamorphosed rocks {serpentinite, greenstone,
melange and metagranite) that form a cap on the
. These rgéks.are all complexly folded and

fauTted. They are believed to havé been closely
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assocfated with and perhaps included in subductfon
of the eastward-moving plate (Fig. 3) under the
continent. This subduction apparently ended 2 to
3 million years ago.

10vm
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Clear Loke Volcanice

Coche Formaotion

MAJOR STRUCTURES in

THE GEYSERS-CLEAR LAKE AREA
(Afrer Gofl, 1980)

Figure 20

As shown in Figure 20, the presently known
steam field is confined between the Mercuryville
fault zone on the southwest and the Collayomi
Fault zone on the northeast. The northwest and
southeast margins are not defintely known. To the
east and northeast lies the extensive Clear Lake
volcanic field composed of dacite, rhyolite,
andesite and basalt. The interval of eruption for
these volcanics extends from 2 million years ago
to 10,000 years ago, with ages progressively
younger northward (Donnelly, 1977). The Clear
Lake volcanics are very-.porous and soak up large
quantities of surface water. It is believed that
recharge of a deep, briny hot-water reservoir
comes from water percolating through the Clear
Lake volcanics, and that this deep reservoir may
supply steam to the vapor-dominated system through
bofling (Ffg. 21) although these {fdeas are not
universally supported by geologists and the deep
water table has never been {ntersected by
drilling.

The postulated water-dominated geothermal
reservoirs do not occur everywhere in.the Clear
Lake volcanics. At several locations drill holes
have found temperatures of 200°C at depths of only
2000 m, but the rocks are tight and impermeable

(Goff, 1980). Fractured aréaé apparently host the —
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water-dominated reservoirs at the Wilbur Springs
district (Thompson, 1979), the Sulphur Bank Mine
{White and Roberson, 1962} and other smaller
occurrences. Potential in The Geysers area for
discovery of additional exploitable resources is
good.

The Basin and Range

* western margins

" These

The Basin and Range province extends from
Mexico into southern Arizona, southwestern New
Mexico and Texas on the south, through parts of
Californfa, Nevada and Utah,  and becomes il1-
defined beneath the covering volcanic flows of the
Columbia Plateau on the north (Fig. 16). This
area, especially the northern portion, contains
abundant geothermal resources of all temperatures
and is perhaps the most active area of exploration
in the U.S. outside of the Imperial valley and The
Geysers areas. Resources along the eastern and
of the province are both more
abundant and of higher temperature. Although no
electrical power is presently being generated from
geothermal resources in this area, plans have been
announced to develop 20 MWe from Roosevelt Hot
Springs in Utah and 10 MWe from an area yet to be
selected in Nevada. Candidate sites fin Nevada
include Steamboat Springs, Dixie Yalley, Desert
Peak and Beowawe. Exploration fs being conducted
at probably 20 or more sites in the Basin and

Range, 1including, 1in addition to those named
above, Cove Fort, Utah; Tuscarora, McCoy,
Baltazor, Leach Hot Springs, San Emidio, Soda

Lake, Stillwater, and Humboldt House, Nevada: and
Surprise Valley, Long Valley Caldera and Coso,
California. Direct application of geothermal
energy for industrial process heating and space
heating are currently operating in this area at
several sites including Brady Hot Springs
(vegetable drying), Reno (space heating) and Salt
Lake City (greenhouse heating). .

The reasons for the abundance of resources in

the Basin and Range seem clear. This area,
especially at its margins, 1s an active area
geologically. Volcanfsm only a few hundred years

old is known from tens of areas, including parts
of west central Utah on the east (Nash and Smith,
1977) and Long Valley caldera on the west
(Rinehart and Huber, 1965). _The area is also
active seismically and faulting that causes the
uplift of mountain ranges in this area also serves
to keep pathways open for deep fluid circulation
at numerous locations. Rocks 71n- the Basin and
Range  consist of Paleozoic and  Mesozoic
sandstones, limestones and shales that lie on
Precambrian metamorphic and intrusive rocks.
rocks were deformed, complexly in some
places, during the Nevadan and Laramide orogenies,
as discussed above, and some base and precious
metal deposits were formed. Beginning 1n mid-
Tertiary times volcanfc activity {Increased many
fold with both basaltic and rhyolitic rocks being
erupted. Extentional stresses .also began .to
operate and a sequence of north-south mountain
ranges were formed which separate valleys that
have been filled with erosional debris from the

“mountafns (Eardley, 1951).” In "some plac'e'.r',‘ more °
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Figure 21

than 2 km offset has occurred along range-front
faults, and thé vaileys. may contaia a hundred to
as much as 3,000 m of unconsohdated erosional
debris. This activity
time,

Rs an Example of la.Basin and Range hydro-
thermal system we will discuss Roosevelt~ Hot
Springs, althpugh it should not be Supposed to be
typical of all high temperature ofcurrences i
this province. This geothermal area has been
studied in detail for the past six years (Nielson
et al., 1978; Ward et al., 1978}. The oldest
rocks expcsed (Figs. 22 and 23) are Precambrian
sédimentary rotks. that. have been extensively
metamarphosed: These rocks were intruded during
Mipcene time by granitic rocks {diorite, quart:
wonzonite, syenite ‘and granitel.
volcanic ﬂous and domes were emplaced during the
jnterval 800,000 1o 500,000 years ago.” The aread
has been comp?ex]y fau'lted by north to northwest-

persists to -the present .

Ahyolite .

trending high angYe faults and by east-west high- -

angle faults. The Negro Mag fault is such an
east-west fault that s an important ‘controlling

260°¢

structire in the north portion of the fiald. The
north-trending Opal Mound fault apparently forms
the western limit of the system. Thé oldest fault
system is a series of low-angle denudation faults
(Fig. 23) along which the upper plate has mgved
west by about.600 m .ind has brokén into a series
of discrete blocks. Producing. areas in the
stuthérn portion.,of the field are located in zones
of ‘infersecfion of ‘the upper platé fault zones..
with the 0pal Mound and other parallel faults.

Producing zones in the ngrthern part of the region
are located -at the intersection of north-south and
east-west faults, The permeability is obvicusly
fracture fontrolled.

Seven producing wells have been drilled in
the aréa (Fig, 22). Fluid temperature is about
and the geothermal system is water-
dominated. kverige well production s perhaps
318,000 kg/hr {700,000 lbs:/hr). Initial plans
are for a 20 MWe power plant with twp 50 Mwe
p1ants ta be msta]]ed as knwiedge of reservoir
performance increases. -~



Wright

T
ROOSEVELT HOT ~~
RIN 7
N ANV RN -
g A
[ 44 X7

NEGRO MAG —x 457513 1
v AL

) 3-1954- 3.(

YaAln ~

Qqgl / ool ort \\

\‘ 9- 10/ '3 |o 'm"l‘\
IOPAL Mourgz %o °

- FAULT
Al 7
\j
\ \
) \
I -/' 52-219
' \
i
v\ \
‘ l
[ !
/
|
!
\ N
\

. Tee ora
1 o] 1 MILE
t 1 2 S — .

EXPLANATION

Qo - oltuvium Tg - gronite

Ocol - silicified clluvium Ts - syenite

Qs —siliceous sinter Tpg - porphyritic granile

Qrd - rhyolite domes Tqm - quartz monzonife

Qra - pyrocloslic deposits gd - biotite diorite

Qrf - rhyolite flows hgn - foliated hornblende granodiorite

Tgr -fine-groined granile PEbQ- bonded gneiss

' GEOLOGIC MAP
ROOSEVELT HOT SPRINGS, UTAH
(from Nielson et.al.,, 1978) ~-— -~ ===~

Figure 22

19



. wright

'GEOLOGIC CROSS SECTION

ROOSEVELT HOT SPRINGS,-UTAH
(from Nielson et al., 1978)

3
8
L
, 3
0
A g ¢
SO '0'5 e
i TINE
=
N 4 :;5
g ey
Q
[Xele ol )

Figure 23

Cascade Range and Yicinity

The Cascade Range of northern California,
Oregon, Washington and Bfitish
comprised of .a series of volcanoes, 12 of which
have beern active fn historic times. The May 18,
1980 eruption of Mount St. Heléns attests to the
youth of wvolcanfc activity here. The Cascade
Range probably lies over a Subduction zome (Fig.

3} and magma moving into the upper crust has:

transported Jarge amounts of heat upward. In
spite of the widespread, young volcanism, however,
geothermal manifestations are not as plentiful as
one’ would suppose they should be (Fig. 17).

Figure 24 illustrates in schematic form that the

high rainfall and snowfall in the Cascades are
believed to .suppress surfiCe geothermal wmani-
festations through downward perfolation
cold surface waters in the highly
volcanic rocks. In the -absence of
manifestation, discovery of theése
becomes much more difficult. '

permeable
surface

No producible high-temperature hydrothermal
systéms have yét been located in thé Cascades,
although they are belived to exist. Geplogical
and geochémical évidence indicatés that a vapor-
dominated system is présént at Lassen Peak in
California, but it lies withfn a national park,
and will not be developed. Elsewhere hydrothermal
systems having predicted temperatures greater than
150°C are postulated .at Newberry Caldera in Qregon
and Gamma Hat Springs. in Washington; but driil
‘eyidence Has not been obtained {Mufﬂer et al.
]9?81 Tndustry's exploration effort so far in
this area Has been- minimal.

The use of geothermal’ enerqy for space heat-
ing at Xldmath Falls, Ofegon is~well known (Lund,
1975; Lund, 1980}, and numerous hot springs and

‘Columbia 1§

of the.

resources,

both Oregon and Washingtan..
resources ia  all

wélls occur in
Potential for discovery of
temperature categ‘ories‘ is great,

pactric o:;.m

CASCADES GEOTHERMAL ENVIRONMENT

Figureé 24

Columbia Platedus

The Columbia Platesus area is an area of
young voléanic rocks, miostly basalt flows, that
cover much of .eastern Mashinglon and Oregon and
continue in a curved pattern into Idaho, fnﬂomng
the course of the Snake River [see below).

There are no hydrotherrna] Fesources having
temperatures >90 ¢ known through drilling in this

T 20



area. However, thére are numerous wam springs
and wells that 1ndwcate the presence of geothermal
résaurces potentially suitable for direct heat
uses.

Snake River Plain

The basalt flows and other volcanic deposits
of ‘the Snake River Plain are an extension of the
Columbia Plateau fastward across southern ldaho to
the border with Wyoming. The plain is divided
into a western part and an eastérn part. Thermal
watérs: occur in npumerous wells and springs in the
western portfon, especially on ‘or near the edges
of the plaln. Geochemfcally indicated résource
temperatures exceed 150°C at Neazl Hot Springs and
Vale, .Oregon and Crane Creek, Idaho, but indicated. -
temperatures  for most  resaurces  are  lower, .
Younger volcanic rocks occur in the eastern part
of the plain, but neo nigh-temperature resources
{T>150°C} are yet identified, -3ithough numerous
areas have warm wells and sprirgs. This part of
the. plain s underlain by a high-flow cold-water
aquifer that is believed to mask surface
géothermd} indications.

Direct use of hydothermal energy for space
heatmq is famous at Boise, where the Warm Springs
district has been heating homes geothermally for
atmost 100 years {Mink et al., 1977). Also in

this area s the Raft River site where DOE is - -
currently constructing a 5 Mue binary
demonstration plant on a hydrothermal resource

whose temperature s 147°C.

Rig Grande R‘Ift

The Rio Grande Rift 1s a north-trending
tectonic feature that exténds from Mexico through
central New Mexico and ends in centrdl Celorado
tFigs. 1& and 17). It is a down-dropped area that
has beer filled with volcanic rocks ‘and érosional
debris from the bordering plateaus and, mguntafns
(Fig. 25}. The rift began to form in late
0ligocené times, and volcanic and seismic activity
have occurred subsequently to the present. Young
volcanism, faulting and high heat  fliow
tharacterize the area today.

There aré several Ttow- and ‘intermediate-
temperature: hydrothermal convection systems ‘in
this aréa, but the only high-temperatdre system
that has been drill tested to any significant
extent and where production is proven is a hot
water-dominatéd system 7 the Valles Caldera
{Dondanville, 1978}. Surface manifestations at
the Baca No. 1 location in the c¢aldera include
fumaroles, widely distributed hot springs and gas
SeEps Hydrothermal alteration extends over 40

Deep drilling has encountered a hydrothermal
convectmn system in fractired Tertiary volcanic,
Paleczoic sedimentary and Precambrian gr_amtac
rocks at an average dfe'j;;th of 2. to 3 km.
Temperatures as high as 300°C have bgen recorded
and the average production temperature will er'\y
be 260°C.
flash steam p1ant at this location.
near the caldera is the <ite

1

Also located
of Los Alamos

Wright

Wational Laboratory's hot dry rock éxperiment at

Feriton Hill. Both the hot dry rock site and the

hydrothemnal conpvection system -probably derive
their heat from magma that has provided the
material for the severdl eplsodes ‘of volcanism

that created the caldera structire.
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Eisewhere in the Rio Grande Rift, there are
numerous hot springs and wells. Discovery
potential is high, although there are no known

sTtes where discbvery of fluids in excess of 150
to 170°C is indicated by present data (Harder et
-al., 1580}.

The Madison and other Aguifers

Underlying a large area in western North and
South Dakota, eastern Montana and northeastern
Wyoming are a' number of aguifers that contain
thermal waters. ‘These aquifers have been
developed in -carbendtes and sandstones of
Pateozoic and Mesozoic age. 'The penneabl'l'lty is
both intergranutar and fracture controlled in the
¢ase of the sandstones (e.g. the Dakota Siandstoneé)
and fracture and open spaces in the carbonates
{e.g. the Madison Limestone}. At least some of
the aquifers will produce under artesian
pressure. Depths te production vary-.videly but
ayverage peihaps 2,000 ft.  Temperatures aré 30-
B0°C (Gries, 1977} in the Madison but are lower in
other shallower aquifers swch as the Dakota.

is completing an

The U.S5, Geological Survey :
and the results

intensive study of these aquers
will form a much firmer basis for hydrothermal
development thap present?y exists. Direct use of
the. thermal water is being made at a few lgocations’
today, and it i3 evident that the potent1a1 for
fur..her deve’lnp"nent ¥s substantial.

The Ba‘lcones Ione, Texas

There are current plans for a 50 MWe . ._7-

“below

temperatures jge‘nera'l 1y
zone  that trends

at *
in a

"Thermai
60°C

waters
oCcur

Z1
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northeasterly across central Texas. Many of the
large populatfon centers are in or near this zone,
and there appears to be significant potential for
geothermal developrent in spite of the rather low
temperatures.

An initial assessment of the geothermal
potential has been documented by Woodruff and
McBride (1979). The thermal waters occur in a
band broadly delimited by the Balcones fault zone
on the west and the Luling-Mexia-Talco fault zone
on the east. In many locations the thermal waters
are low enough in content of dissolved salts to be
potable, and indeed many communities already tap
the warmm waters for their municipal water
suppifes.

The geothermal aquifers are mostly Cretaceous
sandstone unfts, although locally thermal waters
are provided from Cretaceous limestones and
Tertfary sandstones. The ‘thermally anomalous zone
coincides with an ancient zone of structural
weakness dating back more than 200 million
years. The zone has been a hinge Tine with uplift
of mountain ranges to the north and west and
downwarping to the south and east., Sediments have
been deposited in the area of downwarping, and the
rate of sedimentation has kept pace with sinking,
keeping this area close to sea level.  Structural
deformation of the sediments, including faulting
and folding, and interfingering. of diverse
sedimentary units have resulted in the complex
aquifer system of today.

The source of the anomalous heat is not known
with certainty but several postulates are
(Woodruff and McBride, 1979): 1) deep circulation
of ground waters along faults; 2) upwelling of
connate waters, originally trapped in sediments
now .deeply buried; 3) stagnation of deep ground
waters owing to faults that retard circulation; 4)
local hot spots such as radiogenic heat sources
(intrusions) within the basement complex, or; 5)
other loci of high heat flow.

A minor amount of direct use fs being made of
these waters at present, and potential for further
development is good.

Other Areas--Fastern Half of U.S.

R Hydrothermal resources in other areas of the
continental U.S. besides those mentioned above are
very poorly known. There 1is believed to be
potential for thermal waters of about 100°C at a
number of locations along the Atlantic Coastal
plain associated with buried intrusions that are
generating anomalous heat through radioactive
decay of contained natural wvuranium, thorium and
potassium. Examples of such areas are shown at
Savannah-Brunswick, Charleston, Wilmington,
Kingston-Jacksonville and the mid-New-Jersey

Coast. One drill test of such an area (Delmarva
Penninsula near Washington, D.C.) -has been
conducted with inconclusive results regarding

amount of thermal water-that could be produced.
This s the only geothermal test well so ‘far in
the east. Less than a dozen warm springs and

wells are known at present. The Allegheny Basin
is outlined on Figure 17 because it has potential
for thenmal fluids 1in aquifers buried deeply
enough to be heated {in a normal earth's
gradient. Parts of Ohio, Kansas, MNebraska, and
Oklahoma as well as other states are belived to
have potential for Jow-temperature fluids. No
drill tests have been conducted, however.

Hawafian Islands

The chain of islands Xnown as the Hawaifan
archipelago stretches 2500 km {in a northwest-
southeast Vine across the Pacific ocean from Kure
and Midway Islands to the Big Island of Hawail.

Built of basaltic volcanic rocks, this 1sland
chain boasts the greatest volcanic masses on--
earth, The volcano Kilauea rises 9800 m ahove the

floor of the ocean, the world's largest mountain
in terms of elevation above its base. The
Kilauea, Mauna Loa and other vents on the big
island are {in an almost continual state of
activity, but by contrast volcanoes on the other
islands have shown little recent activity.
Haleakala on the island of Maui is the only other
volcano in the state that has erupted in the last
few hundred years, and the last eruption there was
in 1790 (MacDonald and Hubbard, 1975).

- Several of the Hawaiian islands are believed

to have geothermal potential. The only area where
exploration has proceeded for enough to establish
the existence of a hydrothermal reservoir is fin
the Puna district near Kapoho along the sn-called
“East Rift", a fault zone on the east flank of
Kileaua. Here a well was completed to a depth of
1965 m  (Helsley, 1977} with a bottom-hole
temperature of 358°C. Little is known in detafl
of the reservoir at present, but it is believed to
be fracture-controlled and water-dominated. A
3 Mre generator is currently being {installed and
is scheduled for start-up in mid-198l. Success of
this project would undoubtedly spur further
development at this site.

Elsewhere on the 1islands potential for
occurrence of low- to moderate-temperature
resources has been established at a number of
locations on Hawaii, Maui and Qahu, although no
drilling to establish existence of a resource has
been completed (Thomas et al., 1980). .

Alaska

Yery little geothermal exploration work has
been done in Alaska. A number of geothermal
occurrences are located on the Alaska Peninsula
and the Aleutian 1slands and in central and
southeast Alaska. The Aleutians and the Penfnsula
overly a zone of active subduction (Fig. 3), and
volcanoes are numerous. None of the identified
hydrothermal convection systems here have been
studied in detail.

" Low- and moderate-temperature resources are’

- ~indicated in. a number of Jocations in Alaska-by- --:
" occurrence of hot

springs (Muffler et al.,

1978). One area that has been studied in more
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GEOTHERMAL EWERGY OF THE UNLTED STATES

After Muffler et al.

(1979} Table 20

ELECTRICITY HE\NEE&EI‘AL HEAT FS SOURCE
RESOURCE TYPE {M¥e for 30 yr) {104% joules) {10'° joules)
Hydrothermal
Identified 23,000 42 _ 400
Undiscovered 72,000-127,000 "184-310 2,000
Sedfmentary Basing ? 7 1
Geopressured (N. Gulf af Mexico} -
The rmal 2702800
Ve thane 160-1600
Radiogenic 1 7
Hot Rock 7 7

detail and has had limited drilling is Pilgrim Hot
Springs (Turner-et al., 1980). This site is 75 km
north of Wome, Alaska. Init{ial drilling bhas
confirmed the presence of a hot-water reservoir
about 1 km* in extent that has artesian flow rates
of 200-400 gallens/minuté  of  90°C  water,
Geophysical data suggest that the reservoir is
near the intersection of two f{inferred fault
zones. Further exploration work will be required
to determine the potential of this reservoir..

POTENTIAL FOR GEOTHERMAL DEYELOPMENT

_ A small industry exfsts in the U.5. that f1s
beginning the deve]op‘nent of high temperature
hydrothermal  resources for electrical power
production. Dévelopers involved are mainly Targe
petroleum companies and potential users of the
hydrothermal  fluids are electric utilitfes.
Expleration” fer - ‘high-temperature rescurces s
being conducted at a rather tow level, mainly
bécayse deve]opment of geothermal resources is not
yet economic.

There is virtually ne industry activity to
develop gepthermal resources for direct heat uses
fn the U.S. ~ Good finventories of low- and
moderate-temperature rescurcés are only now
becoming avaflable in map form through efforts of
the Fedéral geothermal program. And there has
been ‘very little drill testing that fs necessary
to prove resoufre viability so that money could be
obtained for construction of utilizZation systems.

Muffler et al. {1978} have dealt with the ..
problem of how much accessible resource exists n-

the U.S. both at known sites and those that are
urdiscovered. They conclude that the undiscovered
resource base s on the order of 3 to 5 times
greater than the resources known today.  These
figures do not. include possible hot dry rock- or
othér more specu]ative resources. Table 2 is a
summary of the current estimate of the geothermal
resource base as taken fram HMuffler et al..
11978). This table demonstrates our lack of
resource knowledge through the ranges and relative
amounts of undiscovered resources and through the
many missing nurbers We can conc]ude, however,
that the geothermal resource base is large in the
.S

The amount of gepthermal -energy that will be
fn use at various times in the future is a topic
of much discussion. It is no trivial exercise to
estimate this number. Table 3 shows the best
current estimates (Anon:, 1980; Anon., 198la;
Anon., 1981b). . )
TABLE 3
GEGTHERMAL DEYELOPMENT PDTENTIRL‘

Eetimated Use by Year 2000

ELECTRICAL DIPE?Z.HEAT
(M) {101 W)
Hydrothe rma) 12,800 "0.57
Geopressured . 2,000 1.0 (me tihar.le'll
Hoi.nny Rock © 700 " 0.007 '



Wright
ACKNOWLEDGEMENTS

Preparation of this paper resulted from work
funded under Contract DL-AC07-8010-12079 from the
Department of Energy to the University of Utah.
Typing was done by Georgia Mitoff the the figures
were drafted by Dewnetta Bolaris, Doris 0. Cullen
and Patrick Daudbner.

REFERENCES

Alonso, E. H., Dominguez, A. B., Lippmann, M. J.,
Molinar, €. R., Schroeder, R. E., and
Witherspoon, P. A., 1979, Update of reservoir
engineering . activities at Cerro Prieto,
Lawrence Berkeley Laboratory Report LBL-10209.

Anon., 1980, Geothermal energy--program survey
document., FY81, U.S. DOE, Asst. sec. for
Resource applic. 73 p.

Anon., 198la, Market shares estimation task force
report: Projections for hydrothermal electric
systems market shares: U.S. DOE (in prep.)

Anon., 1981b, Market shares estimation task force
report: projections for hydrothermal direct
heat systems rarket shares: U.S. DDE (in
prep.)

Davis, G. F., 1980, Exploratory models of the

earth's thermal regime during segregation of
the core: Jour. Geophys. Research, v. 85, No.
812, pp. 7108-7114.

Dickenson, W. R., and Snyder, W¥. S., 1979,
Geometry of triple Jjunctfons related to the

San  Andreas transform: Jour. Geophy.
Research, v. 84, pp. 561-572.

Dondanville, R. F., 1978, Geologic
characteristics of the Valles Caldera
geothermal system, New Mexico: Geothermal

Resources Council Trans., v. 2, pp. 157-160.

Donnel ly, J. M., 1977, Geochronology and
evolution of the Clear Lake volcanic field:
Ph.D. Thesis, Univ. Calif. Berkeley, 48 p.

A. J., 1951, Structural geology of North
Harper & Brothers, 624 p.

Eardley,
America:

Elders, W. A., 1979, The geological background of
the geothermal fields of the Salton Trough, in
Elders, W. A., editor, Geology and geothermics
of the Salton Trough, Guidebook, Field Trip
No. 7, Geol. Soc. Amer. 92nd Ann. Meeting, San
Ofego, CA.

Fenneman, N. M., 1928, Physical Divisions; Map
Sheet No. 58, U.S. Geol. Survey, Publ. 1968.

Goff, F., 1980, Geology of the Geysers-Clear Lake
goethermal regime, Northern California; in
Continental Scientific Drilling  Program
Thermal Regimes: Comparative Site Assessment
Geology at Five Magma-Hydrothermal

lag Systems:—-~=---- geothermal
Los Alamos Scientific Laboratory Rept. LA- - :

8550-0BES, 100 p.

Goguel, J. 1976, Geothermics: McGraw-Hill Book
Co., 200 p.
Gries, J..P., 1977, Geothermal applicatfons of

the Madison (Papasapa) aquifer system in south

Dakota: in Dfrect Utflization of Geothermal
Energy  Symposium: Geothermal  Resources

Council, pp. 57-61.

Harder, V., Morgan, P., and Swanberg, C. A.,
1980, Geothermal resources in the Rio Grande
Rift: origins and potential: Geothermal
Resources Council, Trans. v. 4, pp. 61-64.

Hartley, R. P., 1980, environmental
Considerations: in Source book on the
Production of Electricity from Geothermal

Energy: U.S. DOE Rept. DQE/RA/4051-1, Kestin,
J., Dippo, R., Khalifa, H. E., and Ryley, D.
J., eds. 997 p.

Helsley, C. E., 1977, Geothermal potential for
Hawaii in light of HGP-A: Geothermal
Resources Council, Trans. v. 1, pp. 137-138.

Johnson, C. E., 1979, Seismotectonics of the
Imperial Valley of Southern California, part
I1 of Ph.D. thesis, Calif. Tech. Univ.,
Pasadena, California.

Lund, J. W., 1980, The use of geothermal energy
in Klamath Falls, Oregon, USA: in An
Introduction to the Exploration and Develop-
ment of Geothermal Resources: Geothermal
Resources Council Spec. Short Course No. 9, 7

p.

Lund, J. W., 1975, Geology and energy utilization
of the Klamath falls Known Geothermal Resource
Area: in Proceedings of the Thirteenth Annual
Engineering Geology and Soils Engineering
Symposium, Moscow, Idaho. ’

Lyons, D. J., and Van de Kamp, P. C., 1980,
Subsurface geological and geophysical study of
the Cerro Prieto Geothermal field, Baja Cali-
fornia, Mexico: Lawrence Berkeley Laboratory
Report LBL-10540, in preparation.

MacDonald, 6. A., 1965, Geophysical deductions
from observations of heat flow: 1in Terres-
trial Heat Flow; Geophys. Monograph No. 8:
Amer. Geophy. Unién, W. H. K. Lee, ed., 276 p.

MacDonald, G. A., and Hubbard, DO. H., 1975,
Yolcanoes of the National Parks in Hawai{:
Hawaii Nat. Hist. Assoc., 61 p.

Mink, , L. L., Hollenbaugh, K., Donaldson, P.
Applegate, J., and Stoker, R., 1977, Boise
geothermal project: Geothermal Resources
Council, Trans. V. 1, pp. 225-227. s :

Muffler, L. J. P., et al., 1978, Assessment of

1978: U.S. Geol. Survey Circ. 790, 163 p.

24

resources” of "the Unfted States<



Muffler, L. J. P., and White, D. E;, 1969, Active
metamorphism of ugper Eenozorc sechments in
the Salten Sea geothermal field and the Salton

Trough, Southeastern California: Geol. Soc.
Emer. Bull., v. BO pp. 157-182.
Rash, W. P., and Smith, R, P., 1977, Pleistocene

voicanic ash deposits in Utah: Utah Geology,
v. 9, No, I, pp. 35-42. '

Nielson, D: L., Sibbett; B. S., McKinney, D. 8.,
Hulea, J. B., Hoore, J. N., anpd Samberg, S.
M., 1978,
KGRA, Beauer Co., Utah:
Inst., Earth Science Lab,
Lake City, Utah, 121 p.

Univ. Utah Res.
Rept. No. 12, Sait

palmer, T. Dy, 1975, Charactéristics of geo-

thermal wells located in the Salton Sea geo-

thermal fieid, Tmperial County, California:
Lawrence Livermpre laboratory Report UCRL-
51976, p. 54.

Puente Crux, I., and de la Pena-i., A., 1979,

Geology of .the Cerro Prieto Geothermal Field,
in Proceedings of the First Symposium én the
Terro  Prieto  Geothermal  Field,  Baja
California, Hexico, Lawrence Berkelay
Laboratory Report LBL-7094.

Rinhar‘t C. D:, and Huber, N. K., 1965, The Inyo
Crater Lakes-~A blast in the past, Cahf Div.
Mines geol. Miner. Inform. Serv., v. 18 pp.
169-172. '

- Papadopulos, S. S., 1975, The -energy potential of
geopressured reservoirs:  hydrogeologic fac-
tors, in Proc. First Geopressured Geothermal
Energy Conf., M., L. Dorfman and R. W, Deller,
eds, , Univ of Texas, Austin.

Smith, M. C., Aamodt, R. L., Potter, R. M., and
Brown, O. H., 19?5 Man-made géothermal reser-
voirs: in Second United Kations: Geothermal

Energy Symposium, San Francisco,

Tester, J. W., and Albright, J. N., 1979, Hot dry
rock ‘energy extraction field test: 75 days of
operdtion of a prototype reservoir at Fenton
Hill, Segment .2, Phase I: Los Alamos Scien-
tific Laboratory Rept. .LA-7771-MS.

Themas, D. M.,
hikaua, J. P.
minary gedthermatl
state of Hawaii:

Cox, M. E., Lienert,
and Hattmce M. D. 1980 Preli-
assessment surveys for the
Geothermal Resources Council

Trans. v, 4, -pp. 185-188.
Thompsen, J. M., 1979, A reevaluation of geo-
thermal potential of the Wilbur Hot Springs

area, Califgrnia: Geothermal Resburces Coun-
cil, Tranms., v. 3, pp. 729-731.

Truesdelly, A. H., Nehring, N.. L., Thompson, J.
M.; Coplen, T. B., Des Marais, 0. J., Janik,
€. J., and Mehl, D. C., 1980, Geochemcal

studies of the Cerro Prieto reservoir fluid,
in Program and Abstracts, Second Symposium on

Geology of Roosevélt Hot Springs

B. R., Kava-- =

i Kright
the Cerro Prieto Geothermal Fleld, Baja Cali-
fornis, Mexico, Octeber 17-19, 1979, Mexicalf.

Forbes, R. B., Wescott, E. M.,
Kienle, J., Usterhaup, T:, Swanson, S, Haw-
king, D., Harrison, W., Gosfnk, J., Kline, J.,
Motyka, R., Reger, R., ‘and Hoor‘man, M., 1980,
Summary of results of a geological and geo-
physical invéstigatfon of the Jectherma)
energy potential of the Pilgrim Springs KGRA,
Alaska: Geothermal Resources Councild, Trans.,
v. 4. pp. 93-95.

Turner, D. L.,

van Eysinga, F. W. B., 1978, Geplogical Time
Table, 3rd Ed., Elsevier Scientific Publishing
Co.

Ward, $. H., Parry, W. T., Rash, W, P,, Sﬂl W..
"R., Cook, K. L., Smith, R. B., Chapman, D. S.,
Brown, F. H., Hhe]an, J. A., and Bowman, J.
R., 1978, A summary of the geulog_y,
geochemistry, and geophysics of the Roosevelt
Hot Springs thermal area, Utah: Geophysics,
v, 43, No. 7, pp. 1515-1542.

1

White, 0. E., Muffler, L. J. P., and Truesdell,
A. M., 1971, Vapor-dominated hydrotheimal
systems comparéd with hot-water systems:

‘Econgmic Geology, v. 66, no. 1, p. 75-97.

D. £., and Roberson, €. E., 1962, Sulphur
_ a major hot spring quick-
stlver deposit: In  Petrologic. Studies-A
volume in honor of A. F. Buddingtonr  New
York, Geotogical Society of kmerica, pp. 397-
428.

White,
Bapk, California,

White, jD. £. and Williams, D. L., ‘1975, Assess-
ment of geothermal resources of the Unfted
States-1976: U.S§: .Geol. Survey Lirc.. 726, 155
P- F

Woolenberg, H., Vonder Haar, S., and Crow, H.,
1980, The geologic setting of the Sa'lton
Trough: in Continental Scientific Driliing
Program Thermal Regimes: Comparative Site
Assessment Geology. of Five Magma-Hydrothermal
Systems: Los Alamps Scientific Laboratory
Rept. LA-8550-CBES, pp. 61-81. -

Woodruff,
Regional
along  the
fault Zones,
OOE/ET/2B375-1,

C. M., .Jr.,_ and McBride, M. W, 6 1979,

assessment of geothermal potential

Balcones and Luling-Mexia-Taleco

Central Texas: U.S. DOE Rept..,
145 p. with Appendix.

Wyllie, P. J., 1971, The Dynami¢c Earth: Téxthook
fn Geosciences: John Wiley & Sons, Inc., 416
p.

25



NATURE AND OCCURRENCE OF GEOTHERMAL RESQURCES

Phillip M. Wright
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INTRODUCTION

Geothermal energy is heat energy which
orginates within the earth, Under suitable
geologic circumstances, which we will examine in
some detail in this paper, a small portion of this
energy ¢an be extracted and used by man., So
active is the earth as a thermal engine that many
of. the geological processes that have helped to
shape the earth's surface are - powered by
transport of internal thermal enerqy. Such
seemingly diverse phenomena as motion of the
earth's crustal plates, uplifting of mountain
ranges, occurrence of earthquakes, eruption of
volcanos and spouting of geysers all owe their
origin to the redistribution of the earth's
internal heat as it flows from inner regions of
higher temperaturé to outer regions of lower
temperature,

* Temperature within the earth increases
steadily with increasing depth. Figure 1
{1lustrates this increase of temperature with depth
for the first few tens of kilometers in the earth.
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Plastic or semi-molten rock exists everywhere
under the continents at depths ranging from 20 km
to 40 km and under the oceans at shallower depths
of 10 km, For reference, using present drilling
technology, holes can be drilled to depths of
about 10 km (6.2 miles) under good drilling
conditions. Temperatures at these depths are
believed to range between 2000C and 5009C, and to
increase substantially with depth so that at the
earth's center, nearly 4,000 miles deep, the
temperature may be more than 40009C (Figures 1, 2
and 3). Because the earth {s hot inside, heat
flows steadily outward to the surface where 1t is
permanently Yost by radiation into space at the
prod%gious rate of 35 million million watts (2.4
x 10¢V calories/year). At present only a very
small portion of this heat can be captured for -
man's benefit. Two ultimate sources for this
heat appear to be most important among a number of
contributing alteratives: 1) heat released
throughout the earth's 4.5 billion year history by
radioactive decay of certain isotopes of uranium,
thorium, potassium, and other elements; and 2)
heat released during subsequent mass red{stribu-
tion when much of the heavier material sank to
form the earth's mantle and core (Figure 2),

12,756 km.
7,926 mi.

FIGURE 2
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Geothermal resource areas, or "geothermal
areas” for short, are those in which higher
temperatures are found at shallower depths than
is normal, This condition usually results from
either 1) {ntrusion of molten rock to high levels
in the earth's crust, 2) higher-than-average flow
of heat to surface, often in broad areas where
the earth's crust is thin, 3) heating of ground
water due to deep circulation, or 4) anomalous
heating of a shallow rock body by an unusually
large content of radioactive elements. We will
consider each of these aspects in more detail
below. In many geothermal areas heat is brought
to the surface or near surface by convective
circulation of groundwater, If temperatures are -
high enough, steam may be produced, and geysers,
fumaroles, and hot springs are common surface
manifestations of underlying geothermal .
reservoirs,
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GEOLOGIC PROCESSES |

The distribution of geothermal areas on the
earth's surface is not random but rather {s
governed by global and local geologic processes.
This fact helps to lend order to exploration for
geothermal resources once the global and local
geologic processes are understood., At present
our understanding of these processes is rather
sketchy, but with rapidly increasing need for use
of geothermal resources our learning rate is high,

Figure 4 shows the principal areas of known
geothermal occurrences on a world map, Also
indicated are areas of young volcanic activity
and a number of currently active fundamental
geologic structures. 1t s readily seen that
geothermal resource areas correspond to areas
that now have or recently have had volcanic and
other geological activity. It is interesting to
look -briefly at some of the reasons why this is
true. ’

OQutward flow of heat from the deep interfor
causes the earth's mantle to form convection
cells in which deeper, hotter mantle material
rises toward the surface, spreads out parallel to
the surface as it cools and, upon cooling,
descends again. The crust above these convection
cells cracks and spreads apart along linear zones
thousands of kilometers long (Fiqure 5),

PLATE TECTONICS

FIGURE §

The crustal plates on each side of the crack or
rift move apart at rates of a.few centimeters per
year, Molten mantle material.rises in the crack
and solidifies to form new crust. This process
occurs at the mid-oceanic ridges. (Figure 4), As
the laterally moving oceanic crustal plates collide
with certain of the continental land masses, they
are thrust beneath the continental plates. At
these subduction zones the oceanic plates descend
to regions of warmer mantle material, These
processes give rise to the diverse phenomenon that
geologists call plate tectonics. The cooler,
descending plate 1s warmed both by surrounding
warmer material and by frictional heating as it is
thrust downward. At the upper boundary of the
descending plate, temperatures become high enough
in places to cause meiting, This gives rise to
molten rock bodies (magmas) that ascend buoyantly
through the crust (Figure 6). Ascending magmas
may reach to within 1.5 to 5 km (5,000 to 15,000
feet) of the surface, and they may give rise to
volcanos if part of the molten material escapes to
the surface through faults and fractures in the
upper crust, Referring to Figures 4 and 5, these
processes of subduction and magma generation are
currently operating along the west coast of Central
and South America, in the Aleutian Islands, Japan
and elsewhere, Hachure marks show the linear and
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arcuate zones, marked by deep ocean trenches, along
which subduction of oceanic crust is currently

taking place,

The above geologic processes,

which result in transport of large quantities of
heat to shallow depths at mid-ocean ridges and in

areas above subduction zones, give rise to some

of today’s "hot spots" and associated geothermal

resources. _ S
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A second important geologic process 1s the

Dapth Ie Hilas

“point source" of heat in the mantle (as opposed to
the rather large convection cells) which causes
surface volcanic eruptions as molten rock is

transported to the near surface.

move over local mantle hot spots, a linear or
arcuate zone of volcanic rocks is seen with young

volcanic rocks at one end and older ones at the
The Hawaifan lsland chain is an
Geologists

other end,
excellent example of this process.

As crustal plates

speculate that Yellowstone, Wyoming, which is one
of the largest geothermal areas in the world, sits
over such a hot spot and that the older volcanic

rocks of the eastern and western Snake River Plain
in Idaho are the surface trace of this mantle hot

spot in the geologic past.

Geothermal resources are not always due..to

near-surface intrusion of molten rock bodies,
Certain areas have a higher-than-average rate of

increase in temperature with depth (high

geothermal gradient) without shallow magma being

present.
such an area of high heat flow,

Huch of the western United States is
Here geophysical

and geologic data {ndicate that the earth’'s crust
is thinner than normal, and heat therefore flows
upward from the mantle correspondingly faster,

Much of the western U, S, is geologically active,
as manifested by earthquakes and volcanos. Earthe
quakes are caused by fracturing and sliding of
rocks within the crust. Such processes keep
fracture systems open and allow circulation of
groundwater to depths of two to four miles., Here
the water is heated and rises buoyantly along
other fractures to form geothermal resources near
surface. Many of the hot springs and wells in the
West and elsewhere owe their orgin to such
processes,

GEOTHERMAL RESOURCE TYPES

We have seen that the fundamental cause of

"geothermal resources lies in the transport of hot

rock or hot fluids near to the surface through a
number of geologic processes. We have also
considered what the ultimate source of the heat
is. Before considering the more detailed
distribution of resources in the United States,
let us turn to an examination of the various
geothermal resource types.

The classification of geothermal resource
types show in Table 1 is modeled after one given
by White and Williams (1975} of the. U, S,
Geological Survey. Each resource type will be
described briefly with emphasis on those types
that are presently nearest to commercial use.

JABLE 2

GEOTHERMAL RESOURCE CLASSIFICATION
(After White and Willfams, 1975)

Terperature
Resource Type Characteristics

1. otherma) convection rescurces (heat carried upward from
epth by convectian of water or steam)

a). Vapor dominated
b). Hotewater doainated

about 240°¢(464°F)

150° to 350°¢e
90°¢ o 150%
less than 90°¢C

1) High Temperature
1) Intermediate Temperature
111) Low Temperature

2, Hot rock resources (rock fatruded in molten form from depth)
2). Part still mlten nigher than §50°C

b)e Mot molten 96°¢ to 650°%
{"hot dry rock®)

3 6ther resources

a)e Sedimentary basins
(Mot fiutd in sedimentary rocks)

30°¢ to about 150°C

b)e Geopressure 150°C to about 200°C

d
{hot fuid under high pressure)

¢). Radiogente

3¢ to about 150°C
(heat gmﬂud by radioactive .
decay



Hydrothermal Resources

Hydrotherma) resources are geothermal
resources in which the earth's heat is carried
upward by the convective circulation of hot water
or i{ts gaseous phase, steam, Underlying the
system is presumably a body of still molten or
recently solidified rock that is very hot and
that represents a crustal intrusion of molten
material (Figure 6). Whether or not steam
actually exists in the geothermal reservoir
depends critically on temperature and pressure
conditions at depth. Figure 7 (after White, et
al., 1971) shows a hydrothermal system where
steam is present, a so-called vapor-dominated
hydrothermal system (1 a, of TaE!e TY. the
convection of deep water brings a large amount of
heat from depth to a region where bailing takes
place at a temperature of about 2409C under the
prevailing pressure conditions., Boiling
presumably takes place at a deep subsurface water
table as well as in pore spaces within the
reservoir., Vapor moves upward and is probably
superheated further by the hot surrounding rock,
A zone of cooler, near-surface rock may induce
condensation, with some of the condensed water
moving downward to be vaporized again. Within
the entire vapor-filled part of the reservoir,
temperature is nearly uniform due to fluid
convection, Reservoir recharge probably takes
place mainly by cool ground water moving downward
and into the convection system from the margins.
If an open fracture penetrates far enough, steam
may vent at the surface. A well drilled into
such a reservoir would produce superheated steam.

VAPOR DOMINATED GEOTHERMAL RESERVOIR
A
e
\ R ] Y /
RECHARGE g VAPOR g [\nechArae
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FIGURE 7

The Geysers geothermal area in Lalifornia
(Figure 14) is a vapor-dominated geothermal
resource, Steam s produced from depths of 1.5
to 3 km (5,000 to 10,000 feet), and this steam is
fed directly to turbine generators that produce
electricity, The current generating capacity at
The Geysers is 663 Mie (megawatts of electrical

Wright, P, M.

power, where ) megawatt = 1 million watts) and
about 860 MiWe of additional generating capacity
is scheduled to come on line by 1983. Other
vapor-dominated resources occur at Lardarello
and Monte Amiata, Italy, and at Matsukawa, Japan.
Part of the resource at Yellowstone, Wyoming
consists of a dry steam field, There are few.
known vapor-dominated resources because special
geologic conditions are required for their
formation, However, they are eagerly sought by
industry because they are presumably easier and
less expensive to develop,

HIGH TEMPERATURE GEOTHERMAL SYSTEM
FLOW CONTROLLED BY FRACTURES

DRILL HOLE ) T

HEAT

FIGURE 8

‘ Figure 8 schematically {1lustrates a high
temperature hot-water-dominated hydrotherma
system (1 b.(1) of table 1). 1he source of heat
beneath such a system is probably molten rock or
rock which has solidified only in the last few
tens of thousands of years, lying at a depth of
perhaps 3 to 10 km (10,000 to 35,000 feet),
Normal ground water circulates in open fractures
and removes heat from these deep, hot rocks by
convection. Fluid temperatures are uniform over
large volumes of the reservoir because convection
is rapid. Recharge of cooler ground water takes
place at the margins of the system through
circulation down fractures, Escape of hot fluids
at the surface is often minimized by a near-
surface seal or cap-rock formed by precipitation
from the geothermal fluids of minerals in
fractures and pore spaces., Surface manifestations
of such a geothermal system might include hot -
springs, fumaroles, geysers, spring deposits,
altered rocks, or alternatively, no surface
manifestation at all. If there are no surface
manifestations, discovery is much more difficult,
A well drilled into a water~dominated geothermal
system would 1ikely encounter tight, hot rocks
with hot water inflow from the rock inte the well
bore mainly along open fractures. Areas where
different fracture sets intersect may be
especially favorable for production of large
voiumes of hot water. For generation of
electrical power a portion of the hot water
produced from the well is allowed to flash to
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steam within surface equipment as pressure is
reduced, and the steam is used to drive a turbine
generator,

Examples of this type of geothermal resource
are abundant in the western U.S. and include
Roosevelt Hot Springs, Utah, and the Valles
Caldera area, New Mexico. A total of 53 such
resource areas have been identified. (Muffler and
others, 1978) 1in the West, with Nevada having a
disproportionately large share. =

A second type of hot-water system is shown
in Figure 9. Here the reservoir rocks are
sedimentary rocks that have intergranular
porosity. Geothermal fluids can sometimes be
produced from such a reservoir without the need
to intersect open fractures by a drill hole.
Examples of this resource type occur in the
Imperial Valley of California, in such areas as
East Mesa, Heber, Brawley, the Salton Sea, and at
Cerro Prieto, Mexico. In this region there is a
crustal spreading center, as discussed above, known
as that East Pacific Rise., Figure 4 shows that East
Pacific Rise goes northward up the Gulf of
California. Its location under the continent
cannot be traced very far, but it is beljeved to
occur under and be responsible for the Imperial
Valley geothermal resources. The source of the
heat is upwelling, very hot molten or plastic
materfal from the earth's mantle. This hot rock
heats overlying sedimentary rocks and their
contatned fluids. The location of specific
resource areas appears to be controlled by faults
that presumably allow deep fluid circulation to

carry the heat upward to reservoir depths, In the ‘

Imperial Valley, the geothermal fluids are very
saline in places; often dissolved-salt content is
more than 30 percent,

IMPERIAL VALLEY, CALIFORNIA GEOTHERMAL BESOURCE
) =t oK KEAT FLOW AREA Yo
" DRILL "°u

DEPTH IN MILES

DEPTH IN bm

FIGURE 9

Virtually all of industry's geothermal
exploration effort is presently directed at
locating vapor- or water-dominated hydrothermal
systems of the types deacribed above having
temperatures above 200°C (392°F). . These
resources are capable of commercial electrical
power generation today. Exploration techniques
are generally conceded to be inadequate for
discovery of these resources at a fast enough
pace to satisfy the reliance the Nation may
ultimately put upon them for alternative energy
sources. Development of better and more
cost-effective exploration 1s badly needed.

The fringe areas of high-temperature vapor-
and water-dominated hydrothermal systems often
produce water of low and intermediate temperature
(1 b, (11) and 1 b, (i11) of Table 1). These
lower temperature fluids are suitable for direct
heat applications but not for electrical power
production. In addition, low- and intermediate=
temperature waters can result from deep water
circulation in areas where heat conduction and the
geothermal gradient are merely average, as -
previously discussed, Waters circulated to depths
of two to four miles are warmed in the normal
geothermal gradient and they return to the
surface or near surface along open fractures
because of their buoyancy. Warm springs occur
where these waters reach the surface, but if the
warm waters do not reach the surface, they are
generally difficult to find, This type of warm
water resource is especially prevalent in the
western U.S. (Figure 14),

Sedimentary Basins

Some basins are filled to depths of 10 km
(33,000 feet) or more with sedimentary rocks that
have intergranular and open-space porosity. In
some of these sedimentary units, circulation of
ground water can be very deep., Water may be
heated in the normal or enhanced geothermal
gradient and may then efther return to the near-
surface environment or remain trapped at depth
(3 a, of Table 1), The Madison group carbonate
rock sequence of widespread occurrence in the
Dakotas, Wyoming and Montana contains warm waters
that are currently being tapped by drill holes
in a few places for space heating and
agricultural purposes (Figure 14). Substantial
benefit is being realized in France from use of
this resource type for space heating by tapping
warm waters contained in the Paris basin. Many
other areas of occurrence of this resource type
are known worldwide,

" Geopressured Resources

Geopressured resources (3 b. of Table 1)
consist of deeply buried fluids contained in
permeable sedimentary rocks which are warmed in
the normal earth's geothermal gradient by their
great burial depth. In addition, these fluids
are tightly confined by surrounding impermeable
rock and thus bear pressure that 1s much greater




than hydrostatic, that is, the fluid pressure
supports a portion of the weight of the overlying
rock column as well as the weight of the water
column, Figure 10 (from Figure 2 of Papadopules,
1975) gives a few typical parameters for
geopressured reservoirs and {llustrates the origin
of the above-normal fluid pressure, These
geopressured waters, found mainly in the Gulf
Coast (Figure 14), generally contain dissolved
methane. Therefore three sources of energy are
actually available from such resources: 1) heat,
2) mechanical energy due to the great pressure
with which these waters exit the borehole, and

3} the available methane.
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Industry has a great deal of {interest in
development of geopressured resources, although
they are not yet economic, The Department of
Energy (DOE), Division of Geothermal Energy, is
currently sponsoring development of appropriate .
exploitation technology.

Radiogenic Resources

Research which could lead te development of
radioaenic geothermal resources in the eastern
U. 5. { 3 c. of Table 1) 1s currently underway
following ideas developed at Virginia Polytechnic
Institute and State University., The eastern states
coastal plains are blanketed in many places by a
layer of thermally insulating sediments. In places
beneath this thermal blanket, rocks having enhanced
heat production due to higher content of radio-
active elements are believed to occur. These rocks
reprasent old intrusions of once-molten material
that have long since cooled and crystallized from
the molten state. Geophysical and geological
methods for locating such radiogenic rocks beneath
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the sedimentary cover are being developed, 2and
drill testing of the entire geothermal target
concept (Figure 11) is currently being completed
under DOE funding., Success would most 1ikely come
in the form of low= to intermediate-temperature
geothermal waters suitable for space heating and
{ndustrial processing. This could mean a great
deal to the eastern U,S5. where energy consumption
is high and where no shallow, high-temperature
hydrothermal convection systems are koown,
Geophysical and geologic data indicate that
radiogenically heated rock bodies may be
reasonably widespread in the East (Figure 14),

RADIOGENIC GEOTHERMAL RESOURCE
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Hot Rock Resources

Hot dry rock (2 b. of Table 1) {s defined as
heat:stored in rocks within about 10 km of the
surface from which the energy can not be
economically extracted by natural hot water or
steam. These hot rocks have few pore spaces or
fractures, therefore contain little water. The
feasibility and economics of extraction of heat
for electrical power generation and other uses
from hot dry rocks is presently the subject of
intensive research at the U, S. Department of
Energy's Los Alamos Scientific Laboratory in New
Mexico, Their work indicates that it is
technologically feasible to induce an artificial

fracture system in hot, tight rocks at depths of
‘about 3 km (10,000 feet) through hydraulic

fracturing from a deep well. Water is pumped into
a borehole under high pressure and is allowed
access to the surrounding rock through a
packed=off interval near the bottom., When the
water pressure. is raised sufficiently, the rock
cracks to form a fracture system that usually
consists of one or more vertical, planar fractures.
After the fracture system is formed, its
orientation and éxtent are mapped using geophysical
techniques. Then a second borehole is sited and

_drilled in such a way that 1t intersects the

fracture system, Water can then be circulated
down the deeper hole, through the fracture system
where 1t is heated, and up the shallower hole
(Figure 12). Fluids at temperatures of 1509C to
200°C have . been produced in this way from

. boreholes at the Fenton H{1l experimental site

near the Valles Caldera, New Mexico. Much
technology development remains to be done before
this technique will be economically feasible,
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Experfments are underway at the Department of

Energy's Sandia Laboratory in Albuquerque, to learn

how to extract heat energy directly from molten

rock (2 a. of Table 1). These experimentS have not

indicated economic feasibility for this scheme in
the near future. Techniques for drilling into
molten rock and implanting heat exchangers or
direct electrical converters remain to be
developed.

YCONTROL BUILDING
ED WATER RETURN

HIGH MEAT FLOW

AREA
I DIRECTIONALLY DRILLED
HYDRAULIC I[to INTERCEPT FRACTURE
FRACTURE I
ZONE
10,000 Sq.

HOT DRY ROCK GECTHERMAL RESOURCE

FIGURE 12

HYDROTHERMAL " FLUIDS

The process causing many of today's high-
temperature geothermal resources consists of
convection of aqueous solutions around a cooling
intrusion, This same process has operated in the
past to form many of today's base metal and
precious metal ore bodies. The fluids involved
in geothermal resources are thus quite complex
chemically and often contafin elements that cause
scaling and corrosion of equipment and that can
be environmentally damaging if released.

Geothermal fluids contain a wide variety and
concentration of dissolved constituents, Simple
chemical parameters often quoted to characterize
geothermal fluids are total dissolved solids
(tds) in parts per million (ppm) or milligrams per
1iter (mg/1) and pH. Values for tds range from a
few hundred to more than 300,000 mg/1. Many
resources in Utah, Nevada, and New Mexico contain
about 6,000 mg/1 tds, whereas a large portion of
the Imperial Valley, California resources are
toward the high end of the range. Typical pH
values range from moderately alkaline (8.5) to
moderately acid (5.5). A pH of 7.0 1s neutral -
nefther acid nor aklaline, The dissolved solids
are usually composed mainly of Na, Ca, 510,, C1,
S04, and HCO3. Minor constituents include a wide
range of elements with Hg, F, B and a few others
of environmental concern. Dissolved gases usually
include CO7 and HpS, the latter being a safety
hazard, Effective means have been and are still
being developed to handle the equipment and
environmental problems caused by dissolved
constituents in geothermal fluids. Some of these

- methods will be considered in later papers at this

conference.

RESOURCES IN THE UNITED STATES

Figure 14 displays the distribution in the
United States of the various resource types
discussed above,” Information for this figure was
taken mainly from Muffler and others(197sg where
a much more detailed discussion is given. Not
shown are locations of hot dry rock resources
because very 1ittle is known., In addition, it
should be emphasized that the present state of
knowledge of geothermal resources of all types is
poor. Because of the very recent emergence of
the geothermal industry, insufficient exploration
has been done to define properly the resource .base
Each year brings more resource data, so that
Figure 14 will rapidly become outdated.

Figure 14 shows that most of the known
geothermal resources are fn the western half of
the U. S. A1l of the presently known sites that
are-capable or believed to be capable of
geothermal electric power generation from
hydrothermal convection systems are in the West.
In addition, the preponderance of thermal springs -
is in the West. Large areas underlain by warm
waters in sedimentary rocks exist in Montana, the
Dakotas, and Wyoming (the Madison Group of
aquifers), but the extent and potential of these
resources {s poorly undersood. The geopressured
resource areas of the Gulf Coast and surrounding
states are also shown. Resource areas indicated
in the eastern states are highly speculative
because almost no drilling has been done to
actually confirm their existence, which is only
inferred at present.

Regarding the temperature distribution of
geothermal resources, low- and intermediate-
temperature resources are much more plentiful
than are high-temperature resources. There are
many, many thermal springs and wells that have
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water at a temperature only slightly above the
mean annual air temperature (which 1is the
temperature of most non-geothermal ground water),
Resources having temperatures above 150°C are
infrequent, but represent important occurrences
worth the discovery costs. In U, S. Geological
Survey Circular 790, Muffler and others (1579)
show a statistical analysis of the temperature
distribution of geothermal resources and conclude
that the cumulative frequency of occurrence
increases exponentially as reservoir temperature
decreases (pg. 31), as is the case for many natural
resources (Figure 13). For geothermal resources
the relationship is based only on the data for
known occurrences having temperatures 909C or
higher, It is firmly enough established, however,
that we can have confidence in the existence of

a very large low-temperature resgurce base, most
of which is undiscovered. In fact Circular 790
postulates that there are nearly three times more
accessible geothermal resources above 90°C in the
western U,S. than the amount discovered to date,
These figures do not include possible hot dry
rock or other more speculative resources., Table 2
{s a summary of the current estimate of the
geothermal resource base as taken from Circular
790. Table 2 demonstrates our lack of resource
knowledge through the ranges and relative amounts
of undiscovered resources and through the many
missing numbers.
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"TABLE 2

Geothermal Energy of the United States
After Muffler and others (1979) Table 20

ELECTRICITY . BENEFICIAL HEAT RESOURCE
RESOURCE TYPE . (Me for 30 yr) (1018j0ules) .  (1018joules)

Hydrothermal

Identified 23,000 42 400

Undiscovered 72,000-127,000 184 - 310 2,000
Sedimentary Basins ? ? ?
Geopressured (N, Gulf of Mexico)

Thermal . : 270 - 2800

Methane . 160 - 1600
Radiogenic ? ? ?
Hot Rock ? ? ?

11
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ABSTRACT

This paper contains a brief summary of each of the most promising geothermal
fields in the Western United States. The summaries contain data on size,

ownership, discoveriess,. number of wells, #rivolved utilities and operators,

estimated power production potential, reservoirs, load centers, geology, geo-

thermal phenomena and other important information concerning recent and on-
going activities.

DISCUSSION OF TERMS

Numerous terms have been used on the summary sheets in this report that may
not have meaning to a casual acquaintance of geothermal energy. Therefore,
a list of the less obvious terms, with a brief explanation of each, follows:

1.

2.

KGRA - Known Geothermal Resource Area, This term was originated by
the U,S, Geological Survey,

AREA - Area is used to define that part of the state in which a speci~
fic field is located.

SIZE AND LAND OWNERSHIP - Figures are always in acres.

DISCOVERY AND TOTAL WELL DATA - Year, refers to year of the discovery;
Operator, to who made the discovery; and Deep Wells to the number of

wells drilled into the reservoir. Note: Some of the wells in the count
may have ‘been- abandoned or converted to injection service.

UTILITY AND POWER POTENTIAL - Involved Utility, refers to that company

which is involved directly in the development of power generation faci- -
lities or as otherwise noted, Estimated MWe, means the amount of

electrical power in MW's that could be produced for a 30 year period.

A MW is equal to 1,000 kilowatts (KW)., Note: All power estimates are

from U,$,G,S, Circular 790, .

PRINCIPAL OPERATORS - Names of the most active operators in the field,

In some cases not all of the operators in a field have been listed,

Wells refers to the number of wells driiled or controlled by the operator
that penetrate the reservoir (some of the wells may have been abandoned .
or converted to injection), ‘Tests refers to the kinds of tests made.

FIRST POWER PLANT - Type considered refers to the type of plant design:
e.g. double flash, single flash, binary, etc. Size refers to the size

‘of the plant in MW's., Status means where the plant development presently

sits in time. Scheduled on Line means the date when the plant is expected
to start producing power,

RESERVOIR DATA - Type refers to what kind of reservoir is preéent -~ dry

steam (vapor) or hot water (all of the reservoirs.covered in this report
are hot water types). Temp. refers to the reservoir temperature in
degrees Fahrenheit. Depth refers to the distance from the surface to
the top of the reservoir. Salinity depicts the amount of dissolved
chemicals in parts per million, Max, Flow Rate is the maximum rate of
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fluid thét a well produced during a flow test. Flows from'geothermal
wells are usually measured in thousand pounds per hour.

9. RESERVOIR TEMPERATURE - All areas in this report have reservoir temper-
atures in excess of 300°F (149°C or nominal 150°C) except Raft River, ldaho
which has a reservoir temperature of 295°F. Although the Raft River
reservoir temperature is below 300°F (the generally agreed threshold for
economic power production is 375°F) it has been included because of the
construction of two research power plants, a 60 KW and a 5 MW unit.

10. LOAD CENTERS - This listing shows the population and the power line dis-
tance from the field to the closest city or metropolitan area.

11. GEOLOGY AND GEOTHERMAL PHENOMENA - These terms are self explanatéry.

It should be noted that The Geysers geothermal field has been omitted from the
following summaries because it is now under production and its details have been
widely published. However, this dry steam field is now producing 663 gross MW's
of electricity and an additional 600 MW's are now being planned or are under con-
struction.

PRODUCTION RECAP

The total estimated electrical potential of the 13 fields covered in the summaries
is 12,684 MWe for 30 years. .The estimates are taken from U.S. Geological Survey
Circular 790 (1978). 1t should also be recognized that the fields covered are only
a small percentage of the more than 57 Known Geothermal Resource Areas (KGRA's) that
have convection systems with temperatures greater than 300°F (150°C) which have been
identified by the U.S. Geological Survey.
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KGRA  SALTON SEA AREA  IMPERIAL VALLEY 'STATE  CALIFORNIA

_KGRA Scaov A 0 W

SIZE: 95,824 acres YEAR: 1958 _

LAND OWNERSHIP: OPERATOR : Kent Imperial Corp.
Federal: 18,644 acres DEEP WELLS: 30

State and Private: 77,180 acres

VOLVED UT ;. Southern California Edison and San Dieqo Gas & Electric Co.
D POW OTEN ;. 3,400 My
CIPA A S
Nmnﬂf:'Magma Power Co. NAME: Union Qi1 Co.
WELLS: 11 WELLS: 6
TESTS: Production and injection " TESTS: Production and injection
FIRST POW ' SCE Magma/SDG&E
TYPE CONSIDERED: Flash Double Flash
SIZE (NOMINAL): 10 MW 49 MW -
STATUS Under design Preliminary design \
SCHEDULED ON LINE: 1982 -~
_RESERVOIR DATA .
TYPE. Hot water N TS%#%S?ATZU%R‘ 640°F+ SALINITY : 250,000-330,000 ppm
DEPTH (ZOP OF RES.): 3,000 ft . MAXIMUM FLOW RATE: 500,000 1bs/hr
0AD
C/ITY: Los Angeles area CI/Tr:  San Diego area
POPULATION: 9 million POPULATION: 1.5 million
OISTANCE: 185 miles h DISTANCE: 130 miles
' _GEOLOGY AND GEQTHERMAL PHENOMENA

Tertiary and quaternary marine sands and shales, non marine fluvial and lacustrine
sediments and interbedded evaporites; field is traversed by five rhyolite volcanoes
trending NE-SW; numerous mud pots and mud volcanoes; minor CO, surface vents; major
faults strike at high angle to trend of volcanic cones. Area underlain by an active

sErgading center (the east Pacjfic rise).

Presence of field known prior to 1925; CO, produced from shallow wells during the
1940's; major drilling effort (12 wells) in the early 1960's, which was accompanied
by an attempt to reclaim potash from the produced brine; drilling activity renewed
in early 1970's; SDG&E and ERDA funded and constructed a 10 MW equivalent (no turbine
generator) pilot flash binary power plant in.1975 which is not included under first
power plants; high salinity (20 to 30%) will hamper full development due to corrosion
and scaling problems. Techniques are being developed to lessen the corrosion prob-
lems by a three party association: Union 0i1 Co., Mono Power Co. (a subsidiary of
Southern California Edison), and Southern Pacific Land Company. In addition, Magma
Power Co. is also active in corrosion and scaling research,
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KGRA_WESTMORLAND_PROSPECT AREA  IMPERIAL VALLEY STATE CALIFORN
(Salton Sea)

KGRA DISCOVERY AND TOTAL WELLl DATA
S/ZE : approx. 20,000 acres YEAR: 1976
LAND OWNERSHIP: OPERATOR : Republic Geothermal, Inc.
Federal: 0 " DEEP WELLS:6
State: 0
Private: 20,000 acres
INVOLVED UTILITY: Imperial Irrigation District service area
ESTIMATED POWER POTENTIAL: 1710 MW

RINCIPAL OPERATOR

NAME : Westmorland Geothermal Associates (Republic Geothermal, Inc. and MAPCO)
WELLS: 6 ’
TESTS: Production and injection

FIRST POWER PLANT

TYPE CONSIDERED. Double Flash
SIZE (NOMINAL): 50 MW
STATUS: Under design
SCHEDULED ON LINE. 1983

RESERVOIR DATA

TYPE: Hot water TEMPERATURE . 500°F SAL/NITY : 20,000-70,000
ODEPTH (TOP OF RES.). 4,000 ft MAXIMUM FLOW RATE. 580,000 1bs/hr
L.OAD CENTERS
C/TY: Los Angeles area : ¢/Ty.: San Diego area
POFULATION: 9 million PORPULATION: 1.5 million
D/.S‘TANCE.‘} 185 miles O/ISTANCE: 130 miles

0 G 0 |

" Tertiary and quaternary marine sands and shales and lacustrine lake bed and deltaic
sediments; no surface volcanic expression or geothermal indicators; vertical strike
slip faulting controls distinct fault block salinities; distinct gravity and thermal
anomalies. Area underlain by an active spreading center (the east Pacific rise).

—REMARKS

Area is jointly leased and operated by Westmorland Geothermal Associates (Republic

Geothermal, Inc. and MAPCO); a federal loan guarantee for reservoir evaluation and

development drilling was obtained in 1979 and work on two additional wells is under
way; area lies to the SW of the Salton Sea anomaly.



KGRA_BRAWLEY AREA IMPERIAL VALLEY STATE CALIFORNI/

a- SCOV AND TOTAL W
S/ZE: 28,885 ACRES YEAR: 1975
LAND OWNERSHIP: OPERATOR Union 0il Co.
Federal: 0 .
State: 0 . DEERP WELLS: 10

Private: 28,885 acres

.VO v Ut i Southern California Edison
ESTIMATED POWER POTENTIAL: 640 MW
RINC PERATO
NAME: Union 0il Co. . NAME: Chevron Resources Co.
WELLS: 8 WELLS: .2
TESTS. Production and injection ' TESTS: Short term production

FIRST POWER PLANT  SCE

TYPE CONSIDERED.: Single Flash
" SIZE (NOMINAL): 10 MW

STATUS. Under construction
SCHEDULED ON LINE:1980

RESERVOIR DATA

TYPE.: Hot water TEMPERATURE : 500°F SAL/NITY s 100,000 ppm
DEPTH (TOP OF RES.): 3,000 ft MAXIMUM FLOW RATE: 70,000 'Ibs/hr
LLOAD CENTERS

C/TY.: Los Angeles area c/TY.: San Diego area

POPULATION: 9 million POPULATION: 1.5 million

O/ISTANCE : .200 miles DISTANCE: 115 miles

oLo A G 0

Tertiary and quaternary marine sands and shales and non marine fluvial and lacus-
trine sediments; no surface volcanic expression or geothermal indicators; field

in close proximity to active Brawley fault. Area is underlain by an active
spreading center (the east Pacific rise).

—REMARKS _ : :

Field was identified by University of California at Riverside field studies in
late 1960's and early 1970's; high salinity due to close proximity to lowest
portions of .northern landward extension of Salton Trough (evaporite sink); high
salinity will cause problems in the designm, construction and operation of power
plants; the Union 10 MW power plant is approximately 85% complete.



- KGRA__HEBER AREA IMPERIAL VALLEY 'STATE CALIFORNIA

KGRA S A oT W

S/IZE: 58,568 acres YEAR: 1972

LAND OWNERSHIP: OPERATOR: Magma Power Company
Federal: 0 " DEEP WELLS: 17

Private: 58,568 acres

VOLVED U ; Southern California Edison and San Diego Gas & Electric Co.
ESTIMATED POWER POTENTIAL: 650 MW
PRINCIPAL OPERATORS |
NAME: Chevron 0il Company NAME: Union 011 Company
WELLS: 8 - WELLS: 7 |
TESTS: Extensive production and * TESTS: Short term, production
injection - '
FIRST POW N SCE SDG&E (see remarks)
TYPE CONSIDERED: Double Flash Flash Binary
SIZE (NOMINAL): 50 Mw 65 My
- STATUS: In final design Design complete
SCHEDULED ON LINE:  Late 1982 1984
RESERVOIR DATA
TYPE: Hot water TEMPERATURE : 350-375°F SALINITY » 14,000 ppm
DEPTH (TOP OF RES.): 3,200 ft MAXIMUM FLOW RATE: 440,000 1bs/hr
LOAD CENTERS
~ C/TY: Los Angeles area cirr. San Diego area
PORULATION: 9 million PORULATION: 1.5 million
DISTANCE: 225 miles ' DISTANCE.: 100 miles
oL0 ' A 0

Tertiary and quaternary marine sands and shales and non marine fluvial and lacustrine
sediments, minor volcanic sills; no surface volcanic expression or geothermal indica-
tors. Area is underlain by an active spreading center (the east Pacific rise).

_REMJ.G_

In 1977-78 the field was considered by U.S. Department of Energy as a possible site for
a 50 MW binary power plant (the plant was subsequently awarded to Union 0il Co. at their
Baca location in northern New Mexico). In December of 1979 Chevron Resources Company
(the major operator) signed a contract with Southern California Edison, who will con-
struct a 50 MW power plant. The completion date is late 1982. San Diego Gas & Electric
is contemplating the co-sponsoring of a 50 MW binary type demonstration nower plant

with the U.S. Department of Energy.
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- _REMARKS _

KGRA_EAST MESA AREA_IMPERIAL VALLEY STATE _CALIFORNI

KGRA SCOVERY TOTAL WELL
SIZE: 38,365 ACRES - YEAR: 1972
LAND OWNERSHIP: OPERATOR @ U.S. Bureau of Reclamation

Federal: 32,725 DEEP WELLS: 18
Federal leased: 11,770 acres
State and Private: 4,840 acres

VOLVED UTILITY: San Diego Gas and Electric €o.
ES][MA[ED POWER POTENTIAL: 360 MW

PRINCIPAL QPERATORS

NAME : Rebub]ic Geothermal, Inc. NAME: Imperial Magma
WELLS: 8 WELLS: 5

TESTS:Production and injectibn TESTS: Production and injection

_FIRS OWER P Republic Magma

TYRPE CONSIDERED: Double Flash Binary

SIZE (NOMINAL). . i 48 MW (net) - 10 MW

STATUS: Plant designed Construction completed
SCHEQULED ON LINE. Late 1982 Spring 1980
_RESERVOIR DATA

TYPE: Hot water TEMPERATURE . 400°F . SALINITY : 2,500 ppm

DEPTH (TOP OF RES.). 2,450 ft MAXIMUM FLOW RATE: 740,000 1bs/hr

0AD R
C/TY: Los Angeles area
PORPYLATION: 9 million
DISTANCE: 245 miles

Cc/Ty: San Diego area

PORULATION: 1.5 million
OISTANCE: 120 miles

=QLOGY_A GEQ HENOM )
Tertiary and quaternary marine sands and shales and non marine fluvial and lacus-
trine sediments; no surface volcanic expression or geothermal indicators; area is
slightly westward sloping, sandy mesa with a minimum elevation a few feet above
the valley floor; major faults trend NW-SE. Area is underlain by an active
spreading center (the east Pacific rise)

In the early 1970's the U.S. Bureau of Reclamation drilled and tgsteq 5 we]ls and
constructed and tested multi-stage flash and vertical tube desalination units; a

facility (operated by U.S. DOE) at the site is available for the testing of various
prototype egergy conversion machines; loan guarantee granted to Republic Geothermal,

Inc. for reservoir development; a shallow, slightly brackigh aquifer i§ present
over most of the mesa. Magma's 10 MW binary power plant will be the first binary

type plant in the United States and the first hot water plant in the United States.

8
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KGRA__COSO HOT SPRINGS AREA MOJAVE STATE CALIFORN:

—KGRA © DEVELOPMENT o
S/IZE: 51,760 acres Numerous shal]bw temperature wells have
LAND OWNERSHIP- been drilled and a deep reservoir test
Federal: 43,330 acres : was completed by U.S. Department of Energy
(BLM: 16,690 acres) in December 1977.

(Navy: 26,640 acres)
State and private: 8,430 acres

VOLVED UTILITY: Mono Power Co. (a subsidiary of Southern California Edison)
ESTIMATED POWER POTENTIAL: 650 MW
PRINCIPAL QPERATORS (see remarks)

NAME : : NAME -
WELLS: WELLS:
TESTS: ' TESTS:

FIRST POWER PLANT

TYPE CONSIDERED: Decision pending confirmation of a reservoir
SIZE (NOMINAL).
STATUS:

SCHEDULED ON LINE:

SERVO A . .
TYPE: Hot water TEMPERATURE: 390°F+ ) SALINITY : "6,000 .opm

DEPTH (TOP OF RES.): 2,000 ft MAXIMUM FLOW RATE: well was not tested
AD C RS (see remarks) -
C/TY: Los Angeles drea - CITY. Bakersfield area
POPULATION: 9 million POPULATION. 86,000
O/ISTANCE : 160 miles OISTANCE.: 60 miles
OGY AND G AL P 0

Granitic, metasedimentary and metavolcanic rocks extruded and overlaid by rhyolites
and andesites in the form of cinder cones, pierlitic domes and flows. Voicanic s
flows and air falls are interbedded with lacustrine and fanglomerate deposits.
Structurally the area appears to have been under tension throughout the late
Cenozoic which caused a fault pattern to develop that served as volcanic condu-
its. Fumaroles and hot.springs are common in some parts of the KGRA.

Major portion of KGRA land is controlled by the federal. government and is partially
overlain by instrumented bombing ranges operated by the U.S. Navy. This aspect, in
the past, has caused a general reluctance by the Navy to lease or allow the land to
be opened for leasing by the U.S. Bureau of Land Management. Recently the Navy has
developed a program to contract directly for the development of several square
miles of land owned in fee and to allow the U.S. BWM to commence leasing procedures
on other lands. In late.1979 the U.S. Navy and Califorria Energy Company (CEC)
signed a contract to develop the Navy fee land. The.contract calls for CEC to ul-
timately develop 75 MW's of electrical power. The power produced on the Navy fee

Tamd itoma YTd mom dm —mmemem M PRI
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KGRA  STEAMBOAT SPRINGS AREA WESTERN NEVADA ' STATE NEVADA

KGRA . , DISCOVERY AND TOTAL WELL DATA
SIZE: 8,914 acres YEAR.: Unknown
LAND OWNERSHIP: OPERATOR: Unknown

Federal: 4,457 acres DEEP WELLS: 1

Private: 4,457 acres

_INVOLVED UTILITY: Sierra Pacific Power Co. service area
ESTIMATED POWER POTENTIAL: 350 MW

PRINCIPAL OPERATORS

Nwﬂﬂ?;'phi]]jps Petroleum Co. NAME: Gulf Mineral Resources Co. (Gulf has ex-

~ ' tensive land interests in the
WELLS: 1 deep, 20+ temp. grad. and four WELLS: None  area.)

77 800-2,000 ft observation wells .
| , TESTS: N
'7ESTS: None | o

FIRST POW N (see remarks)
TYPE CONSIDERED:

SIZE (NOMINAL):

STATUS: .

SCHEDULED ON LINE:

RESERVOIR DATA

TYPE: Hot water TEMPERATURE: 800°F+ SALINITY: 3,000 ppm
DEPTH (TOP OF RES.): 2,000 ft+ - MAXIMUM FLOW RATE: --
_LOAD CENTERS _ '
CITY: Reno ciTy:
POFULAT/O/V.' 150,000 POPULAT/ON.'
OISTANCE.: 12 miles ~ OIS TANCE:
G G 0

Sierra Nevada granitic rocks, highly fractured; fractures related to the eastern Sierra
frontal fault system; hot springs and siliceous sinter terraces common.

—REMARKS

Phillips Petroleum Co. drilled a deep test in mid 1979 and the test results looked
promising. A follow-up exploration program which includes three 2,000 ft. temperature
test holes is in progress.

A utility group consisting of Sierra Pacific .Power Co. (the lead agency), Sacramento
Municipal Utility District, Pacific Power and Light, Portland General Electric and
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant

at Desert Peak, Beowawe or Dixie Valley provided that a suitable reservoir can be
developed and an agreement can be reached with the operator(s). In addition, the
group is considering a 10 MW pilot plant at any one of five sites (the three men-
tioned above plus Steamboat Springs and Humboldt House). 11



* KGRA__DESERT PEAK PROSPECT AREA RENO e STATE NEVADA
(Brady-Hazen) ,

KGRA Scov A 0 W

S/ZE: 98,508 acres YEAR: 1976

LAND OWNERSHIP: CPERATOR: Phillips Petroleum Co.
Federal: 59,358 acres DEEP WELLS: 4

Federal leased: 26,049 acres
State and private: 39,150 acres

[NVOLVED UTILITY: Sierra Pacific Power Co. service area
STIMAT OWER POTENTIAL: 750 Mu
RINCIPAL OPERATORS

NAME: Phillips Petroleum Co. NAME :
WELLS: & WELLS:
TESTS: Production ' TESTS:

FIRST POWER PLANT (see remarks)
TYPE CONSIDERED:

SIZE (NOMINAL):

STATUS. o

SCHEDULED ON LINE: unavailable

SERVO A .
TYPE.! Hot water TEMPERATURE - 400°F+ SAL/NITY : 6,000-8,000 ppm
DEPTH (TOP OF RES.). 2,000+ ft MAXIMUM FLOW RATE: Test program under way
0A T
CITY: Reno : ’ ' cIry:
PORPULATION.: 150,000 POPULATION:
D/STANCE : 55 miles . DISTANCE:,
OLOG GEQ 0

Faulted tertiary volcanics (basalts, rhyolites) overlying a metamorphosed base-
ment complex; hot springs, sinter and travertine deposits.

Desert Peak area lies just north of the Brady-Hazen KGRA and will eventually be
included. Preliminary meetings have taken place between the operator, utility
and an engineering firm concerning the design and construction of a power plant.
Additional exploration and development work is under way.

A utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacra-
mento Municipal Utility District, Pacific Power and Light, Portland General Elec-
tric and the Eugene Water and Electric Board is considering the co-funding of a 50
MW plant at Desert Peak, Beowawe Or Dixie Valley provided that a suitable reservoir
can be developed and an agreement can be reached with the operator(s). In addition
the group is considering a 10 MW pilot plant at any one of five sites (the three

mentioned above plus Steamboat Springs and Humboldt House). 12



KGRA  DIXIE VALLEY AREA CENTRAL NEVADA STATE NEVADA'

. KGRA SCO A T W
3 SIZE: 38,989 approx. acres YEAR: 1978
LAND OWNERSHIP: . OPERATOR: Sunoco Energy Devel. Co. (Sunedco)
Federal: 38,989 .approx. acres DEEP WELLS: 4
VOLVED UT i Sierra Pacific Power Co. service area
A OWER POT .
RINC QPERA S
NAME: Sunedco NAME: Natomas/Thermal Power Co. / Sogthl?nd
WEL/.S: 4 ~ WELLS: 2 oyalty
TESTS: Production , ' TESTS: Preliminary testing
FIBSI POWER PLANT (see remarks)
TYPE CONS/QE/?ED.’
SZE (NOMINAL):
STATUS . \

SCHEDULED ON LINE:

(' _RESERVOIR DATA

TYPE: -- TEMPERATURE: --  SALINITY: --

DEPTH (TOP OF RES.): -~ MAXIMUM FLOW RATE: ~-

_LOAD CENTERS

C/TY: “Reno cIiry.
. POFULATION.: 150,000 POPULATION :

OISTANCE.: 110 miles '  OISTANCE:

GEOLOGY AND GEOTHERMAL PHENOMENA o «

Jurassic metasedimentary rocks overlain by tertiary sediments, which are overlain by
volcanic deposits including basalt and andesitic rocks, rhyolitic flows and ash
deposits, and younger alluvial fans. Early structural history consists of complexed
folding and thrust faulting. Active structure consists of normal faults bounding a
north-northeast trending graben with horst blocks. Numerous hot springs present.
—REMARKS | '
In November 1978, Sunedco completed and production tested the first deep well in the
area. Results from the test have been encouraging and have caused the drilling of two
additional wells. In addition, a two company association (Natomas/Thermal Power Co.
and Southland Royalty) have drilled two additional wells. Although the area was
discovered over two years ago, none of the involved operators have made a formal press
release concerning the potential.
(;/ A utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacramento
Municipal Utility District, Pacific Power and Light, Portland General Electric and
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant
at Desert Peak, Beowawe or Dixie Valley provided that a suitable reservoir can be
developed and an agreement can be reached with the operator(s). In addition, the
group is considering a 10 MW pilot plant at any one of five sites (the three men-



FIELI_J HUMBOLDT HOUSE AREA__ BATTLE MOUNTAIN STATE _nEvADA

fE;Elg}f_“ scay A JAL W
SIZE: Unknown ' YEAR: 1978
LAND OWNERSHIP: OPERATOR: Phillips Petroleum Co.
DEEP WELLS: 3
VoLV U i Sierra Pacific Power Co. service area:
ESTIMATED POWER POTENTIAL: 47 MW
PRINCIPAL CPERATORS
NAME: Phillips Petroleum Co. NAME: Union 0i1 Co.
WELLS. 2 4 WELLS. 1
TESTS: Production tests only TESTS: Preliminary
FIRST POWER N (see remarks)
TYPE CONSIDERED:
SLZE (NOMINAL):
STATUS .

SCHEDULED ON LINE:

RESERVOIR DATA

TYPE: Hot water | TEMPERATURE: 360°F+ SALINITY : 6,000 ‘ppm
DEPTH (TOP COF RES.): 1,800 ft MAXIMUM FLOW RATE. Unavailable
-LOAD CENTERS

C/TY: Reno ) , ciry.

PORULATION. 150:;000 . ' PORPULATION :

O/ISTANCE: 120 miles DISTANCE:

OLOGY A Q

Mesozoic metamorphosed volcanic and sedimentary rocks overlain by tertiary lake
beds in the valleys; large hydrothermally altered areas, old tuffa mounds and
other hot springs deposits; structure is high angle faults bounding basins and
mountain ranges. '

e ‘A . .

Phillips Petroleum Co. feels that they have only penetrated a shallow auxiliary
reservoir and that the main reservoir exists at depth and will contain water at
temperatures of approximately 430°F.. The Humboldt House area is not an official
KGRA, however, it is near the Rye Patch KGRA.

A utility group consisting of Sierra Pacific Power Co. (the lead agency), Sacramento

. Municipal Utility District, Pacific Power and Light, Portland General Electric and
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant
at Desert Peak, Beowawe or Dixie Valley provided that a suitable reservoir can be
developed and an agreement can be reached with the operator(s). In addition, the
group is considering a 10 MW pilot plant at any one of five sites (the three men-
tioned above plus Steamboat Springs and Humboldt House). 14



o

- _REMARKS _

KGRA__BEOWAWE | '~ ARFA_BATTLE MOUNTAIN " STATE NEVADA

KGRA DIScov A 0T W

SIZE: 33,225 acres YEAR: 1959

LAND OWNERSHIP: a : OPERATOR: Magma Power Co.
Federal: approx. 16,000 acres DEEP WELLS: 8

State and private: approx. 1,600 acres

INVOLVED UTILITY: Sierra Pacific Power Co. service area

- _ESTIMATED POWER POTENTIAL: 127 MW

RINCIPA A S
NAME: Chevron 0il Co. NAME : Getty 0il Co.
WELLS: & - WELLS: none
TESTS: Limited pfoduction ' TESTS: none

FIRST POWER PLANT (see remarks)
TYPE CONSIDERED. |

SIZE (NOMINAL):

STATUS:

SCHEDULED ON LINE:

e

ESERVO
TYPE. Hot water TEMPERATURE: 412°F SAL/NITY : 1,400 ppm
DEPTH (TOP OF RES.): 700 ft ' MAXIMUM FLOW RATE.:1,500,000 1bs/hr +
QAD RS
CITY: Reno an ' CITY: Elko
POPULATION. 150,000 ‘ POPULATION: 10,000
OISTANCE: 220 miles " OISTANCE: 40 miles
0LOG GEQ PHENOM 4

Paleozoic sediments overlaid by tertiary volcanics, principally basaltic flows;
area centered along a major normal, NE-SW trending fault; numerous hot springs,
geysers, fumaroles and sinter deposits.

Chevron 0i1 Co. has an extensive exploration program under way which includes the
drilling of several wells. Getty 0il Co. has started a temperature gradient well
program. The field area has been unitized (Chevron and Getty 0i1 Cos.)

A utility groﬁb consisting of Sierra Pacific .Power Co. (the lead agency), Sacramento

Municipal Utility District, Pacific Power and Light, Portland General Electric and
the Eugene Water and Electric Board is considering the co-funding of a 50 MW plant
at Desert Peak, Beowawe or Dixie Valley provided that a suitable reservoir can be

““‘developed and an agreement can be reached with the operator(s). In addition, the

group is considering a 10 MW pilot plant at any one of five sites (the three men-
tioned above plus Steamboat Springs and Humboldt House). '

15
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KGRA_ROOSEVELT HOT SPRINGS AREA_ MILFORD STATE UTAH

_KGRA _ DISCOVERY AND TOTAL WELL DATA
C SIZE: 29,791 acres YEAR: 1975
LAND OWNERSHIP: OPERATOR: Phillips Petroleum Co.
Federal leased: 24,592 acres DEEP WELLS: 9

State and private: 5,199 acres

INVOLVED UTILITY: Utah Power and Light service area
ESTIMATED POWER POTENTIAL: 970 MW

PRINCIPAL OPERATORS

NAME: Phillips Petroleum Co. NAME: Thermal Power Co.
WELLS: 7 WELLS: 2

TESTS: Extensive production and . TESTS.: Production
injection
FIRST POWER PLANT
TYPE CONSIDERED: Several power plant proposals are now being considered
SIZE (NOMINAL). '

STATUS:
- SCHEDULED ON LINE:

C

RESERVO]R DATA

TYPE. Hot water TEMPERATURE : 500°F SAL/NITY: 7,800 ppm
OEPTH (TOP OF RES.).: 2,700 ft MAXIMUM FLOW RATE: 1,000,000 1bs/hr
QAD C S
.CITY: Salt Lake City area ¢/Ty. Las Vegas, MNevada
POPULATION. 820,000 POPULATION. 160,000
OISTANCE: 200 miles OISTANCE: 240 miles
OLOGY GEQT 0

Precambrian (?) metamorphics overlaid by unconsolidated tertiary and quaternary
sediments; quaternary volcanics are present on the surface three miles east of
the field; sinter deposits in KGRA area.

REMARKS -

Large percentage of KGRA has been unitized; cooling water may be difficu]t'to
(T obtain. ' '

17
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KGRA_BACA LOCATION NO. 1 | AREA__-- STATE NEW MEXT
(Valles Caldera) — —_

KGRA DISCOVERY A OTAL W

SIZE: 168,761 acres YEAR: 1970

LAND OWNERSHIP: : OPERATOR : Pat Dunigan
Federal: 30,000+ acres : 0525? WELLS: 14

Federal leased: 18,000 acres
State and private: 120,700+ acres

VoLV UTILITY: New Mexico Public Service Co.

STIMATED POWER POTEN . 2,700 MW
PRINCIPA RATORS

NAME: Union Geothermal Co. of New Mexico.(a subsidiary of Union 0il1 Co.)

-~

WELLS: 14 e DET
TESTS: Extensive production and injectiod

_FIRS oW PLAN

TYPE CONSIDERED: Double Flash

SIZE (NOMINAL): 50 MW ~

STATUS. Preliminary design under way by Bechtel National Corp.

SCHEDULED ON LINE: 1982

SERVOIR DA
TYPE. Hot water TEMPERATURE: 530°F SALINITY: 6,000 ppm
DEPTH (TOP OF RES.): 3,200 ft MAXIMUM FLOW RATE: 50,000 1bs/hr
. LOAD CENTERS
C/TY: Santa Fe, New Mexico . ¢/Tr: Albugquerque, New Mexico
POPULATION. 50,000 - POPULATION: 409,000

OISTANCE: 65 miles OISTANCE: 70 miles

GEOLOGY AND GEOTHERMAL PHENOMENA

Predominantly quaternary volcanics consisting of rhyolitic ash flows (tuff); sub-
sequent caldera collapse followed by localized volcanic activity; hot springs
and travertine deposits.

ARKS
Union Geothermal Company of New Mexico and New Mexico Public Service Co. have
entered into an agreement with the U.S. Department of Energy to construct and
operate a 50 MW demonstration plant at the Baca location no. 1; the power plant
is now being designed by the Bechtel Corporation; field development drilling
will start in mid-1979. Operations are being delayed by environmental problems
concerning Native Americans. L

' 19



 WASHINGTON

( OREGON

N P SPTIDIRID wy y

Twin Falls=

GEOTHERMAL RESOURCES
COUNCIL -
KGRA MAP . |
50 miles

—
scale

MONTANA

ll , :
S/##1daho Falls
o
Q\/’I' //

Riv e,f/’ﬁPocofello

-
Mwr” T N

RAFT\RIVER

NEVADA

{ UTAH N .
To Sailt Lake City



‘/-\

KGRA__RAFT RIVER | AREA  SOUTHERN IDAHQ 'STATE IDAHO

_KGRA SCO A W
SIZE: 22,529 acres YEAR: 1974
LAND OWNERSHIP: OPERATOR: EGSG Idaho, Inc.

" Federal: 17,430 acres (No federal land pggp werrs: 7
has been leased under the Geothermal
Act of 1970. A 5,000 acre federal land withdrawal is pending)
State and private: 5,099 acres

_INVOLVED UTILITY: Raft River Geothermal Cooperative
OWER POT i '~ Unavailable
ClPA 0

NAME: U.S. Department of Interior through EG&G Idaho, Inc.

WELLS: 7

TESTS: Extensive production and injection tests
_EJIEEL_EQ&E&&_ELﬁQ{L (The power plants will probably be operated by a utility group)

TYPE CONSIDERED. Binary Binary

SIZE (NOMINAL). 60 KW 5 MW

STATUS: . Constructed Under construction \
SCHEDULED ON LINE:  Compl. 1977 1980

RESERVOIR DATA

TYPE! Hot water TEMPERATURE : 295°F SAL/NITY : 2,000-5,000 ppm
DEPTH (TOP OF RES.): 4,000-5,000 ft  MAXIMUM FLOW RATE: 1,500 gpm
—LOAD CENTERS

The power produced would probably be used within the Raft River Geothermal Cooperative
service area for agricultural purposes. :

0G ' Q
The reservoir is basically fractured granitic rock overlain by the tuffaceous sediments

of the Salt Lake formation which is also fractured at depth. The main reservoir at
depth is leaking into a shallow reservoir that was discovered in the 1930's.

—REMARKS

Area has been developed by EG&G Idaho, Inc. under the sponsorship of U.S. Department of
Energy as a research site. Experiments have been conducted on aquaculture, agriculture,
alcohol, potato waste, multiple direction drilling, injection, reservoir stimulation and
power generation. The power generation facilities are research in nature and émploy the
binary cycle system. Note that the binary system is used because the.reservoir
temperature is below 390°F.

21
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FINANCING GEOTHERMAL DEVELOPMENT

Paul Rodzianko

Geothermal Energy Corporation

What has always {nterested me (n the geothermal
industry is that "Exploratdon and Development, "
as 1o the title of this Short Course, are always
linked together. In practice, however, and espe-
fally from the financial aspects of the business,
there 19 a great difference {n each of these. In
discussing the vartous options available for the
overall geothermal implementation process, [
should like to stress the need for parallet develop=
ment in the flnancing of both the exploration and
the development phases, [ must also stress the
critical need for involving one’s financial persoanel
and/or out-side flnancial advisors from the earli-
est planning stages. [n addition, [ must point out
that the ahility to finance 2 project to completion
(through to the beginning of cash flow) is the net

. result of the successful completion of all of the

previous phases of that project, A successful
financing is the bottom=-line criterion that bespeaks
the project's ultimate feasibility. [ say this be-
cause, in order to finance a project successtully,

the prospective investors must understand all of the
risks and mitigating measures involved prior to thelr
supplying the required funding. Let me discuss the
building blocks upon which our induscry is based.

L INTRODUCTION

The flrst of these i3, of necessity, the exploration
phase, the scope of which includes general recon-
naissance, leasing, preliminary exploration, deep
drilling, testing, and development drilling functions,
A resource company must firse dectde that tt {3 (n
the geothermal business and it must allocare funding
to engage (n preliminary reconnatssance activitles,
Leasing, and the attenddnt expenditure of funds,
then takes place. Further monies are 3pent in site=-
specific exploration (geology, geoohysics, gradlent
drilling, etc.) before a decision i3 made to commit
the substantial funds necessary for deep production
drilling. Based onm a successful compledon of the
deep well, extensive testing must take place hefore
deciding whether step-out drill{ng is warranted {n
order to bring the fleld to a desired production
level. :

This brief synopsis tells only half the story, however.
Geothermal i3 a capital-intensive industry. The
udlizacion of the resource requires the construction
of a power plant, agribusiness or industrial facility (n
addition to the investment [n drilling, Since these are
site-specific utilization Investments, the iavestor in
this phase of davelopment must be assured that the
resource on which the factlity is being bullt will [ast
as long as it takes to recover his investment. As a
result, the lovestor {s sharing the risk of the reser-
voir's projected performunce through time, in some
cases as long ag thirty years., There are few ol
companies that know or care how to own and run a
utility or a dehydration plant, The idea of haviag to
invest significant funds or guaraatees beyond the nor-
mal scope of their ongoing business [s hardly appeal-

ing elther. For example, il 2 resource company in-

vests 320 million in the development of a resource
hut then has to spend an additional 330-60 millioa to
develop (t to the potint of cash flow = that's a lot of
dollars to bet on a single reservoir. And only the
limited number of the largest of companies could
participate in this game, It I3 clear that the util{za-

" tlon phase also requires the invesoment of risk capital,

but it appears that the sources thereof will most likely
be different,

Now that we've defined the different phases of geo-
thermal development process through to cash flow,

let ug discuas for a moment the types of markets that
geothermal resources are active (n. Previpua speak-
ers have discussed these, 30 [ will summarize the
differences between geothermal for electric and for
direct-use applications, [t i3 most important 0 note
chat the electric-mariket requires generally a higher
temperature of geothermal resources {3009 F plus)
and resul:s [n an enercy product, electricity, that can
be transmitted over long discances, Non-elec:ricor
direct-use geothermal applications have generally
focused on temperatures helow 3009F (although higher
temperamres can be used in industrial and agriculaural
applicarons) and the energy has to be consumed within
a falrly close proximity to the site (five to ten miles).
A further comparison demonstrates that electric pro~
jects may require minimum capltal (nvestments (re-



source and plant combined) of approximately 320

" million, whereas investments for direct-use projects
range from $250,000 to approximately $6 million,  In
addition, project ime scales are very different. For
electric projects, from wildcat w busbur may take
eight w ten vears; for non-electric, two or three years
at most, Clearly, based on the capital magnitude
differential as well as marketing approaches and time
irames, there will be sngnificant differences as to

how to proceed with the financing of each type and each
type of project.

L ELECTRIC DEVELOPMENT PRGJECTS

A, The g.\jploration Phase basically has
the same dry hole risks in geothermal
as exist for oll and gas., Although
development techniques differ, the same
financing options exist in geothermal
as well, They are, among others, as
follows:

(1) Resource company financing.
-Both minerals and oll and gas
exploration companies have
capital bagses which permit the
‘assumption of dry hole risk.
The funds available for the
exploration and drilling of '
geothermal production wells '
presumably would come from
the cash flows generated either
by high-risk, high-remurn

successful oil and gas or mineral

discoveries or high-risk, high-
remrn previous gedthermal

_ drilliog, In the latter category,
only Magma Power, Thermal
‘Power, Thermogenics and Union
Oll Company so far share in
‘this distinction in the United

 States. Phillips Petroleum,
AMAX, and Sunedco are re-
preseatative of the former. In
the event a resource company
wants to reduce {ts exposure
associated in a given field, it

" might arrange participations
(joint-venmires) with other com-
panies in the well to be drilled..
To obtain additional properties
“or particularly attractive ones,
a resource company might farm=-
in and drill on the above-de-
scribed basis to earn an interest.-
_ There are many varleties to

" {mplementing this kind of
appraach. ‘I‘hey originate from
the oil patch or minerals sector,
but all basically revolve about

B. The Utilization Phase picks up where the

the lnvestment capabilities of a capital buse
able to withstand dry hole risk,

{2) Ouiside investor financing is generally
expressed hy means of drilling parwer-
ships. The development of un economi-
cally attractive prospect might be under-
taken by a less-affluent or participation-
oriented company or by an operating
conpany inerested in acquiring a foothuld”
In a resource which it might not otherwise
be capable of developing by Iitself. Drill-
ing funds have been successfullyv utilized
by Republic Geothermal, Inc., McCulloch
Oil Company and some others, This kind
of approach to financing should receive
added encouragement from the Energy Act
of 1978,

(3) User advance pavments. In order to se-
cure rights w an energy resource, a
utility or a public entity may desire to
advance funds towards the development
drilling of a given reservoir. 1t is un-
likelv, however, that such advances
would be available prior to an (nitial
successful discovery well., Apparendy,
a similar type of arrangement was nego-
tated at The Geysers between a pros-
pective energy user and a potential
developer.

. (&) Other. There are numerous varieties to

the above approaches, but one particularly
interesting option revolves around the
utilization of the Geothermal Loan Guar-
antee Program (GLGP) to fund field
exploration and development work in com-
bination with risk capital provided in
scenarios 1-3. Other speakers have
dealt with the GLGP, so [ shall not dwell
on this approach further.

exploration phase leaves off. Once the capa=~
bility to produce resource {8 demonstrated,
the utilization facilities are necessary to pro-
vide a marketable product which, in this case,
is a power plant. Several questions arise at
this point, however. First, what Initial size

of plant should be the objective of the explora-

tion phase ? When should the construction of

the power plant be timed for ? At what point
does the potential financial participant/inves~
tor become {nvolved ? Clearly, the time value |
of money being what it is (especially now in
these inflationary times), the answer must be™
that both the exploration and development pro-

- grams be integrated, at least as to planning,
from as early a point as the concepton of ‘the
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project.’ [ shall not dwell on this point
in detail herein, but refer you to the
article on power plant sizing and re-
financing strategy the Geothermal
Resources Council I8 making available
in conjunction with this talk. [ should
like to discuss three general approaches
to providing the required equity invest-
ment and loan capital sums necessary
to implement a power plant flnancing
package.

(1)

2)

Venture capital may be defined
for the purposes of this paper
as tax-oriented risk capital.
The ability to accept rescurce
utilization risk as well as the
capability to utilize avallable
tax benefits will enable the users
of the resource to accelerate
the construction of power
geaeration facilittes. Combin-
ing the use of such capltal with
portable (1-3 MW), semi-
portable (10-20 MW) and fixed
(site=-gpecific 35 MW and up)
units with bank {inancing or DOE
-guaranteed funding (s the most
likely source of sizeable fund-
ing available for geothermal
power plant construction. Both
Indtvidual as well as corporate
investors have the abllity to
participate under chis kind of
{nvesonent arrangement, Pro-
vided the project (3 strucaired
in the appropriate (ashion and
that the financing is exempt from
utility-type regulation, the vast
amounts of "equity" or risk
capital required for the expected
growth of the geothermal in-
dustry can be raised In this
manner.

At-risk lending for geothermal

Jpower plant construction is a
type of flnancing yet to he made
available to the industry., [
theory, reservolir evaluation
techniques will eventually he
judged by flnancial institutions to
be sufficiendy reliable to permit
the advancing of funds, without
recourse, against the risk of the
project itself. [f the reliability
of a given reservolr could be
proved to the ‘satisfaction of a
prospective lending lastitutlon,
it would be willing to lend a cer-

@

tain percentage of the total project
cost on an at-risk basis.

Intermediary Risk-Assuming Com-
panies ([RAC) represent a {lnanc-
ing vehicle combining possibly both
of the above mentioned approaches.
One can best define an [RAC as a
whalesaler of geothermal electric
power, The "T formation,' as {
call it, {ncludes, at left end, the
resource company selling geother-
mal fluid at the well-head to the
RAC. The RAC itself {s the cen-
ter, purchasing the fluid and con=~
verting {t to electricity, which it
sells to the right end, the utllity,
by means of a power sales agree-
ment, usually on a take or pay
basis. The [RAC produces the
electricity by use of the power
plant which it leages from the
quarterback - the owner/lessor.
This concept i3 spelled out i{n great-
er detall {n the accompanying arti-
cle. The basic point of this
structure {s that the utillty accepts
a loan planning risk, but avoids the
reservolr risk in that it has no in-
vestment in the plant on the reser-
voir. The resource company can
sell {ts product without having to
build a power plant, delete its
financtal strength, and risk regula-
tion as a public uttlity. As owners/
lessors, the power plaat owners
qualify for full investment tax
benefits {n exchange for assuming
reservoir risk. Used in conjunction
with the DOE Loan Guarantee Pro-
gram, the level of risk ts reduced
to acceptable levels for the (n-
vestors in the owner/lessor. The
RAC also accepts the operating
risk or farms it out. This overall
program of risk and reward'alloca~
t{ion places all of the. inceatives in
the right places. This specialized
form of project financing has only
begun to demonstrate the viability
of developing power generation on
yet unutilized reservoirsM Current
legislation may permit further
streamilning of this approach by
exempting (RAC's producing less
than 30 MWe from regulation in
which {nstance the RAC would be
the power plant owner as well.




C. Summary. Electric commercializa-
tion {s most efficiendy achieved
when both the exploration and
development phase are integrated
financially and a construction pro-
gram appropriate to the resource
in queston is developed. The
financing of such projects can be
streamlined and the net result,
the cost of electricity, be achieved
on the most cost-effective basis
possible.

DIRECT-USE DYVEL GPMENT PROJECTS

A. The Exploration Phaose has similar risk
characteristics as drilling for electric
with one {mportant difference. The
depth of the resource, and therefore the
cost of reaching it, is significantly
smaller, This results {n a lot of dif-
ferences in the direct-use field as com-
pared with the electric, Many more and
smaller companies can be and are in-
volved (n direct-use projects, often for
their own utilization, The variety of
companies {8 much greater because BTU
production can be used for any industry
requiring process heat, be {t agricultre,
dehydraton, space heating, etc. Many
more non-electric pruspects appear to
have been {dentified, and once develop-
ment |s planned, a much shorter turn-
around time to cash flow can be expected.
This appears to be the result of the
minimal enviroamental impacts of such
projects as well as of the significandy
smaller capital invesmment (and lead
time) necessary to start-up the pro-
ject. Shallower and less expensive
production wells can be drilled more
quickly. Depending on depth, temper-
ature, and flow rates desired, com-
pleted non=-electric production well
cost could run from as low as a few
thousand to as much as 3250,000. In
contrast, an average electric produc-
tion or injection well to 7,000 feet
could run from a million dollars to two
million or more. Sources of funds for
non-electric production well drilling are
essentially the same as outlined In
Section ILA, with one further addition,
Given the significantly lower cost thres-
haold of entry, an end-user such as a
food procegsor or agricompany might be
willing to {nvest in shallow production
drilling themselves if the cost savings
or back-up system potential appeared
favorable enough.

B. The Utilization Phage for direct uses in-
volves the same types of risks and has
available to it all the same sources of
funding as described in Section IIB above.

A detailed paper will be coming out socun
describing sources and types of funds
available to direct-use projects, This
information |38 contained in Section
Seven on "Flpancing" of the Workshop
on Direct Utilization of Geothermal
Energy conducted by the GRC/OIT in
Klamath Falls, Qregon in February

° 1979. 1shall basically restrict my com-
ments on this topic to the fact It is gen-
erally easier to finance a small project
with a quick mrn-ircund to ¢cdsh flow as
opposed to a large project with a long lead
time to cash flow where delay and eaviron~
mental hazards are inherently much greater,
Since geothermal can furnish the energy for
a wide variety of different businesses, eval-
uation and apalysis of each of these different
businesses should not concentrate primarily
on the geothermul aspect alone. (werall
management capability, economic viability,
process and technuiogical risks, marketing,
and business structure - all have to be
exhaustively reviewed. In this context,
geothermal energy {s but one component in
8 processed product and is but one additional
variable - that of the fuel supply - to be
assessed in a business with many variables.
In pon-elec:tric, if the resource fails, the
option may exist to retrofit to a conventional
fuel socurce, in-electric development, if the
resource fails, the project fails.

In summary, based on the availability of
recenty enacted tax benefits, and based on
the environmentally and economically de-
sirable aspects uf lower temperature geo-
thermal resources, it appears that these
projects offer desirable invesunent oppor-
wnities, although on a smaller scale., In
fact, at-risk loan capital should become
much more rapidly available to the commer-
cialization of such direct-use quality geo-
thermal resources than for electric, because
options do exist for the use of the facilities
on a commercial basis even with failure of
the resource.

v, CONCLUSIONS

In both the electric and direct-use sections of this
paper, [ have maintained a parallel structure in dis-
cussing the kinds of capital available to the explora-
tion and development phases. Because the success-
ful commercialization of a previously unutilized
geothermal resource depends on obtaining different
kinds of investment capital for each of the phases,

I strongly recommend that one not be undertaken with-
out planning for the other. Integration will save both
time and sigpificant amounts of money, thereby en-
hancing the project's potential for profitable imple-
mentation.



ECONOMIC RISK OF GEOTHERMAL PRdJECTS

B. Greider
GEOTHERMAL RESOURCES INTERNATIONAL, IiC.
y March 1980

Management methods for evaluating business opportunities involving
uncertainties have included the concept of risk analysis.

Risk analysis can be a powerful tool to compare the economic
attractiveness of the various investments available to the
business. community. Natural resource development groups

utilize this technique to select their exploration targets

. and to appraise the anomalies found. Additional funds can

be allocated to those providing the opportunlty for greatest
return per dollar risked.

What is the risk factor used in economic analysis? When the
probability of occurrence of any given event has been estab-
lished, the risk factor will be known. The mathematical
concept of risk factor can be considered as: The probability
that an event will occur in one of several ways is the sum
of the probabilities of the occurrence of all the possible
ways that event can occur.

For example, a review of exploration work on geothermal pros-
pects determines that in basin fill areas containing water
saturated rocks four electrical resistivity anomalies are

due to low resistivity sediments and one is due to an unusual
amount of heated pore water. .

The chances for being successful in a temperature confirmation
drilling program on these re515t1v1ty anomalies will be 1:5.

The probability of being successful is not the same as risk.

In this example, in five attempts at success in a series when

the risk is 1:5, the probability of success is approximately

68 percent.

The summation of risks involved in geothermal development

evolves to essentially the question: Can the energy compete

with other sources of energy available to the customer and

still provide a reasonable rate of return on the necessary in-
vestment? The competitive fuel in the area of major geothermal
steam occurrences is fuel oil. Coal is a strong competitor

for hot water flash systems. Coal prices will probably follow oil
prices in the next two decades. At this time hot water systems

at temperatures below 400° F. cannot produce the energy for
electricity generation inexpensive as coal fueled generating plaats.



A look at the o0il supply situation will provide a background
for assessing the risk of oil prices increasing more rapidly
than cost associated with geothermal development.

Saudi Arabia oil production is around 8.7 to 9 million barrels
per day. Two years. ago that country produced 10.2 million
_barrels a day. Present capacity is believed to be 11 million
barrels per day. ARAMCO has added about three million barrels
per day capacity during the past two years. The capability
for producing much more exists.. The willingness to produce

in increased amount is another thing that poses a risk to the
assumption they will. The Saudis are determined to maintain
OPEC as an effective organization and will continue their pro-
duction at around 8 to 9 million barrels per day. "'World oil

demand should continue to increase 2 to 3 percent per year
until the end of 1980. "

OPEC productlon in 1978 was approximately 29 million barrels
per day. This has gradually moved back to the 1977 high of
30 million barrels per day.

All free world net crowth in oil demand (now 48 .million barrels
per day) during the next three years will be satisfied by
non-OPEC sources: Mexico, North Slope and the North Sea.

Until 1985 world oil prices will be increasing, about the
average rate of inflation. From 1985 on, world oil prices will
be increasing at accelerating rates as OPEC countries maximize
their return on a diminishing number of barrels.

Natural sources of heat above 450° F. in the western United
States can produce electricity at prices competitive with low
sulfur coals shipped from the Powder River Basin of Wyoming to
the electricity generating centers supplying western Nevada

and California. Water within the low energy 150° F. temperature
range can provide processing heat, if the source is in a location
where the energy can be used in the United States. It is ex-
pected that sulfur limits for fuel oil will be set similar to
coal. To meet such standards, additional investment and costs
will be reguired to prepare acceptable fuel. With such increases
in cost, additional new uses for geothermal heat (energy) will
become practical. As that happens, more people become interested
in joining the exploration search to find and develop new deposits
of heat for production of energy.

The development of a geothermal reservoir is capital-intensive,
requires expert planning,” and long times from initial expendi-
ture until positive income is achieved. The utilization of a
geothermal reserve reguires extensive engineering, approximately
two years in negotiation and - planning with governmental agencies,
and significant ¢apital. {35 to 50 .mallion dollars per 50 mw.)

-2=-
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The costs of maintaining and operating producing fields is
about four to five times greater than the capital investment.
An important portion of this cost is associated with the
injection system that collects the cooled water and returns
it to the sub-surface reservoirs after the heat is removed.
Reducing these costs is an essential objective if geothermal
energy is to remain competitive with other fuels.

Countries with high fuel .costs and geothermal sites are now
developing a wide variety of geothermal plants. Japan appears
to be building the most efficient flash systems for use in
hydrothermal areas with reservoir temperatures above 350° F.

Useful geothermal reserve assessment requires professional
engineering analysis. The goal is to determine how much

heat can be produced at a useful rate and temperature for at
least 20 years from one area. This demands a thorough under-
standing of the manner in which heat is transported to areas

of accumulation, how it accumulates, the methods and costs

to find, produce and convert to a useable form of energy. With
those studies in hand, a person can then determine what part

of this resource can be sold in competition with other fuels
and thereby establish the size of the reserve.

The supply of geothermal energy has been related to: all the
heat present above an arbitrary temperature datum; the amount
of heat between certain temperature levels, that heat contained
in producing water, and; that heat contained in the rock frame-.
work transferred to the moving body of water.

The amount that could be produced in the United States if the
government would provide incentives equal to other energy
sources is now thought to be between 12,000 and 15,000 megowatts.

These incentives have included tax credits, deductions in tax
calculations, investment tax credits, rapid depreciation, and
depletion allowances. Other incentives include aid in ex-
ploration, aid in developing, engineering of generating plants,
financing of generating plants, and reservoir engineering
studies. Very little has been prepared showing the increased
benefit*to governmental programs, including tax revenue by
demonstrating the increased flow of dollars from projects that
would become ‘profitable with this aid compared to vroject

tax revenues that would be commercial without this aid. \ Dr.
Robert Rex has calculated that for a 48 net mw plant paying
25 mils/KWH for the energy the government income would be more
than 213 million dollars during the 30 year productive life.
If this were on private land the government income would be
178 million dollars.

’



The actual potential of geothermal energy is affected by how
the resource and reserves are calculated. These calculations
‘must consider availapbility and application of governmental
incentives, the price of other energy sources, versus the
market price of geothermal energy, and the re«liability of the
production forecast. The size of required investment, the
expected profit generated by those investments, plus the avail-
ability of lands to explore will be the motivating forces in
developing the true potential of geothermal energy in the
United States. :

The most important factor in converting any resource into a
reserve is how the individuals that are actively dedicated to
discovery and development attack the problem. The key to
successful reserve development is the quality of the people
assigned to the task.

The critical economic factors affecting the risk of a geothermal
project being successful can be considered in two categories.
The first is that associated with the production of the geo-
thermal energy. The second is in the conversion of the energy
into a useful form for the production of electricity.

The energy producer, after finding the geothermal anomaly,
must consider his risk of resource development concentrated
into four major items. These are the reservoir life, the
sales price for the energy, the plant design, and the pricing
structure. Other opportunites for investment will affect

the amount of money he may dedicate to the program.

The number of years of reservoir production at useful temper-
atures and volume of fluid that can be expected is of utmost
importance. The reservoir economic life is affected by the
rate of decline in temperature and production as this affects
the drilling and equipment investment and the operating costs.

The risk the project succeeds depends upon the price of energy
produced. The sales price defines the cash flow available for
development and operating expense. This price establishes the
limits of investment that can be made and the potential rate
of return on this investment. The competitive stature of

the resource will be prescribed by the price of the delivered
energy. The final size of the economic reserve is thus de-
termined by these factors. That size then determines the
amount of risk the energy producer can assume at various
stages of exploration and development.

The plant design affects the cost of designing the produétion
mode as the delivered product must conform to the requirements

A




of the plant. Single-phase fluid delivery (for other than

dry steam) requires greateér investment to maintain that phase
from the reservoir into the plant than does a two-phase system.
Injection disposal facilities are dependent upon the plant
requirements. The rate of production from the reservoir is
also dependent upon the plant design. The limits of fluid
temperature useful in running the plant are established by

‘the plant's design. The life of the producing facility is

seriously affected by this factor.

- The pricing’structure can encourage efficiency in developing

new reservoirs or negate the advantage of searching for deeper,
though hotter, horizons. Provisions for reservoir failure

can allow the taking of a greater risk in developing the
reservoir to its maximum size. If the reservoir performance
must be guaranteed by the producer, he can then only develop
the amount of energy that has very little risk. Thus, the

fuel producer and the utility have little chance for maximizing
their return on the use of this impressive source of energy
unless pricing structures recognize this effect.

Electricity producers are not prepared to undertake projects
that have a risk of complete failure in the early stages. They
are not oriented to taking risks of the magnitude considered
acceptable by natural resource developers. For instance,
developers know the risk of finding one million barrels of oil
with a wildcat is about one in forty times being successful.
So their organization has the ability to .provide for the
unsuccessful exploration ventures effect on their marketable
supply of energy. The ability to evaluate and predict the
reservoirs' capability for producing certain quantities of
fluid is highly developed in o0il companies because the few
successful finds must be developed to their full capacity.

Utjilities historically expect a certain amount of fuel to be
delivered on schedule throughout the plant's lifetime. The
utility organization has not developed the capability of being
comfortable with reservoir engineering analysis. Geothermal
energy does not provide the risk abatement feature -of having
another source of supply that can be brought in to augment a
premature declining geothermal energy supply. This is the
major risk the utility management recognizes in the economic
viability of building a geothermal plant. The risk of having
a favorable cost at the Busbar for the electricity produced
can be determined after the design of the generating plant
has established the production requirements for delivery of
the geothermal energy. These requirements are strong factors
in the producer of the energy identifying his costs of pro-

-duction and therefore a likely energy sales price.
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The fixed costs affect the final price of produced electricity. ,
'y steam plants can be constructed for a lower investment than ’ 7
s.ngle-flash plants. The single-flash plants require a lower

investment than the double-flash design.

The lower efficiency of the single-flash piznt requires a
much- higher volume of fluid to be produced and handled to pro-
duce . 'the same number of kilowatt hours. This effect of these
design segments on the producer of energy and producer of
electricity create the risk that each will have selected the
.optimum design for their components.

\
Knowing the size of the available fuel supply lowers the risk
of underfinancing a development project. For rocks to be
considered a reservoir, there must be sufficient horizontal
and vertical permeability to allow the fluid to move easily.
A 6,000-foot to 8,000-foot well must sustain flow rates of
more than 100,000 pounds of steam per hour, or 500,000 pounds
of water (at no less than 325 degrees Fahrenheit) per hour
for 20 to 25 years to be considered commercial for electricity
generation. Direct use of heat for industrial or space heating
and cooling does not require such high heat output. The lower
temperatures for such uses can be found in a greater number of
anomalies. However, their usefulness is dependent upon low
cost being achieved in development and production.

The geologic model that is generally accepted by geothermal . ' -~
a2xplorers:- and developers has three basic reguirements: ‘ T

1. A heat source (presumed to be an intrusive body)
that is about 2000° F. and within 40,000 feet of
the surface.

2. Meteoric waters circulating to depths of 10,000
feet where heat is transferred from the conducting
impermeable rocks above the heat source.

3. Vertical permeability above the heat source
connecting the conducting rocks with a porous
permeable reservoir that has a low conductivity
impermeable heat retaining member at its top.

Geological investigation is the necessary ingredient that

makes all exploration techniques useful. Broad reconnaissance

of the surface data integrated into subsurface data is used to
find an area of general interest. : The ingenuity of the

prospect finder in using data available to all workers determines
whether an exploration program moves into advanced stages of
using the proper combinations of the acceptable methods.




Geologic interpretation of the data acquired may justify

the money required for exploratory drilling. The results of
the drilling must be integrated into the geologic investigation
to determine if a promising prospect is present.

The investigation must establish that:
W - (W
1. High heat flow or strong temperature gradients

are present at depth.

2. The geology provides reasonable expectation that
a reservoir sequence of rocks is present at moderate
depths from 2000 to 6000 feet.

3. The sequence of rocks offers easy drilling with .
minimal hole problems.

4. A high base temperature and low salinity waters
as indicated by geo-chemistry of water sources
should be present. The surface alteration and
occurrence of high heat flow should cover an
area large enough to offer the chance for a
field capacity of more than 200 megawatts.

Table I (adjusted for 1980 costs) from C. Heinzelman's presenta-
tion of October 15, 1977 illustrates exploration techniques

and associated costs. The overall amount of money (per succesful
prospect) required is 3 million to 4.75 million.1977 dollars.
This provides for limited failure and followup costs, but does
not include the other exploration failures and land costs.

Table I

Exploration Techniques . and Approximéte Costs

Objective ' Technique Approximate Cost ($)
Heat Source & Plumbing Geology $ 20,000
' ‘ ' Microseismicity 15,000
Temperature Regime Gravity 20,000
' Resistivity 25,000

Tellurics and magneto- \

tellurics 50,000
Magnetics 15,000

Geochemistry (hydrology) 12,000
Land analysis and

permitting 25,000 -
Temperature gradient -

20 holes(500' or less) 100,000

Stratigraphic holes -4 160,000 = 240,00
Reservoir Characteristics Exploratory and confir-
mation tests ~-3- 1,800,000 - 4,000,00
Reservoir testing 250.000

To establish a discovery approxirately $2,500,000 - $5,000,000 will be required.
..7-



This is probably the minimum expenditure needed to change a
portion of the resource base into an area of reserve with
production potential.

Upon deciding that a significant geothermal anomaly exists,
the rate of engineering expenditures must increase rapidly to
determine whether the development can proceed into a commercial
venture. Essentially, there are no set figures for what it
costs to develop a geothermal field. The basic reason for
this is that each depends upon engineering the development to
be compatible with the geology of. the accumulation, and the
requirements of the electricity generating system. The
electricity generating system must be designed within the con-
straints of available temperature, rate of production, and
ambient conditions of the field site. The key variables
affecting risk are:

. Temperature of the fluids produced.

Composition of the reservoir fluids.

Composition of surface or near surface fluids.
Geology of the reservoir framework.

Flow rates that can be sustained by the reservoir.
Cost of drilling in the prospect area.

Well spacing and geometry of the producing and
injection sites.

. Turbine system to be used.

. General operating costs in the area.

Souie W
L ] L ]

O

Test Wells - Thermal evaluation requires the drilling of test
holes. Heat flow and temperature gradient evaluation reguires
drilling to intermediate depths. Confirmation drilling requires
holes drilled to the actual reservoir for diagnostic evaluation.

Heat flow and temperature gradients measured in the upper 100 to
500 feet of depth are useful in describing the area where the
heat transfer is most intense. These do give a gqualitative
analysis as to the location and shape of the hottest near
surface heat accumulation. Linear projection of temperatures
obtained near the surface cannot be used to predict the temp-
eratures that will be encountered 2000 to 3000 feet below the
surface, even if the section below has a uniform lithology

and the geothermal gradient is a straight slope. The temp-
erature for a fluid-saturated system cannot be projected to a
maximum above that for boiling water at the -pressure calculated
for the depth of projection. At some point along the boiling
point curve, the temperature of the system may become isothermal
and the rocks and fluids will have the same temperature for
many hundreds of feet deeper. The rock temperature may decrease
as a hole is drllled deeper if the hole is on the descending

-8-
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edge of a plume of hot water or merely below the spreading top
of a plume. Heat flows from a hot body to a cooler body.

This is not a function of being above or below a reference point
of depth. )

To lower the risk that the performance of the geothermal cell
can be predicted, deep tests must be drilled. These holes nust
be of sufficient size to adequately’dstermine the ability of the
reservoir to produce fluids above 365  F. at rates approaching
100,000 pounds of steam per hour, or 500,000 pounds of liquid
per hour.

To determine if a commercial development is possible, three or
four wells must test the reservoir to obtain the basic reservoir
engineering data. Reservoir pressure drawdown and buildup
analysis must be conducted to determine reservoir permeability
and extent. Fluid.characteristics and analysis of non-condensible
gas present require extensive flow testing. Injectivity testing
is required to develop plans for disposal and pressure mainten-
ance systems. Rocks may produce fluids easily, but may not
accept them on return to the reservoir. This must be established
in the laboratory and confirmed in the field for a developer

to consider risking the investment needed to develop a field.

The utility customer needs the same assurance.

A summary of .estimated development costs after exploration
expenses for the field supply, power plant, and ancillary
equipment for a S50-megawatt hot water flash unit is as follows: :

. Table II
Development wells - 12 $ 14,400,000
Injection wells - 6 6,000,000
Pipelines 2,800,000

Miscellarneous field expense
(includes interest and working

capital) i © 9,000,000
Power plant 35,000,000
. $ 67,200,000

Economic Considerations

\

To obtain an economic comparison of geothermal fuels with the
more widely used fuels is quite difficult, because each geothermal
area requires a plant design specifically useful for that local
area. The California Geyser's steam price of 17.5 mills per
kilowatt hour is as inexpensive as geothermal energy can be pro-
duced in the United States today. This is a dry steam fuel,

g-



and the operators have more than a decade of experience in
drilling, completion, and production operations. Optimum
technigques have been developed so that maximum steam production
per dollar invested can be maintained. The high enerqgy content
of this fluid provides a competitive heat rate, easy to construct
collection systems, and the most simple of plant and reinjection
facilities. The actual cost of the wells is frequently as

high as £1,500,000, but the operation and the high utility

of the steam allows a minimal price for the energy.

The wide variation of estimates of fuel costs and electricity
generatiny costs derives from treatment of fuel processing and
storage expense, income taxes, ad valorem taxes, insurance,
interest during construction, return on investment required,
and specific requirements for plants in the area of operation
for the estimating companies.

1]
The utility usually expects to earn a minimum of 25 percent
return on investment on its equity portion of the investment.
The exploration and producing investors have learned that a
minimum acceptable rate of return on investment for their portion
of the projects is 25 percent return on investment. The average
conventional energy venture (non-geothermal) usually obtains
about twice this rate of return to compenszte for the risks in-
volved. The prime rate has risen so high today that low risk
venture returns will provide a ROI that is nearly as attractive.

The return on investment for the developer is most sensitive to '»)
the price received far the energy. Next to reliability of supply.,

the utilities’' desires to use geothermal energy in electricity

generating systems is dependent upon its price being low enough

to make its use worthwhile. Much like coal and uranium, geothermal

fuel prices will be a negotiated price between the supplier and

the user. Each field will have significant differences in design

so a uniform price cannot be expected for construction of the

production facilities, or construction of the utilities conversion

plant.

The nature of the reservoir geometry and the ability of the
reservoir to respond to changes in production, rates, and
temperatures, will determine the final costs for producing
electricity from each geothermal project.

The basic structure of price must provide an attractive rate of
return to the prospector. To achieve this, the prospector's risk
capital investment and time at risk before income must bé minimized.
Most important, the revenue should reflect the actual value of

the energy sold. t
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Cost Comparisons

The cost comparisons between the various sources of energy that
will be available and useable for electricity generation during
the next decade will affect the rate of geothermal energy's
growth. The economic desirability of the production or use of a
fuel is 5ensitive to its price. Regulatory requiréments have
direct effect upon production and construction costs. The tax
treatment for each fuel system is a dynamic one. This makes it
very difficult to assess the resulting economics. :

The amount of money needed to construct and operate plants to
use each fuel is a strong component of how much the electricity
producing customer will pay per unit of fuel. The average coal
and oil burning plant uses 8,500 to 10,500/Btu/kwh. A nuclear
plant uses about 14,000 Btu/kwh. Geothermal plants use between
21,000 to 33,000 Btu/kwh.

0il

Electricity produced from oil fired plants is directly related
to the cost of low sulfur fuel oil. BAn oil fired turbine generator
plant costs between $400 - 500 per kilowatt. A combined cycle
plant is about $360 per kilowatt. The difference in heat factor,
operating cost, and available capital for these plants establish
which will be used for meeting the increased demand and plant
replacement schedule within a utilities service area. The
estimated cost developed by Stanford Research Institute of fuel
0il in mills per kilowatt hour is approximately 23 mills per
kilowatt hour. Strong competition between suppliers results

in a stabilizing effect upon the overall price of oil. Utility
planners have estimated the range of price of o0il to be 20.5 to
21 mills per kilowatt hour. These cost ranges combined with the
new plant costs will produce electricity between 33 and 44 mills
per kilowatt hour. This figure must be adjusted for the strong
energy price increase during the last twelve months.

¢+

Coal

Coal priées are related to specific sources of supply and
dedication of. specific sources of coal to certain plants. Coal
does not presently have the wide range of usefulness that oil

enjoys today. This limits the substitution of one coal for
another.

The price of steam coal and plant construction costs to meet
environmental requirements result in an estimated price of 35 mills
for electricity generated in new coal plants. Fuel suppliers
currently estimate coal can be delivered within a 1,000-mile

radius for 10 to 15 mills per kilowatt hour if surface mining
methods are used.
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-Nuclear

Nuclear fuel plants appear to offer the least expensive electricity
for a non-indigenous source of energy.

The utility industry estimates they will be paying 6 to 6.5 mills
per kilowatt hour for nuclear fuels and plant costs in 1977 dollars
will be $800 to $1,000 per kilowatt. The estimated cost of
electricity from such plants will be between 32 to 34 mills per
kilowatt hour.

Geotharmal

Comparison of conventional electricity prices with geothermal
steam prices are a matter of public record. This is the least
expensive of all thermal systems employed in the United States.
To obtajn a comparison of hot water flash steam plants, it is
necessary to use developments outside the United States for per-
formance factors. Economics of hot water flash to steam projects
continue to be impressive. Cerro Prieto's development is very
encouraging as exploratory work confirms this development can
exceed 500 mw. The improvement in heat recovery with double
flash units would reduce the cost of electricity and increase the
size of reserves siganificantly. Seventy-iive megawatts have now
been developed and work is underway on the next 75 megawatts.

The first unit of 75 megawatts was developed for $264/kw and

- produced electricity for approximately $.008, tax free. Today, .

costs would be about twice that amount. “he cost includes the e

well field operation as this is an integrated operation. It is
estimated the second 75 mecawatt plant will produce electricity
for about 16 mills, tax free.

It is possible to use the development work at Momotombo Nicaragua !
to evaluate the costs cf developing a hot water flash field today.
DeGolyer McNaughton, the international consulting firm, and

Herman Dykstra, a reservoir engineering consultant, have completed
examination of all the field test data from Momotombo. Tests

using bottom hole pressure devices in selected wells were combined

with field flowing tests. The firm concluded that double flash

turbines could produce 96 megawatts for more than 30 years using the
portion of the reservoir developed. Subsecuent completion tests

have demonstrated more than 100 megawatt capacity.

Turbine specifications prepared provide for a plant turbine with

80 psig first stage and 20 psig second stage. The power plant

for this 225° C. field may have two 35 megawatt units in opera-

tion by mid-1980. The estimated cost for the electricity generating
plant installed will be $460 per kilowatt. A savings of" $26
million in foreign exchange would result from this developmznt.

-12-




Steam

Geyser's steam price is about as inexpensive as geothermal energy
can be produced today. The 1979 price of 17.5 mills per kilowatt
hour is well below the competitive value of this energy. Twenty-
five mills per kilowatt hour would be a price more nearly re-
flecting its actual-value in an area using oil or coal for electri-
city genératlon.

PG&E's plant #15 is expected to cost $320 per kilowatt with pro-
visions for HyS treatment. This is an increase of 250 percent
over the average of the 1961-1974 period. 1In the same period,
the cost of electricity generated averaged about 5.6 mills per
net kilowatt hour. 1979 operating costs will have increased the
busbar price to 25 to 30 mills per kilowatt hour.

Summarizing the preceding discussion on comparison of costs and
resultant prices of electricity, we can tabulate oil, coal,
nuclear versus geothermal as follows:

0il Coal Nuclear
Fuel mills per kilowatt hour 20-23 9-11 6-7
Plant $/kw 400-500 780-1000 1000-1200
Electricity Busbar
,mills/kwh " 33-34 + 38-40 38-40
Geothermal
Steam Flash 450°F, Binary
Fuel mills per kilowatt hour 17.5 18-22 26-30
Plant $/kw , 320 450-475 500-1000
Electricity Busbar )
mills/kwh 25-30 27-32 40-48

Reserve Esitmates ) ‘ .

With these competitive conditions and an idea of the required
investments in plant and fields, we can estimate the potential
reserves identified in relation to the proven reserve.

The proven reserves of the Geysers is now 1507 megawatt%. The
potential reserves are another 1200 megawatts. To infer that

the hot water area surrounding the dry steam reservoir will pro-
duce waters that will be used in flash steam plants is reasonable.

Inferred hot water flash reserve should be approx1mately 1,000
megawatts.
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The proven reserves in the Imperial Valley are 400 megawatts.
Potential reserves ol Brawley, East Mesa, Heber, Niland, and
Westmoreland total 1600 megawatts. Reserves have been inferred

with anothe 1,000 megawatts in these and similar anamolies with-

in the province. Considerable work must be done on conversion
systems, and cewp drillicsg in the California portion cf the

Imporial Valley 1f another 5,000 megawatts are to be moved from

the resourc:s category into the reserve category in the next 20 years.

In the west=2vn Utah area Roosevelt is the only arca with proven
resexves. 1t appears that sufficient testing and plant design

work has beg: completed to assign B0 megawatts to that classifi-
catlion. {29 m=gawatt potential and 300 megawatt inferred re-

serves can b= assigned to Roosevelt on information now available.
The remainder of that general area including Cove Fort - Sulfurdale,
Thermal-Black Mountain, should have 1,000 megawatts potential
reserves and 500 megawatt inferred. “

Dixie Valley should have 100 mw potential if continuity of pro-
ductive zones can be established. Another 400 mw may be inferred
on similar anomalies within the Valley. South Nevada from Tonopah
to Ely should contain 500 mw of potential and inferred reserves.
Testing of potential areas in Nevada has not progressed to the
stage where proven reserves can be assigned. The potential
reserves of Phillips' three areas, and Chevron's two areas in the
norhtern half of the state, indicates 400 megawatt reserve. An
additional 600 megawatt can be inferred on the basis of drilling
data being extrapolated with geophysical surveys. With continued
confirmation stccess in the Carson sink area, an additional 500
megawatts could be moved from resource to inferred reserves.

New Mexico's Valles Caldera is considered as having 100 megawatt
potential reserve. From the size of the aromaly and the temp-
erature indicated by surface springs, an inferred reserve of
another 300 megawatts should be assigned. This area. has a total
reserve of 400 megawatts.

Summary

Electricity Generation Reserves

Proven Potential Inferred

(Measured) (Indicated) (Geol-Geoph)
. MW MW MW
Geysers 1520 1240 1000
Imperial Valley 400 1600 1009
Coso-Lassen | G 700
Long Valley ) t
Mammoth
Randsburg : )
Dixie Valley . 100 400
Roosevelt 80 . 120 300
Cove Fort
Sulfurdale
Black Mountain- 300 : 400
Thermal :

-l4~
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Proven Potential Inferred

(Measured) (Indicated) (Geol-Geoph)
N. Nevada -
Fallon to

Winnemucca 400 . 600
S.Nevada |

Tonopah' to : . :

Ely 200 300
New Mexico . . 100 . . 300
Alvord Area ) 100 100
Alvord to Vale . 300

Subtotal 2050 ' 4160 : 5400
Total 11,600 megawatts

The direct use of geothermal heat in the United States is on

a local project basis except in Klamath Falls, Oregon and Boise,
Idaho. Local greenhouse operations, individual processing plants
in industrial and agricultural projects, are found throughout

the western United States, Alaska, Texas and the southeast
Appalachians. It is estimated these present direct uses
represent proven reserves of 35 megawatts. It is easy to estimate
the direct use potential is two to three tim2ss the 11,600 mw
indicated as electricity generation reserves. The geographic
distribution of direct use reserves is the major constraint to
such development.

Reserves cannot be assigned to geopressure-geothermal projects.
It is hoped the government research work in progress can develop
sufficient data to provide inferred reserves in 20 years. The
resource is large but definition criteria are not established.

An 0il accumulation to provide 164,000,000 barrels per year for
30 years, would require 4.9 billion barrels to be available for

- production. Consider that less than 0.2 of 1 percent of all
wildcats drilled in the United States during the last four years
discovered producible reserves over the life of the flald greater
than 1 million barrels of oil.

To assess the impact of the devélopment of this reserve now
identified plus the stimulus such development will give to
exploration requires an assumption that the governmental agencies
believe indigenous sources of energy are necessary to the

economy of the U.S.A.
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Stanford Research Institute, The University of California,
Riverside, and Science Application Ind. have each provided
thoughtful studies on the effect of tax incentives for the
developmant of geothermal resources. The effect of such tax
treatment has been focusced on the resulting price of electricity
or upon how much inzome this would "shelter" for the producer.
This focus should be changed. The size of increased resources
resulting from incentives should be emphasized.

oS

Each study has sidestepped critical questions of: How large a
capacity can be economically developed from recognized prospects
with the subject incentives? How many would be developed

lacking such economic stimuli? What is the flow back to the
government agencies in tax revenuas if certain incentives are

- initiated? This demands careful analysis of the possibility

of reduced tax flow from projects that are certzin to be developed
without the incentives versus the increased tax revenue from

those prtojects that would not have been developed without the
incentives.

Consideration of the dynamic effect of taxation regulations on
an incipient industry will show a tremendous benefit to govern-
ment agencies in increased tax revenues. Robert Rex prepared
the following illustration demonstrates the flow of monies to
federal, state and county agencies for a single 48 net megawatt
project on federal lands.

ESTIMATED GOVERNMENT REVEMUES , —
FROM FIELD DEVELOPMENT PROGRAM )

EASL MESA 48 MW PROJECT

10 percent federal royalty payments $ 70,200,000
federal income taxes 67,110,000
state income taxes 16,590,000
ad valorem taxes 59,700,000

$213,600,000

ASSUMES 25 MILS/RWH - 30-YEAR PROJECT LIFE - 6 PERCENT L ANNUAL
INFLATION RATE

If the reserves now known on federal lands are developed,

additional ones will be added in the process of development and

by the increased exploration attracted to the area of successful
development. Five thousand megawatts production on federal

lands and two thousand megawatts on non-federal lands should

return to thergovernment $903 million in revenues each .year

over the first 30 years of the projects®' lives. §7.02 billion

would flow to the federal government as royalty, $9.4 billion

as income tax. $2.3 billion would be allocated to the various

states' income tax revenues and more than $8.4 billion to local :
county governments as ad valorem taxes. )

-16-
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Surmmar

In 1973 the geothermal reserves in the United States were

500 megawatts. reserves identified since 1970 total about
11,100 megawatts. This is enough energy to supply the total
electrical needs for 11,000,000 people. To generate the same
electricity using fuel oil, 164 million barrels per year would
be needed: Five billion barrels of o0il would need .to be dis-
covered to supply the equivalent energy for 30 years.

Geothermal energy can compete with the other types of energy
now being used in the United States. To do so, the energy must
be available from its reservoir at a temperature above 400° F.
Below this temperature, operating costs rise significantly as
the number of wells to produce and reinject the fluid increases.

Tax incentives must be provided to encourage significant
investment in the mid-temperature hot water resources if this
type energy is to be developed.

The cost of the plants rise rapidly as the temperature of the
reservoir decreases. The volume of fluid required to move through
the system increases rapidly to supply the reguired heat. There
are economic limits established by temperataure that must be
recognized. If the Btu-content of a ton of coal drops, there is
a point where it is not useable for power production. The same
is true for oil and gas fluids as their associated water or
inert gas ratio increases. Geothermal fluids quality and use-
fulness is also dependent upon its Btu content per unit volume
produced. . The building of power plants for mid-temperature
projects is critical to the utilization of this large resource.

For this reason, it is difficult to present a specific cost of
electricity produced by broad types of resource. The probable
range of prices for electricity generated from steam and hot
water reservoirs today is:

Steam 450 degrees F and above 24-30 mills/kwh

- Hot water flash - below 400° F 36-50
. above " "27-32
) Binary 40-48

Research must continue on how to make fluids with temperatures
below 400°F. useful. The technology is now mature. There are
vast quantities of heat in this resource awaiting the solution
to the economic problems of using this low grade heat. ‘

Risk capital must be readily available in units of 10 to 15
million dollars at the beginning of exploration. ' Development

to 400 megawatts may require up to $100 million investment before
payout of the first 50 megawatt unit is obtained. Thea investors

-17-



with sufficient money to carry out a successful program will
compare the return of invested capital offered by similar
projects (utilizing similar technology and business know-how).
The projects offering the best rate of return for similar risk
and investment will usually be the ones selected for funding.

The biggest problem in obtaining risk capital is the uncertainity
of the business. This includes the discrimination in tax treat-
ment of hot water versus steam. This precludes being able to
market the energy at competitive prices and obtain as favorable
rate of raturn as ‘other industries offer. Prospective investors
shouléd have assurance that government rules and regulations

will encourage the discovery and use of this energy.

-18-
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TAXATION OF GEOTHERMAL ENERGY
Sharon Wagner
INTRODUCTION

Whenever the issues of taxes, tax credits, tax incentives, depletijon allowances,
and/or 1ntangible deductions are raised, it must be remembered that there are 51

tax systems in-this country: one federal and S0 state. State corporate and personal
income tax structures may or may not parallel the federal corporate and personal in-
come tax structure. Generally the states have followed the federal government's

lead in constructing their own tax systems. However, in the post-Proposition 13 mood
of the electorate, it is not clear that states will adopt tax incentives for geothermal
resources. Moreover, since the geothermal tax incentives adopted as part of the 1978
Energy Tax Act are so new, there will be same uncertainty as to their application until
the IRS promulgates its Treasury Requlations for these new internal Revenue Code (IRC)
sections. Until that time, it is safe to assume that the IRS will follow (with certain
exceptions) the Treasury Requlations and court cases that are applied to the o0il and
gas industry. Most of the Treasury Regulations cited in the footnotes in the text be-,
low were written for the oil and gas industry but. they are generally applicable to
geothermal.

THE FEDERAL TAX SYSTEM

Prior to the passage of the Energy Tax Act of 1978,1 the federal tax treatment of geo-
thermal resources was based mainly on ]ud1c1al decisions; not statutory authority. In

- 1969 the 9th Circuit Court of Appeals held that the federal intangible drilling deduc-

tion3 and the percentage depletion allowance? applied to the geothermal drilling at The
Geysers. To reach this result the Court held that geothermal steam was "gas™ within
the meaning of §263(c) and §613(b) (1) of the IRC.

In 1975 the Code was revised to provide a 22% percentage depletion allowance for ang
geothermal deposit in the U.S., or a U.S. possession that was determined to be gas.
But the IRS refused to follow either the Court decisions or the new Code provision and
contested both the intangible drilling deduction and depletion allowance on activities
and income from The Geysers. Furthermore, because of the IRS intransigence the tax
treatment of drilling a geothermal dep051t that was hot water instead of the steam was
even less clear. .

?

Ip.L. 95-618, §403(b), amending IRC, §613A(b).

\

2arthur E. Reich, 52 T C. 700 (1969), aff'd, 454 F. 2d 1157 (9th Cir. 1972) and
George D. Rowan, 28 T.C.M. 797 (1969) :

31RC §263(c).
41RC §613.

S5p.L. 94-455.

6In Miller v. United States, 78-1 U.S.T.C. P9127 (D.C.C.D. Cal. 1977) the federal
district court denied the intangible drilling deduction to investors who drilled
geothermal wells in Nevada in an area of hot water, not Steam, reservoirs.




The Energy Tax Act of 1978 has eliminated most of the uncertainties of

tax treatment of geothermal exploration and development. The new

tax provisions can be used to promote capital investment and to gen-
erate for the investor certain tax savings which reduce the risk of
investment. Furthermore, the definition of geothérmal deposits7 is
broad enough to include all the various forms of geothermal energy
including dry steam, hot water or dry hot rocks. The act covers three
basic subjects: intangible drilling costs, depletion allowance, and
tax credits.

I. INTANGIBLE DRILLING COSTS -

A. Option to Deduct Intangible Drilling Costs

§402 of the Energy Tax Act amends §263(c) of the IRC to allow a tax-
payer the option to deduct as exgenses intangible drilling costs
(called "intangibles" or IDCs) The costs of drilling and completing
a geothermal well are divided for tax purposes into two classes: in-
tangible drilling costs and equipment costs. The ‘equipment costs must
be capitalized and "recovered" through depreciation or depletion. In-
tangible drilling costs may be treated in two ways.

Tup geothermal reservoir consisting of natural heat which is stored in
rocks or in an aqueous liquid or vapor (whether or not under pressure)."”

Intangible drilling costs are defined by ‘Part S5A, Temporary Income
Tax Regulations:- for the Energy Tax-Act, 45 Fed. Reg. 6779 (1980) (to
be codified in 26 CRF Part 1) as any cost incurred which in itself
has no salvage value and which is "incident to and necessary for the
drilling of wells and the preparation of wells for the production of
geothermal steam or hot water." Such expenditures expressly include
"labor, fuel, repairs, hauling, supplies etc." that are used (1) in
the drilling, shooting and cleaning of wells; (2) in such clearing
of ground, road making, surveying, and geological works as are nece-
ssary in preparation for the drilling of wells; and (3) in the con-
struction of such derricks, tanks, pipelines, and other physical
structures as are necessary for the drilling of wells and the prepara-
tion of wells for the production of geothermal steam or hot water.

Since the geothermal provision for the option to expense intangibles
is separate from oil and gas activities, a taxpayer may make one kind
of election for his geothermal deposits and a different one for his
0oil and gas wells. For example, he could decide to expense intangi-
bles for both geothermal and oil and gas properties or he could capi-
talize oil and, gas and expense geothermal intangibles.

e’
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They may be deducted as expenses (in tax terminology they may be
expvensed) in the year in which they are incurred or they may be
capitalized and deducted over a certain period of time as depreci-
ation or depletion.l0 Allowing a taxpayer to expense (deduct) all
the intangibles in the year in which they were incurred gives the
taxpayer a kind of "accelerated depreciation.”

The taxpayer must make.-his election to expense or  to capitalize in-
tangibles in his first taxable year in which he incurs such costs.ll
Once the election is made, the taxpayer must treat such expenditures
on all geothermal properties_in the same manner for all future years.
For example, if Taxpayer (T)13 has spent $50,000 of intangible costs,
T may claim as a deduction on his income tax return the $50,000 of
intangible costs. But if T decides to capitalize intangible drilling
costs T will not take $50,000 for 1978, but instead will deduct this
amount over a given period of time as depreciation or depletion.
However, i1f the taxpayer elects to capitalize his intanaibles, he is
granted a second election for dry or productive wells.

10part 5A, Temp. Reg. supra note 8, states that intangibles, if capi-
talized, are to be separated and recovered as depreciation or deple-
tion. Intangibles not represented by physical property (clearing
ground, draining, road making, surveying geological work, excavating,
grading, and the drilling, shooting, and cleaning of wells) are to
be recovered through depletion. But intangible expenditures repre-
sented by physical properties (wages, fuel, repairs, hauling, sup-
plies, etc.) are to be recovered through depreciation.

11a taxpayer must make a clear election either to expense or to capi-
talize. If he does not, the IRS will hold that he elected to capi-
talize intangibles. It is best that if a taxpayer desires to ex-
pense intangibles, he include with his income tax return an express
statement of election to expense in accordance with the option.

.

12y .5, Treasu;y_Regulation §1.611-4(e)

l4pgyt this second election need not have to be exercised‘until the
first year in which.a dry hole is drilled.

l3The owner of the operating rights in a property who has the respon-

sibility to develop the property is granted the option of expensing
intangibles. But each taxpayer, regardless of his relationship to
another taxpayer, is entitled to a separate election. Thus each
partner in a partnership is entitled to a separate election. Trusts
as separate taxpayers are entitled to an election regardless of the
kind of election made by the beneficiaries.



The costs incurred in drilling a nonproductive well may be deducted
'y the taxpayer as an ordinary loss provided a proper election is
made. But the taxpayer must make a clear statement of election to
deduct as ordinary losses intangible drilling and development costs
of nonproductive wells. If a clear statement is not made, such costs
can be recovered only through depreciation and depletion.

But a noncorporate taxpayer, a Subchapter S corporation or a personal
holding company that decides to expense intangibles instead of capital-
izing them, may be subject to one of the following: the minimum tax
(see "B"); a limitation on deductions to the amount "at risk" (see "C");
recapture of intangible deductions if the property is sold at a profit
(see OIDII). .

B. Preference Income-Minimum Tax

Some types of income are given preferential treatment by special pro-
visions of the tax law. A minimum tax applies to a number of items

that are considered to be of a tax preference nature. These types A
of income include capital gains, stock options, and income offset by ;
depletion, amortization, and intangible drilling costs. The tax is
computed by totaling all the items of tax preference, then reducing

this amount by the greater of $10,000 or one-half a taxpayer's regu-

lar income tax after reduction by credits. A flat ]5¢ rate is then
applied against the balance.

15 taxpayer may be able to claim the unused part of certain credits
against his minimum tax. Also if a taxpayer has a net operating
loss that remains to be carried forward to a succeeding tax year, )
the minimum tax otherwise due may be deferred in an amount of up to
15% of the net operating loss to be carried forward to subsequent
tax years when the loss is absorbed. 1In the years when the loss
is absorbed, the taxpayer will be liable for the minimum tax deferred
in an amount equal to 15% of the net operating loss absorbed in
each year. See IRC §57(a) (11).
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If taxpayer has "excess intangible drilling costs" that exceed neéet
geothermal income, he will have preference income subject to the

"minimum tax. Intangible drilling costs are considered to be exces-

sive when the intangible drilling and development costs of a geother-
mal well allowable for the tax year are greater than the sum of (1)
the amount allowable if the costs had been capitalized and stralght—
line recovery of the intangibles had been used and (2) the net income
for the tax year from the geothermal property.

Straight-line recovery means the rateable amortization of such intan-
gibles over the 120 month period beginning with the month in which pro-
duction from the well begins (or, if elected, any method which would

be permitted for purposes of determining cost depletion). Net in-

come from all such property reduced by any deductions allocable to the
properties, except intangible drilling and development costs in excess
of straight recovery.

This preference does not apply to taxpayers who elect to capitalize
by straight-line rec?very their intangibles. Nor does it apply to
nonproductive wells.

Special rules apply to corporations in computing their minimum taxl7.

And the IRS will publish rules under which items of tax preference

of both individuals and corporations are to be' properly adjusted where
the tax treatment that gave rise to the preference does not result in

a reduction of the taxpayer's income tax for any tax year.

In effect what this provision does is to lessen the benefit of the
option to expense intangible drilling costs. Few taxpayers now have
geothermal income and if they chose to expense intangibles, they will
have preference income (that is, the amount they deduct by expensing
intangibles will definitely be greater than the sum of intangibles
capitalized and net geothermal income).

C. Losses Limited to Amount at Risk. 18

16Nonproductive.w_ells are those which are plugged and abandoned
without having produced steam or hot water in commercial quantities
for any substantial period of time. \

l7Seg. IRS Publication 542, Corporations and the Federal Income Tax.

1850¢ IRC '§465(c).



The 1976 Tax Reform Act limited the tax benefits available to
persons engaging in oil and gas operations. These same limita-
tions with some changes were extended to geothermal operations by
the 1978 Energy Tax Act.

Before passage of the 1976 Act a taxpayer could take deductions up
to the amount of this cost (or "basis") in a business or investment
venture. But the basis of a taxpayer often included expenditures
financed by nonrecourse loans for- which the taxpayer had no personal
liability (i.e., he had nothing "at risk" because of the way the
loan was made to.him or to an investment group). Such leveraged nonre-
course loans were often employed by investors to finance drilling
and development costs of o0il and gas activities. Since a taxpayer could
elect to expense intangible drilling costs, he could take deductions far in ex-
cess of his own actual investment. This kind of investment was de-
sirable ,for a high bracket taxpayer because the large deductions for
intangibles could be used to offset income earned from other sources.

The 1976 law added §465 to the IRC and limited the amount of lossesl9
deductible by a taxpayer engaged in exploring for and exploiting oil

and gas. The taxpayer's deduction cannot exceed the total amount

the taxpayer has at risk in the venture. Deductions taken for mtanglbles

are considered losses for purposes of this sectlon.

The Revenue Act of 1978 changed the "at risk" rules for years begin-
ning after December 31, 1978. The most significant change is that
previously allowed losses must be recaptured when the taxpayer's

"at risk" amount is reduced below zero. But only the excess of the
losses previously allowed in a particular "at risk" .activity over any
amounts previously recaptured will be recaptured under this provision.
However, such recaptured losses may be deductible in a later year if
at the "at risk" is later increased.

The practical effect of these "at risk" provisions is to eliminate
the use of nonrecourse financing to increase available deductions.

D. Recapture of Intangible Costs Expenses As Ordinary Income on
Disposition of Geothermal Property.

Probably the most far-reaching change of the 1976 Tax Reform Act
affecting corporate and noncorporate taxpayers is the requirement
that upon the disposition of o0il and gas property taxpayers are re-
quired to recapture all or some part of the intangible costs incurred
as ordinary income if the property is disposed of at a gain (a profit).
These recapture provisions were extended by the Energy Tax Act of
1978 to intangible drilling costs 1ncurred in connection with geo-
thermal deposits.

l9A loss is the excess of allowable deductions allocable to a parti-
cular activity over the income derived from the activity during
the taxable year.

20p.1,. 95-618, §402 (c), amending IRC §1254(a).
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This recapture provision applies only to intangibles which the tax-
payer elects to expense in the year in which they were incurred and
does not apply to intangibles which were capitalized. The amount of
intangibles recaptured as ordinary income (instead of as capital gains)
is the lesser of (1) the intangible costs incurred (reduced by an

amount which would have been allowed as cost depletipn had such in-

~.tangibles been capitalized) or (2) the gain realized on the disposi-

tion. Or, in other words, the amount recaptured and taxed as ordin-
ary income is the amount that the intangibles deducted exceed that
which would have been allowed had the intangibles.been capitalized
and amortized on a straight-line basis (120 months) from the time
the property went into production.21

II. PERCENTAGE DEPLETION

The IRC provides two methods of computing a depletion allowance:
cost depletion and percentage depletion. Cost depletion provides
for a deduction for the taxpayer's basis (cost) in the property in
relation to the production and sale of minerals from the property.

- On the other hand, percentage depletion is a statutory concept that

provides for a deduction of specified percentages of the gross income’
from the property. The deduction, however, cannot exceed 50% of the
net income from the property. A taxpayer is required to compute de-
pletion both ways and to claim the larger of the two amounts.

A depletion allowance reduces the taxpayer's basis in a property

but the total amount taken as a depletion allowance is not restric-
ted to the taxpayer's basis. Even though cost depletion will be zero
after the taxpayer's initial basis has been recovered (for example,

T deducts $5,000 per year for five years for a total of $25,000 -

the amount of his original investment), the taxpayer may continue to
claim a percentage depletion based on income from the property.

§403 of the 1978 Energy Tax Act grants péercentage depletion on in-
come from geothermal deposits. The rate through 1980 is 22%. It
decreases by 2% yearly until 1983 and thereafter the rate is 15%.

+

A8

211¢ should be noted that there are questions as to the prober method
of calculating the reduction of recapturable intangibles under this
section. . ‘ \

22p depletion allowance on the irlcome derived from production and
-sale of the minerals from a property is available only to the owner
of an economic interest in that property. An owner of an economic
interest can be an owner of mineral interests, royalties, working
interests, overriding royalties, net profits interests or certain
kinds of production payments.
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This percentage depletion allowance is much more favorable than

the one allowed o0il and gas. It is not limited in any way to a
specified amount of production. It has no 65% of taxable income
limitation nor is it restricted to independent producers. How-
ever, the percentage depletion cannot exceet 50% of the taxable
income from the progerty and is subject to the minimum tax-prefer-
ence income rules.? ' -

There is some question about the availability of depletion on miner-
als which are consumed by the producer of such minerals. Many manu-
facturers are now exploring and developing their own sources of en-.
ergy supplies, particularly natural gas reserves and in some areas
geothermal. But the depletion allowance is dependent upon the sale
of a minersal. Some courts have held that no depletion is allowable
for minerals consumed in the operation of the producing energy prop-
erty. It is not clear, however, if a depletion allowance is preclu-
ded with respcct to gas used in manufacturing operations. For exam-
ple, the IRS ruled in 1968 that the value of dry gas manu¥actured
from wet, gas and used as fuel for gasoline absorption plant is inclu-
dible in determining "gross income from the property" for percentage
‘depletion purposes, but the value of dry gas reinjected into the geo-
logical formation is not includible. One way for the corporate tax-
payer to avoid the problem is to conduct its exploration and develoo-
ment activities through a wholly-owned subsidiary. The subsidiary
could sell the gas to the parent at an arm's length price and create
depletable gross income.

III. TAX CREDITS

A. Residential Energy Credit-

§101 of the 1978 Energy Tax Act provides for a nonrefundable tax
credit for certain expenditures incurred for equipment which uses
geothermal energy in a taxpayer's principal residence in the United
States. The equpment must be new and must meet certain performance
and quality standards; it must reasonably be expected to remain in
production for five years. The credit is as follows: (a) 30% of the
expenditure up to $2000, (b) 20% of the expenditure fram $2000 to $10,000. The
maximum credit is is $2200. The credit may be carried over to future
years for equipment purchased after April 20, 1977 and before January
1, 1986. , : .

B. Additional Investment Tax'Credit for Alternative Energy Property

A 10% investment tax credit in addition to the existing investment
tax credit is available for geothermal equipment which qualifies as
either "alternative energy property" or "specially defined energy
property." Public utilities cannot benefit to the extent of "alter-
native energy property" but can use the credit for "specially defined
energy proper%y."
The business energy credit is limited to 100% of tax liability, ex-
cept for solar or wind energy property on which the credit is refun-
dable. Until the IRS issues its regulations on this new section it
will not be completely clear what kind of equipment qualifies.

23The excess of the depletion deduction over the adjusted basis of the property at
the end of the year (determined without regard to the depletion deduction for the
year) is what would be preference income.
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STATE TAX SYSTEMSZ24

Of the fifteen states with known geothermal resources Nevada,

Texas, Washington and Wyoming have no state personal or corporate
income tax. Alaska, Colorado, Hawaii, Idaho, Montana, and New Mex-
ico apply their income tax levies to adjusted gross' income as cal-
culated for federal income tax. But five states have an indepen-
dently determined income tax: Arizona, California, Louisiana, Oregon
and Utah. Their differences from the federal law are largly due to
the state provisions concerning percentage depletion for resources
extraction industries.

Two states, California and Arizona, provide two examples of how com-
plex the state tax picture can be. California has a franchise tax
and a corporate income tax. The franchise is for the privilege of
exercising a corporate franchise within the state. The tax rate is
9.6% for calendar or fiscal years ending in 1980. For subsequent
years the rate is dependent on bank and corporation tax revenues.
The following chart gives these rates.

1981
Revenues Collected in ‘ Corporation Tax Rate
1979-80 for 1981
Less than $2,950,000,000 : 9.6%
$2,950,000,000--$3,025,000,000 : . 9.5%
$3,025,000,000--83,100,000,000 9.45%
Greater than $3,100,000,000 9.40%
1982
Sum of Revenues Collected Corporation Tax Rate
in 1979-80 and 1980-81 for 1982
Less than $6,000,000,000 9.6%
$6,000,000,000--$6,075,000,000 ' 9.50%
$6,075,000,000~--$6,150,000,000 9.45%
$6,150,000,000--$6,225,000,000 9.40%
Greater than $6,225,000,000 ‘ 9.35% <
A Y
1983
sum of Revenues Collected
in 1979-81, 1980-81 and Corporation Tax Rate
1981-82 for 1983
Less than $9,450,000,000 . 9.6%
$9,450,000,000~--$9,525,000,000 ' 9.50%
$9,525,000,000--$9,600,000,000 9.45%
$9,600,000,000--$9,675,000,000 9.40%
$9,675,000,000--$9,750,000,000 9.35%
Greater than $9,750,000,000 9.30%

24 For an extensive analysis of state tax systems see State Taxation of Geother-
.mal Resources Compared with State Taxation of Other Energy Minerals, Sharon
C. Wagner, published by the Geothermal Resources Council, Davis, CA.
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Insofar as the franchise tax overlaps the corporate income tax,

the amount due under the franchise tax is offset against the amount.
due under the income tax. The computation of income for both the
franchise tax and the income tax follows generally the pattern of
the federal income tax and interpretations of the federal law by
the Treasury Department, with the exception of depletion provisions.

Prior to 1975 California provisions for depletion allowance for

oil and gas and other minerals conformed basically to federal law.
However, California did not follow the Federal Tax Reduction Act

of 1975 which eliminated percentage depletion for oil and gas wells
(with a few exceptions). California merely placed a limit on the
total amount deductible by each individual taxpayer. These limita-
tions apply only after the total accumulated depletion allowed or
allowable exceeds the adjusted cost of the property. )
A deduction of 22% of gross income, less rentals and royalties, for
the taxable year is allowed for oil and gas properties. This deduc-
'tion may not exceed 50% of taxable income computed without allow-
ance for depletion. 1In addition, where the deduction exceeds $1.5
million and is greater than the adjusted cost of the taxpayer's
interest in the property, the deduction is reduced. The reduction
equals 125% of the amount in excess of $1.5 million.

For example, suppose that the 22% depletion is $3.5 million and
that this amount exceeds the cost of the taxpayer's:interest in
the property. The deduction in this case is reduced by 125% of

$2 million ($3.5 million minus $1.5 million), which equals $2.5
million. The allowed deduction in this case is $3.5 million mi-
nus $2.5 million which equals $1 million. 1If, instead, the 22%
depletion amounts to $7.5 million, then the reduction is_125% of
$6 million, which is equivalent to the depletion allowance itself,
and no deduction is allowed.?26

In September 1979, Governor Brown signed a bill27 that conforms
selective provisions of the Bank and Corporation Tax Law and the
Personal Income Tax Law to the 1978 federal Energy Tax Act. The
major changes that affect geothermal development are:

1) The at risk loss restriction provision of present law,
which applies to four specified activities (farming,
0il and gas, motion pictures, and equipment leasing)
is extended to apply to all activities except real
estate carried on by individuals and partnerships.
This applies to geothermal properties. See discus-
sion of federal "at risk rules" .above.

25CAL. REV. &' TAX CODE §17686.

26Bock., 1978 Guidebook to California Taxes, p. 123.

27Chapter 1168, Laws 1979, effective January 1, 1979.
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2) Under §24832 and §17686 both individuals and corpora-
tions are given a 22 percent depletion allowance for
geothermal wells. The 22 percent is. computed on the
gross income from the property during the taxable year,
excluding from such gross income the amount equal to
any rents or royalties paid or incurred by the taxpayer
in respect of the property. The allowance cannot ex-
ceed 50 percent of the taxable income of the taxpayer
(computed without allowance for depletion) from the
property. See discussion above under oil and gas deduc-
tion rules.

3) Excess intangible drilling costs are an item of tax
preference for personal income tax only.

4) Owners of geothermal wells are specifically permitted
to treat drilling costs as a current expense rather
than being required to capitalize these costs. But
"excess intangible drilling costs" are subject to re-
capture. See discussion above under the federal law.

Arizona has raised its corporate tax rates several times in recent
years and another change for corporate and jindividual income tax
rates was pending before the Legislature in December, 1979. The
current rates are as follows:

1st $1,000. . . . .2.5%
2nd 1,000. . . . .4
3rd 1,000. . . . .5
4th 1,000. . . . .6.5
5th 1,000. . . . .8
6th - 1,000. . . . .9

Over 6,000. . . . .L0.5

In 1977 Arizona was the first state specifically to provide for a
depletion allowance and depreciation deduction for geotheérmal wells
in computing new income. The depletion allowance is 27 1/2% of
gross iricome, excluding an amount equal to any rents or royalties
paid in respect of the property. The allowance cannot exceed 50%
of the taxable income of the taxpayer from the property, computed
without subtraction for depletion. Also expenditures paid or in-
curred during the income tax year for the development of a geothermal
resource well, if paid or incurred after 12/31/53, may be deducted
from gross income or charged to the capital account. Amounts up to
$75,000 paid or incurred for the purpose of ascertaining the exis-
tence, location, extent or quality of any deposit of geothermal re-

. sources are allowed as a deduction.
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ABSTRECT

'~*ﬁoderate-temperature hyd}othermal resources will,

in time, be the “bread and butter" of the hydrother-
ma) industry. Estimates indicate that thirty-seven
states in the U.S. have geothermal resources that
may be presently economically exploitable. The
medium- and low-temperature (S0 to 150°C) hydro-
thermal resource contains about five times as much
recoverable energy as the high-temperature (above
150°C) resource. Direct use of the energy from the
resourca, in process ind space heating, is viable
today. Sconomic electrical production using fluids
in -the 150°C range is possible in the near-term
future,

INTRODUCTION .

The upper 10 kilometers of the earth's crust may
contain more than 8 x 10-* calories of heat; how-
ever, the majority of this heat is too diffuse to
be economically exploitable as an energy source.
£stimates indicate that thirty-seven states in the
U.S. have geothermal resources that may be present-
\y economically exploizable. The medium- to low-
temperature (50 to 150°C) hydrotihermal resource
contains avout five tines as much recoverable
gner~r as the high-temperature {above 150°C) re-
source wnen extraction practices are limited to
currant or near-term technology (Figure 1). The
direct application of geothermal energy {s a
viable technology that already is in worldwide use.
Commercial and government cooperative projects are
now underway which will expand the use of direct
applications in the United States.

% HYDROTHEAMAL RESOURCE

TEMPERATURE/OCCURRENCE PROFILE

““\—roitson dlstribution assumofion but octual
distritutian currantly uadefined.
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Figure |

DIRECT APPLICATIONS

The practices employed in the direct use of geotherﬁf
mal energy encompass a wide spectrum. At one epd

is the age-old balnealogical use, while at the“other
is the use of geothermal energy for refrigeration.
Applications range from melting snow to providing
the thermai energy requirements for a modern food
dehydration plant.

It is startling to realize that the commercial use
of gaothermal energy is older than the comﬁéncipl
use of natural gas. ODistrict space heating by the
Artesian Hot and Cold Water Company of Boise, Idaho,
was initiated in 1893. This system at one time ser-
viced 31 peak of 400 customers. Currently, the space
heating requirements cf approximately 200 homes are
met by the system. The largest known, and probably
the most economical, didtrict heating system is in
Reykjavik, Ic2land. It supplies a total population
of about 90,000 with space and domestic water heat-
ing. The present capacity for the system is

350 M4 (th). The average cost of heating is about
30% telow 01 heating costs.(2)

The earliest utilization of geothermal energy in
modern industrial processing is not well documented,
but appears to have been initiated in the early
1950's. The ltalians used steam at Larcerello in
the early 1800's for evaporator heating. A compila-
tion of the types of industrial processes and the
country in which they are currently utilized is
presented in Table 1.

. Hydrothermal resources are now teing employeq for

industrial processing in the Unitad States. The
first of these operations was the Medo-Bel Creamery
in Klamath Falils, Oregon. Medo-Bel has been using
this energy source since 1973 for milk pasteuriza-
tion. Geothermal Food Processors have recently
initiated onion and celery drying operations at
Brady Hot Springs, Nevada. [In addition, the DOE
field demonstration (PON) program has stimhiated
industrial developments in potato processing, grain
drying, aquaculture, agribusiness, and sugar pro-
cessing.



Table 1

CURRENT INDUSTRIAL PROCESSES USING GEOTHERMAL EMERGY(Y)

Application

Wood & Paper Industry
Pulp & Paper

Timber Drying
Washing & Drying of Wood

Mining \
Diatomaceous Earth Plant

Chemicals
Salt Plant

. ]
Sulphur Mining
8oric Acid, Ammonium

Bicarbonate, Ammonium
Sulphate, Sulphur

Miscellaneous
Confectionary Industry
Grain Drying

Brewing & Distillation
Stock Fish Drying

Curing Cement Building Slabs

Seaweed
Onion Orying

Milk Pasteurization

Country

New Zealand

New Zealand

Iceland

Iceland

Japan, Philippines

Japan

Italy

Japan
Philippines
Japan
Iceland

Iceland

Iceland
United States

United States

Description of Kpplication

Processing and a small amount of electrical
power generation. Kraft process used.

Kiln operatiogn.

Steam drying.

Production of dried diatomaceous earth re-
covered by wet-mining technigues.

Production of salt from sea water.

Sulfur extraction from the gases issuing
from a volcano.

Includes recovery of substances from the

volatile components which accompany the
geothermal steam.

Geothermal steam heats rotary kiln dryer,

Fish drying in shelf dryers.

Curing of light aggregate cement building
slabs.

Drying seaweed for export.
Dehydration of onions.

Milk processing using low-temperature
resource. :

e

Industrial use represents 40% of our national energy Process steam and direct process heat account for
consumption, the single largest share, with residen- 68.4% of the total industrial use of energy, much
tiai space conditioning and water heating using 20%, of which can potentially be supplied by hydrother-
commercial space conditioning and water heating using mal energy. Today, high-temperature processing is
18%, and transportation accounting for the remaining being practiced in many cases only because those are

255, . the temperatures naturally achieved when fossil
fuel is consumed. A study by Intertechnology

“ne energy used by industry can be broken into the Corporation(®) reviewed in excess of 75 processes

following categories: : and defined the associated heat requirements.

Typical processes which can be operated in the low

Process Steam 40.6% to moderate range, together with the percentage of
Electric Drive 19.2% the process energy needs as a function of maximum
Electrolitic Process 2.8% temperature required, are given in Table II. It
Direct Process Heat s 27.8% should be noted that the methodology of the study
Feedstocks & Chemicals 8.8% considered the process temperature required, not

Other 0.3% the temperature suppiied. However, in many pro-
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cesses, time and temperature can be traded-off to
permit the use of lower temperature energy sources.
Thus, there are potentially many additional processes
which can be adapted to low-temperature energy
sources.

Although a national market analysis has not been
completed, an analysis of ten Rocky Mountain states
shows . that spacg conditioning and industrial pro-

Table [I

cessing are prime market sectors for the direct
applications of hydrothermal energy. Currently,
greater than 75% of the energy requirements of these
market sectors is met by fossil fuel consumption,
with electricity claiming the majority of the remain-
ing sales. Enerqgy competition projections for the
referenced states indicate a future higher dependence
upon coal, which may encounter environmental or
other growth constraints.

[}

TYPICAL INDUSTRIAL PROCESS HEAT REQUIREMENTS

40°C- 60°C- 80°C- 1Q0°C- 120°C- 140°C- 160°C- 18Q°C-

60°C 80°C__1u0°C

120°C_140°C__ 160°C_ 180°C__ 200°C__200°C

Oehydrated Fruits & Vegetables a 100% —
Concrete Block - Low-Prassure o . 100% —
Autaclave 0 0 g 0 0 ¢ ez
frozen Fruit & Vegetables v} 0 39% 100% -
Poultry Oressing 100% >
iteat Packing 0 99%  100% >
Prepared Feeds - Pellets ¢ 0 1002 —
Atfalfa Dryving 0 0 ] 0 0 0 ] 100%
Plastic Haterials Q Q g v 3 a 160%
Dairy Industry - Cheese 23% 100% . >
Condensed Hilk 0 633 63% 933 100% >
Oried tH1k 0 0 32% 66% PR 7% 714 1607 ———>a
Fluid Milk 0 0 100% d
Soft Orinks 61% 100% -+
Soap ' 0 0 1} » 100%
Detergents . 0 0 52% —» 100

A cross matching of the hydrothermal resources, as
known today arnd projected for the future, on a county-
by-county basis with the potential user sectors, has
defined the prime commercial sectors that could most
effectively convert to hydrothermal energy. This
analysis reveals that all ten states under study have
significant resources which correlate with potential
energy market areas, and that the majority of the
industrial and population centers are co-located with
hydrothermal resources. The current energy use,
considering all potential uses of direct heat, fs

362 x 10!% Btu/yr, with a growth potential, by the
year 2020, of 3980 x 1012 Btu/yr.

The largest single user segment is space condition-
ing and water heating. The current energy use for
this {s 288 x 10!2 Btu/yr, and this could grow to
2504 x 10'2 Btu/yr by 2020.

tany of the major industrial energy consumers in the
states studied can use low to moderate heat sources
to meet a portion, if not ail, of their enerqy needs.

These industries include food and kindred products
processing, wood and lumber products, mining and
minerals, chemical processing, and the concrete
indystry. Table IIl lists the top pyospect indus-
tries that are matched by counties with hydrother-
mal resources.

The energy requirements of the industrial sector
are somewhat smaller than the energy needs for
residential/commercial space conditioning, but the
ten-state area growth potential i excellent. In
addition, it appears that the markiét can be more
readily penetrated in the industrial sector since
industrial applications are energy intensive
(therefore decreasing the delivared cost per Btu),
require less pubiic acceptance, and have favorable
tax benefits for investors. Current industrial
energy use in the low to moderate heat procassing
sector which can be served by hydrothermal energy
is 74 x 10'2 Btu/yr, with a growth potential to
1476 x 1012 Btu/yr by the year 2020.



Tabie III

TOP 20 INDUSTRIAL PROCESS HEAT APPLICATIONS
DIRECTLY MATCHED(a) FOR GEDTHERWAL ENERGY
REPLACEMENT IN THE RMBER REGION

{x 10!% BTU/HR)

tatched 1975

Industry Energy Use(b
Dehydrated Fruits & Vegetables 11.80
Concreté 8lock 7.10
Frozen Fruits & Vegetables 5.24
Poultry Dressigb 4.82
Meat Packing 4.45
Prepared Feeds 3.65
Plastic Materials 3.63
Dairy Industry 3.2¢
Soft Drinks 2.9
Soaps 1.24
Inorganic Chemicals 1.06
Ready-Mix Concrete .98
Gypsiin: .97
Canned Fruits 3 Vegetables .97
Beet Sugar .82
Treated Minerals ’ .69
Cotton Seed 0i1 Mills .34
Prepared Meats .34
Pharmaceuticals ’ .25
Furniture .21

(a)lndustries matched by co-location with resour-
ces and compatible process temperatures in
those counties having hydrothermal resources.

(b)Regional consumption of direct heat energy in
1975 replaceable by hydrothermal energy from
co-located and temperature-matched resources.

Market growth projections for hydrothermal energy in
the ten-state area analyzed present an attractive
profile. From the data illustrated in Figure 2, it
is evident that asubstantial portion of the region's
2nergy needs can be sattsfied by hydrothermal energy.
Competition from conventional energy sources, as

well as other alternative energy types (solar, bio-
mass, etc.) result in the choice of conservative
market penetration rates, as shown by the estimated
penetration (bottom) curve.

Energy Use (Quads/yr)
@

ENERGY CONSUMPTION PROJECTIONS
FOR THE RMB 8 R REGION

12 + + ——r +
Total industrial
residentiai /commercial ! :
o1 energy use 1
Toral energy use \4

Projected
hydrothermal use }

(Inaustrial /residential /commercig

Total potentigi hydromumui.uu
|~ (industrig! /residential /commereial )

1975 1980 1990 2'000 2010 2020
lndmmﬂl geothermal use .
Dﬂuldomlullcummuclm geothermal use :

Figure 2

In the U.S., direct applications of hydrothermal
energy are minimal, a result of our former abun-
dant, inexpensive fossil fuel supply. However,
with reduced fossil fuel supplies and increasing
energy requirements, the nation can no longer delay
{mplementing the significant contributions that the
direct utilization of geothermal resources can make
te meeting energy demands. Reducing resource uncer-
tainties, assisting industry in developing confi-
dence in the applications of hydrothermal fluid,
removing unnecessary barriers, solving environmental
issues, demonstrating uses, and providing incentives
are necessary activities if the objective of wide-
spread utilization of geothermal resources is to be
attained. Many appiications of geotnermal heat are
considered straightforward applications of existing
technology, but there are applications, such as in-
dustrial drying with low- to medium-temperature
geothermal fluids, where technical issues remain

to be resolved by experiment, demonstration, or
analysis. Small-scale and pilot testing are in-
portant incentives to demonstration and full-scale
applications of industrial processes.

At the Raft River Geothermal Test Site in southcen-
tral Idaho, a highly successful aquaculture experi-
ment has demonstrated the desirability of raising
aquatic species directly in geothermal fluids, a
fluidized-bed geothermal dryer has converted potato
wastes into high protein fish food, and an agricul-
ture/irrigation experiment has explored the benefits
and detriments of raising field crops with spent
geothermal fluids. In addition, the first U.S. geo-
thermal-powered air conditioner cools a Raft River
office building; on-line building space heating is
being examined, and new heat exchanger designs are
being evaluated for highly corrosive and scaling
water applications.

To further promote the develooment and early commer-
cialization of direct applications, the Department
of Energy has issued two Program Oppartunity Notices
for field experiments. Currently, eight projects
are in progress and an additional fourteen are in
the contract negotiation stage. The projects are
listed in Table V.
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Table IV
GEQTHERMAL DIRECT USE FIELD EXPERIMENTS

Project Location Apolication

Utah Roses, Inc. . Salt Lake City, UT greenhouse space heating

Utah Energy Ofﬁjcg Salt Lake City, UT space & water heating

Montana Energy & MHD Research dutte, MT space heating '

& Development Institute, Inc.

Madison County Energy Commission Rexbura, ID districg heating & industrial food

processing

Chilton Engineering Elko, NV space % water heating

Town of Pagosa Springs Pagosa Springs, CO district heating

City of Boise 8oise, ID district heating

Haakon School Philip, SD space & water heating

South Qakota Schaol of Mines Diamond Ring Ranch, SD space heating & agribusiness

St. Mary's Hospital Pierre, SD space heating

Ore-Ida Foads, Inc. 8oise, (D . space heating & industrial food

processing

Monroe City Monroe, UT district heating

City of Xlamath Falls Klamath Falls, OR district heating

Torbett-Hutchings-Smith Martin, TX space & water neating

Hemorial Hospital

Klamath County YMCA Klamath Falls, CR space § water aegating

City of €1 Centro . €1 Centro, CA space hasating & ccolinrg

nd, Inc. Redondo Beach, CA industrial fcod crocessing

Navarro College Corsicana, TX space & watar heating

City of Susanville Susanville, CA district heating

Geothermal Power Corp. Novato, CA space heating 3 agribusiness

Hydrothermal Energy Corp. Rena, NV space % water heating

Aquafarms International} Inc. Mecca, CA aquaculture
Each prcject, with minor variations, is grganized barriers will be tested, private firms and organiza-
to include the following major phases: tions will gain 2xperience, and sublic awareness of

hydrothermal energy will be increased.

a) Environmental Report Preparation

b) Resource Assessment Since it is difficult to discuss direct application
c) 4ell Orilling eccnomics except in a genari¢ manrer, these projects
d) Well Evaluation are especially important to rthe developmént of the
e) Corrosion Evaluation hydrothermal marxet. Economics are extremely site
f) Water O#sposal Method Decision and application deoendent. Major factors whicn

g) System Design determine the economics are:

h)  System Construction

i) System Monitoring - Depth of Resource .

Geophysical Surveys Required
Utitization Factor \

aT Available

Pumping Costs

Disposal Methad Required

Fluid Transmission Distance

Hater Quality

Heat Exchanger Surface Area Required
Cost of Investment Capital

Taxation Position of Ceveloper/iser

The type and complexity of the current projacts vary
from space heating and grain drying (Diamond Ring
Ranch) to food processing (Ore-lda Foods, I[nc.).
While only existing technolegy is being emplgyed

to carry out the projects, they will provide an
excallent baseline for future commercial develop-
ment,
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Valuable environmental, technical, operational and
econamic information will be generated as a result
of these projects. I[n addition, institutional



Figure 3 illustrates the importance of using as much
of the energy as possible. If only a 10°F :T is
available for use, the resource must be shallow and
near its utilization point, wnereas the project
economics are greatly improved if aT's of 50 to
10G°F can be chtained. Estimates from the field
experiments program énd actual cost data from sev-
eral private developments yield energy cost rates
from 5.46/MBtu to $5.83/MBtu.

COSTS OF GEOTHERMAL
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Figure 3

ELECTRIC APPLICATIONS .

The lower temperature limit for economic electric
power generation approaches 170 to 180°C. Since
many of the presentations at this symposium will
discuss power cycles, power economics, resource
definition and reservoir engineering for electric
power production, only a brief description of the
research being performed to include the mocerate-
temperature resources into the "economic” power
production range is discussed herein.

As one of the initial steps in the application of
moderate-temperature hydrothermal rescurces to
electrical power production, a prototype power plant,
rated at 60 kW, was constructed in ldaho's Raft

River Valley. This was the first time a binary cycle
generated electricity from medium-temperature
geothermal fluid and supplied power to a commercial
grid. Isobutane is being used as the working fluid
in this system. The primary function of this facil-
ity is to test advanced components and systems, and
to gain actual operating experience.

Attempts to find less expensive devices to transfer
heat are also continuing. Both fluidized-bed and
direct-contact heat exchangers have been developed.
Models of fluidized-bed exchangers, which use a bed
of floating sand to scrub the scale from heat-exchan-
ger tubing, were tested to analyze their flow-distri-
bution characteristics. [t now appears, however,
that component deveiopment will center on direct-
contact exchangers in which the secondary fluid
mixes with the hot geothermal fluid.

A second prototype system, a 500. kW direct contact
heat exchanger pilot plant, is being designed by
Barber Nichols Company for the Lawrence Berkeley
Laboratory. This system will be tested at Raft
River in the fall of 1972. It will be the first
test of a binary geothermal system with heat ex-
changers large enough to eliminate size effects.

As an outgrowth of this research and development
work, a 5 MW(e) binary cycle pilot plant is being
built at Raft River, Idaho. This plant will utilize
state-of-the-art components, but will employ a dual
boiling power cycie using isobutane as a working
fluid. It is designed to take maximum advantage of
the valley's low seasonal temperatures which are
typical of the intermountain west. Design work was
completed in January of 1978, and constructign
initiated in August, 1978. The facility should begin
operation by mid-1980. o

The 5 MW(e) plant will require about 2250 gallons

per minute of 143°C gecthermal fluid.™ The Raft River
well field has four deep production wells. These
wells will produce a flow of approximately 2850 gal-
lons per minute, which is sufficient to operate both
the power plant and auxiliary experiments. The pro-
duction wells range in depth from 5000 to 6500 feet,
and draw geothermal water from a zone of fractures
3750 to 6000 feet deep.

To protect the shallow groundwaters, and to prevent
subsidence or ground settling, the expended hydro-
thermal fluid wil) be injected back into the

ground. The Raft River well field contains three
medium-depth injection wells. Tests are presently
being conducted to determine their ability to.accept
long-term injection.

This research and develogment work, coupled with
industry participation, will be instrumental in
determining the economic and technical feasibility
of the use of moderata-temperature resources for
electric power production.

REFERENCES
(M

Muffler, L.J.P. Ed, "Assessment of Geothermal
Resources of the United States -- 1978," Geolog-
ical Survey Circular 790.

12)

Electric Power Research Institute, “Geothermal
Energy Prospects for the Next 50 Years,"
ER-611-SR, Special Report, February 1978,

(3)
Howard, J.F,, "Present Status and Future Prospects
for Non-Electric Uses of Geothermal Resources,"
UCRL 51926, Lawrence Livermore Laboratory,
October 15, 1976.

(8) .0
Intertechnology Corporation, "Analysis of the
Economic Potential of Solar Thermal Energy to
Provide Industrial Process Heat,” ERDA, Volume

» February 7, 1977.

W,



