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Half our identified hydrothermal resources are simply not hot enough to make
electricity by conventional geothermal technology. The Heber plant in southern
California is demonstrating a binary-cycle approach that is custom-made for

generating power from these medium-temperature brines.




ne of the most important un-

tapped sources of renewable

energy for commercial power
generation is the moderate-temperature
hot water found in underground reser-
voirs in more than a dozen western
states. Since this water is not hot enough
for direct use in driving a turbine gener-
ator, EPRI has sponsored the adaptation
of a binary-cycle geothermal technology
to make these resources economically
viable for producing electric power. The
first large-scale demonstration power
plant based on a binary cycle has now
successfully completed its initial year of
operation at Heber, California, and has
begun to confirm some important advan-
tages of the technology.

“The Heber project is on target in help-
ing clarify the cost, performance, and
environmental characteristics of binary-
cycle power plants for utility applica-
tion,” says Vasel Roberts, manager of
EPRI's Geothermal Power Systems Pro-
gram. “‘Construction took only two
vears, and we now expect total project
costs to be less than originally esti-
mated.”

With a net capacity of 46.6 MW(e),
Heber is by far the largest binary-cycle
plant ever built. The current test and
demonstration period, to be completed
in 1988, is expected to provide data and
information that will establish the com-
mercial feasibility of this technology—
thereby providing utilities and develop-
ers with an important new option for
power generation. In recognition of its
importance, the Heber project won Power
magazine’s 1986 Electric Utility Energy
Conservation Award.

Doubling recoverable energy

Most of the geothermal energy used for
power generation now comes from reser-
voirs that produce dry steam. These re-
sources are easy to tap but occur in only
a few places. Electricity-grade hydrother-
mal resources contain about 10 times
more energy than dry steam resources,
but only about half of this water is hot

enough to be used directly in generating
power. For high-temperature hydrother-
mal fluids, simply reducing the wellhead
pressure causes part of the water to flash
into steam, which can be used to drive a
turbine. Such direct-flash hydrothermal
technology is already being used for
commercial power generation, both in
the United States and in several other
countries.

For most hydrothermal resources with
moderate temperatures (150-210°C; 300-
410°F), direct-flash technology may not
be efficient enough to ensure economi-
cally competitive electric power genera-
tion. The efficiency of energy conversion
can be increased, however, if-a_second
fluid with a lower boiling point is used to
drive the turbine. In such a binary cycle

heat from the geothermal hot water

is transferred to a hydrocarbon fluid,
which vaporizes and passes through the
turbine. An additional advantage of this
configuration is that it uses about one-
third less hot water to produce the same
amount of electricity as a direct-flash
unit.

Relatively small binary-cycle systems
have been used for several years in in-
dustrial applications and in a few small
hydrothermal facilitiés._A~commercial-
scale demonstration plant was needed to
advance binary-cycle technology to ma-
turity, to determine the economics of the
technology, and to establish its environ-
mental acceptability. The greatest chal-
lenge in scaling up this technology for
utility use was the need for a hydro-
carbon turbine approximately four times
larger than any previously built.

With results from Heber’s experience,
utilities and project developers will soon
be able to exploit moderate-temperature
hydrothermal resources economically on
a larger scale. Early studies for the Heber
project, dating back to 1976, helped stim-
ulate interest in binary-cycle technology,
which led to plans for other plants. The
Imperial Valley, where Heber is located,
is particularly rich in hydrothermal re-
sources and promises to become one of

the next major geothermal development
areas in the United States. One new bi-
nary plant came on-line in the valley dur-
ing 1986, and more have been announced
for other sites.

“Commercial-scale use of moderate-
temperature brines will almost double
the amount of energy potentially recov-
erable from hydrothermal resources in
the United States,” says John Bigger,
EPRI project manager for Heber. “At the
present time, identified high-tempera-
ture resources could support about 12
GW of generating capacity through di-
rect-flash plants with a lifetime of at least
30 years. Binary- cycle technology could
add about 10 GW from moderate- -temper-
ature resources. By comparison, about 2

GW of dry steam resources have S0 far

been developed.”

Plant as good neighbor

The need for a large, commercial-scale
binary-cycle demonstration plant was
first identified at an EPRI workshop in
1974. After a long series of feasibility
studies, conceptual design studies, and
field experiments, construction began at
the Heber site in June 1983. Two years
later, almost to the very day, the first
electricity from Heber was delivered to
the distribution system of the Imperial °
Irngahon District (IID), in whose service
territory the plant is located. The total
cost of design, construction, and $tartup
for the new plant was $128 million.
Because the plant is located amid some
of the world’s most productive agricul-
tural land, in the Imperial Valley of
southern California, it was important for
the Heber facility to be a “‘good neigh-
bor,” says Vasel Roberts. This consider-
ation has taken several forms. All brine

removed from the underground hydro- )

thermal reservoir, for instance, is
pumped back into the reservoir to pre-
vent subsxdence of the land surface.

In addition, land use for the Heber
plant was minimized by grouping all
brine production wells together on a
small site adjacent to the power plant
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and drilling them obliquely in different
directions. This production island, is
operated by Chevron Geothérmal Ca.,
which, together with Union Qil Cao.,
owns the Heber geothermal tesource.
Eventually the Heber facility is expected

to utilize 7.5 million Ib of brinesan hour
(945 kg/s) from 13 production wells. The:

wells will be drilled to various depths—
from 4000 to 10,000 ft (1220 to 3050 m)—
to tap different portions of the under-
ground reservoir. Fall flow from all wells
is-now-scheduled for-mid-1987.

rifie is returned to
the geologic for-
mation at the pe-
riphery .of. the res-
ervoir from an in-
jectionistand situ-
ated 2.5 mi (4 km)
northwest of the
plant, This site has seven’injection wélls.
By keeping the brine in aclosed loop, the
Heber power plant reduces the scaling

and-the atmospheric emissions that can

result when brine is vaporized. Vaporiza-
tion-of brine inside the loop is prevented

by keepingit undera pressure of 200 psig:

(1.38 MPa), which is maintained by

pumps ‘Set down into the production

wells at:a depth of about 1000 ft (305 m).
Each pump i$ driven by a long shaft at-
tached to a 650-hp electric motor at the
surface.

Finding a way to obtain cooling water
is:a major concern for rhost planté located
in arid regions of the West. At the Heber
fac_i]'ity water is needed to remove waste
heat.from the condensers that return the
hydrocarbon working fluid to its liquid
state after it passes through a turbine.
Currently this cooling water 15 faken
from a nearby irrigation canal;, which is
supplied from the Colorado River.

San Diego Gas & Electric Co.. (SDG&E)
is the host utility-and project manager for
Heber, operating the plant and sharing
the generated power with IID. Other
sponsors of the Heber binary project—
which ‘have provided substantial tech-

18 EPRI JCUBNAL April/May 1987

nical and financial support—are EPRI,
Southern California Edisen Co., the Calj-
fornia Department of Water Resources,.
the state of Cali‘foi‘nia, and the U.S. De-

partment of Energy. Additional conirib-.

utors include Paciftc Gas and Electric Co.
and Magma, Energy; Inc.

Innovations for performance.
Several important technological innova-
tions: have been incorporated into the
Heber plant:and are demonstrating their
feadiness for utility -application in the
near future. Perhaps the most daring of
these innovatidns is the world's jargest
hydrocarbon turbine. Rated:at-95,000 hp,
it was scaled up by afactor. of four from
previous models, with the initial design
studies funded by EPRI.

At peak power maore than 8.4 million b
of hydrocarbon fluid an hour (1060 kg/s)
will flow through the turbisie, which s

. conriected to a generator with-a rated ca-

pacity of 70 MW (e}. About 23.4 MW (e) of
powéris required to run auxiliary equip-
ment, including the brine ‘production
and injection pumps, 0 that the plant
has a net output of 46.6 MW (e}, At a com-
mercial plant a utility would probably

just purchase the brine, with no need for

outside power to pump and reinject it.--

Another significant- innovation at
Heber is a "ﬂoaﬁngf’ ‘cooling system,
Conventional, “fixed” cooling systems$
maintain a constant condensing temper-
ature; this.approach provides a constant
power output from a plant but not al-
i.»va,ys the greatest efficiency. Heber's
floating.cooling system operatés.continu-
ously at full capacity, resulting in power
output that varies with changes-in ambi-
ent temperature—sametimes higher and
sometites lower than with a fixed sys-
tem. This approach maximizes power

production for any given atmospheéric

condition, thereby improving the plant’s
annual energy production and reducing
brine requirements: The system’s water
is cooled by-évaporation in a forced-draft
tower, and makeup water from an adja-
cent irrigation canal is kept in two set-

ting ‘ponds on the plant premises. .

A third unique feature of the Heber
plant i5'the use.of a hydrocarbon work-
ing Auid mixturé that was ‘specially se-
lected: to match the thermodynamic char-
acteristics of the- hydrothermal resource
and the site’s ambient températures. Af-
ter evaluating 2 number-of fluids (includ-
ing water) and conducting optimizatiori
studies, the project team chose a work-
ing fluid that.contains 90% isobutane and
10% isopéntané. This composition can be
changed to compensate for a decline in
brine température as time goes by or to
match conditions at.other geothermal
fields. Four sets of ;:;umps_' are used. to
tirculate the working fluid, which can be
removed from the power loop entirely
and placed inside a 7100-barrel storage
sphere.

A critical part of the Heber demonstra-
tion program is to show that flammable
hydrocarbon fuids can be uged,safélyin
a ‘power plant environment. Although
utility personnel are accustomed to han-
dling fuels, conventional plants normally

use air or water as the working fluid. At

Heber SDG&E is demonstrating that per-
sonnel can also be trained to work safely
with flammable working fluids.

Finally; the Heber plant features an ad-

vanced distributed digital control sys-
tem. Operators seated before three large:

color viewing screens ean monitor and
control any part of the plant through a
system of computer graphics displays

and keyboards: Because of the need for
extensive data during Heber's test and

demonstration program, the data acqui-
sition system and the central computer
are also connected to more than gﬂﬂ-SEn¥
Sors that continuously record conditions

throughout the plant. These data wil! be

critical in the design of future commercual )

binary-cycle plants..

Shakedown -and testing

The testing emphasis duriwng Heber’s first
year of operation was about equally, di-
vided between reservoir and plant. The

‘purpose of the reservoir tests was tg es-’



Binary Basics

The binary-cycle process uses a secondary fluid loop to generate power from geothermal brines. Hot brine from a natural
underground reservoir is pumped under pressure through a heat exchanger containing a hydrocarbon working fluid, which boils
at a relatively low temperature. The fluid is vaporized by the brine's heat and the vapor ted through a turbine generator to produce
electricity. The hydrocarbon fiuid is then condensed for another cycle through the loop, and the ceoled brine is pumped back into
the geothermal reservoir.
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Touring the Plant

Located in the Imperial Valley of southern
California, the Heber project is by far the
largest binary-cycle geothermal plant ever
built.

1 The production Island is the site of the
hydrothermal wells, which pump hot water
from as deep as 10,000 ft below the ground.

2 A bank of eight cylindrical heat
exchangers, each weighing more than 200
tons, can handle a brine flow of over 2000 Ib/s.

3 At 70-MW gross output, Heber's
hydrocarbon turbine is over four times
as large as any previously buiit.

4 Inside the condensers, returning the
working fluid to liquid state requires the
circulation of over 140,000 gal/min of cooling
water.

5 A single spherical storage tank holds
the entire 330,000-gal inventory of hydrocarbon
fluid when the plant is shut down.

6 Heber's highly automated control room
features color control and display screens that
show plant status by means of computer
graphics.

|
Demonstration Continues

The reams of performance data from Heber's
more than 800 sensors will help in the design
of future-generation geothermal plants. As
shown below, plant operators found they were
converting more energy from each pound of
brine than predicted in the plant design. The
plant’s innovative cooling system also allows
the generation of more electricity each year
than with a conventional system.

Brine Utilization, June 1986 (Wh/ib)
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tablish production characteristics in or-
der to plan the balance of the drilling
program, estimate the reservoir’s pro-
duction capability, and determine the
maximum acceptable reinjection pres-
sures consistent with maintaining reser-
voir integrity. These tests also provided
Chevron with data for validating its res-
ervoir computer programs.

Inside the plant itself, the testing em-
phasis has been on establishing the base-

. |
Tapping the Resource

Geothermal resources suitable for utility power generation are concentrated almost exclusively in the western states,
with moderate-temperature brines about four times more common than high-temperature brines. Approximately
4700 MW of geothermal generating capacity is expected to be in place in the United States by 1995,

High-temperature
reservoirs

- 410°F

Direct flash

Moderate-temperature
reservoirs

300°F
Binary cycle

Low-temperature
fesServoirs

line performance of each major piece of
equipment. Most of these equipment
tests produced satisfactory results, and
no significant degradation of perfor-
mance has been noted in key plant com-
ponents. Because of limited brine flow,
maximum plant operation has not yet
been demonstrated, but the excess ca-
pacity has enabled the plant to operate
above its design capability. Two EPRI test
engineers are at Heber participating in

the test program, which is expected to
last two to three years.

After an initial six-month shakedown
period, from June to December 1985, the
plant compiled an excellent operating
record—remaining on-line 93.3% of the
time from January to June 1986. During
this low-load test period, net energy of
14,831 MWh was produced.

During the first annual inspection;
beginning in late June 1986, engineers

At temperatures above 410°F, flashing the hot water
directly to steam is the most economical power tech-
nology; the binary cycle is the clear choice below
350°F. Between these temperatures, the best option
will depend primarily on site-specific factors. The
lower temperature boundary for economical use of

binary-cycle technology has yet to be established.




‘upencd and inspected many of the major
pieces of equipment. They were particu-
larly pleased that no significant scaling or
corrosion had occurred in the plant's
eight large tube-and-shell heat exchang-
ers, which transfer heat from the brine to
the hydrocarbon fluid. “*After conduct-
ing field tests and considering a number
of candidate materials, project engineers
selected a special high-chromium steel
(Al29-4C) for the tubing,” says John
Bigger, “and got even better results than
we had hoped for.” Estimates based on
earlier field tests suggested that the heat
exchangers might have to be cleaned as
often as every six to eight months; after
more than a year of operation, however,
the tubing interiors were still so clean that
maintenance crews simply closed the
heat exchangers back up after inspection.

Some system failures are, of course,
expected when a new plant begins oper-
ation, especially when innovative tech-
nologies are being tested for the first
time. At Heber the most serious equip-
ment breakdowns involved the booster
pumps that pressurize and move the
working fluid from condenser to heat
exchanger. The units in question devel-
oped high levels of vibration when used
with the hydrocarbon fluid, which is
more compressible than conventional
working fluids. Apparently because of
this vibration and some problems with
materials, the booster pumps experi-
enced seal and bearing failures.

Several modifications were made to
the pumps, including the substitution of
different shaft material, seal coolants,
and bearings. After these changes were
completed, they were evaluated in a sec-
ond shakedown period of about three
months. Engineers at the plant and the
vendor are continuing to study this is-
sue. Since late November 1986, the Heber
plant has remained on-line essentially
full-time.

Future prospects

“Qur job in EPRI’s geothermal program is
to make sure new technologies are avail-

able when utilities need them,” says
Vasel Roberts. “Right now, most of the
western utilities with geothermal poten-
tial are not capacity-constrained, but we
expect to see them ordering new plants,
possibly in the 1990-1995 time frame.
Quite likely, utilities will want to add
new capacity in relatively small incre-
ments that can be brought on-line
quickly. Heber is demonstrating that
larger binary-cycle geothermal plants
would be ideally suited to help meet
these utility needs where moderate-
temperature hydrothermal resources are
available.”

Generating capacity based on geother-
mal resources of all types is expected to
expand rapidly over the next few years.
According to projections of the North
American Electric Reliability Council,
this capacity will grow at an annual rate
of nearly 8.6% in the next decade. EPRI
surveys of utilities show a probable total
geothermal generating capacity of 4700
MW by 1995, up from 2115 MW in 1986.

With the development of the binary
cycle and other technologies, utilities will
have considerable leeway in matching
plant technology to resource characteris-
tics for optimum performance. A binary-
cycle plant will be the clear choice for re-
source temperatures up to about 176°C
(350°F). In the temperature range of
176-210°C (350-410°F), either binary or
flashed-steam technology could be con-
sidered. The choice would be determined
by a number of factors, including reser-
voir productivity, mineral and gas con-
tent of the geothermal fluid, environ-
mental considerations, and economics.
Above 210°C (410°F) binary cycles can still
be considered but will probably give way
to direct flash. '

Three direct-flash options are now
available: single-stage and two-stage sys-
tems and a system that features rotary
separator—turbine (RST) augmentation.
Already a two-stage direct-flash unit is
generating power commercially with
182°C (360°F) water from the same reser-
voir that supplies the Heber binary proj-

ect. The development of RST technology,
now being pursued by EPRI, could fur-
ther enhance the performance of direct-
flash units over the temperature range
for which they are suitable.

The demonstration of the binary cycle
in utility application should open up the
commercial potential of lower-tempera-
ture brines for the first time. The first
commercial binary units are expected to
range in size from 5 to 50 MW (e). Ultilities
are expected to favor the larger units,
which will require hot water from several
wells; but the smaller, “wellhead” units,
which use the flow of only one or a few
adjacent wells, will still be needed.

Capital costs for the first commercial
binary plants similar to Heber are ex-
pected to run around $1650/kW (e), not
including reservoir development, ac-
cording to John Bigger. “Their compet-
itiveness with plants based on other new
technologies will depend largely on the
cost of delivered brine, which usually
comes from non-utility-owned wells. At
full capacity the project expects to pay
$1.15 per million Btu for hydrothermal
energy, or about the equivalent of oil at
$20 a barrel. At that rate, one might ex-
pect the busbar electricity cost from a
commercial binary plant to be 83 mills
per kWh.”

That figure could change significantly,
Bigger says, depending on the specific.
contract between a utility and the owner
of a hydrothermal resource. In any case, -
he concludes, “The Heber demonstra-
tion program is showing that larger
binary-cycle plants will be technically
ready for commercial orders once the ap-
propriate market conditions exist.” #

This article was written by John Douglas. science writer,
Technical background information was provided by Vasel
Roberts and John Bigger, Advanced Power Systems Divi-
sion,
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INTRODUCTION

by

Phillip Michael Wright

Geothermal. energy is heat that originates within. the earth.
At our current stage of technelogy, economic development of
geothermal heat can be accomplished in a few areas where the heat
is concentrated by geological processes. Approximately 4,733
megawatts of electricity (MWe) ake currently being generated in
17 countries from geethermal energy, and about 10,000 thermal
megawatts (MWt) are being used for direct heat appllcatlons The
United States produces 2,006 MWe of electrical power and uses 400

MWt in direct appllcatlons While this is small compared to our

use of an éstimated 8.4 millien MW of fossil energy (1), it
nevertheless saves thé consumption of 111 million barrels of oil

per year worldwide :@and 35 million barrels per year in the U.S.

It is difficult to estimate the ultimate potential
contribution of geothermal energy te mankind’s nneeds for three
reasons: 1) future energy costs’ are uncertain, and many
lower-grade geothermal resources would become economic at higher
energy prices; 2) only preliminary estimates of the worldwide
resource base have been made, and; 3} technology is not yet
available for using magma, hot rock and normal thermal-gradient
resources, whose potential contrlbutlons are large.

The Earth's Internal Heat

Many large-scale geological processes are powered by
redistribution of internal heat as it flows from inner, hotter
regions to outer, cooler regiens. Although the variations with
depth. in the earth of density, pressure and seismic velocity are
well known, the temperature distribution is uncertain. We know
that temperature within the earth increases with increasing depth
{Figure 1), at least for the first few tens of kilometers, and we
hypothesize a steadily increasing temperature to the earth’s
center. Plastic or partlally moltén rock at temperatures between
700 deg T and 1,200 deg C is postulated to éxist everywhere
beneath the earth s surface at depths of 100 km, and the
temperature at the earth’s center, nearly 6,400 km deep, may be
more than 4,000 deg C.

Because the earth is hot. inside, heat flows steadily outward
and is permanently lost by radiation into space.. The mean value
of surface heat flow is 82 E-3 watts/m2. Since the surface area
of the earth is 5.1 E+14 m2, the rate of heat loss is about 42
million megawatts (1). White ({2) estimates the total thermal

energy above surface temperature to a depth of 10 km at 1.3 E+27

J, equivalent to burning 2.3 E+17 barrels of oil. The outward
Heat flux ig about 5000 ‘tifmes smaller than the flux of solar

heat, and the earth’'s suirface temperature is, thus, controlledzby



the sun and not by internal heat (3).

Two sources of internal heat are most important among
several contributing alternatives: 1) heat released throughout
the earth’s 4.7 billion-year history by decay of radiocactive
isotopes of uranium, thorium, potassium and other. elements; and,
2) heat released during formatien of the earth by gravitational
accretion and during .subsequent mass redistributien when heavier
material sahk to form thé earth’s core. The relative
cdontribution to the surface heat flow of these two mechanisms is
not resolved.



GEOLOGICAIL PROCESSES

The genesis of geothermal resources lies in the dgeological
transport of anomalocus amounts 6f heat near enough to the surface
for access. Thus; the distribution of geothermal areas is not
random but is governed by geglogical processes of global,
regionagl and local scale. Figure 2 shows the principal areas of
known geothermal eccurrences on a world map. Alse indicated are
areas of young voleanos and currently active geological
structures. It is readily observed that geothermal resources
occur in areas ‘that have volcanic and other geological activity.

Geothermal resources commonly have three coemponents: 1) an
anomalcous concentratlon of heat, i,e. a heat source; 2} fluid to
transport the. energy from the rock to the surface; and, 3)
permeability in. the rock for the plumbing system. We will
consider these 'elements in tufn.

Heat Sources

In geothermal areas, higher temperatures are found at
shallower depths than is normal. This condition usually results
from either l) intrusion of melten rock from great depth to high
levels in the 'sarth’s crust, 2) higher-than-average surface heat
flow, with an attendant hlgh temperature gradient with depth
(Figure 1), 3) ascent of ground water that has circulated to
depths of 2 toe 5 km, or 4) anemalous heating of shallow rock by
decay of radiocactive elements. Most high- temperature resources
appear to be caused by the first mechanism.

‘A scheématic cross section of the earth is shewn in Figure 3:
A solid layér, the lithosphere, extends from the surface to a
depth of about 100 km: The llthosphere is composed of an
uppermost layer called the crust and of the uppermost regions of
the mantle, which lies below the crust. Mantle material below
the litheosphere behaves plastically, flow1ng very slowly under
sustained stress. The crust and mantle are compesed of minerals
whose chief building block is silica {§i02). The outer c¢ore is
believed to be composed of a liquid iron-nickel- -copper mixture
while the inner cofre is a solid mixture of these metals,

Plate Tectonics. One geologlcal process that generates
shallow crustal heat sources in several different ways is known
as plate tectonics (Figure 4). Outward heat flux from the deep
interior is hypothesized to form cohvection cells in the mdrtle
in which hottér material slowly rises, spreads out under the
solid. lithosphere, cools and descends again., The lithosphere
cracks above areas of upwelllng and, is dragged apart along
arcuate structures called spreadlng centers", or "rift zones".
These spreading plate boundaries are typlcally thousands of
kilometers long, several hundred kilométers wide and coincide




with the world’'s mid-oc¢eanic mountain system (Figures 2 and 4).
Crustal plates on each side of the rift separate a few _
centimeters per year, and molten mantle material rises in the
crack, where it selidifies to form new trust. The upwelling of
molten material brings large quantities of heat to shallow
depths.

The laterally moving plates press against adjacent plates,
some of which contain the imbedded contihental land masses, and
in most locations the oceanic plates are thrust beneath the
continental plates. These zones of under-thrusting, where crust
is consumed, are called "subduction zones". They are marked by
the world’s deep ocean trenches, formed as the sea floor is
dragged down by the subducted oceanic plate

The. subdud¢ted plate descéends into the mantle and is warmed
by the surrounding warnmer material and by frictional heating. At
the descending plate’s upper boundary, temperatures become high
enough in places to cause partial melting. The molten or
partially molten rock bodies (magmas), ascend buoyantly through
the crust (Figures 4 and 5) along zones of structural weéakness,
carrylng their heat to within 1.5 to 20 km of the surface. They
give rise to velcanos if part of the molten material escapes to
the surface through fractures. Since the subducted plate
descends at an angle of about 45 degrees, crustal intrusion and
volcanos occur on the landward side of océanic trenches 50 to 200
km inland. This process causes the volcanos in the Cascade Range
of California, Oregon and Washington, for example, and in many
other parts of the globe as well.

Figure 1 shows whére these processes of spreading, formation
of new cceanic crust and subduction of oceanic plates are
currently operating. Oceanic rises, where new crustal material
is formed, occur in all major oceans. The East Pacific Rise, the
Mid—Atlantic Ridge and the Indian Ridges are examples. 1In
pPlaces, the ridge crest is offset by large faults that result
from variations in the rate of spreading along the ridge. Such
faults are called "transform faults"’.

Magmatic Intrusions and Intrusive Rocks. An ascending body
of molten material may cease to risé at any level in the earth's
crust and may or may not vent through erupting velcanos (Figure
5). Intrusion of magmas into the uppef crust has occurred
throughout geologic time. We seé evidence fotr this in the
occurrence of volcanic rocks of all ages and in the small to. very
large areas (hundreds of square miles) of crystalline, granitic
rock, now exposed at the surface by erosion, that result when
magmas cool slowly at depth.

Volecanic rocks extruded at the surface and crystalllne
rocks that have cooled at depth are known collectively as igneous
rocks. They have & range of chemical and mineral compositions.
At one end of the compoesitional range are rocks ‘that are



relatlvely poor in silica (5i02 about 50%) and relatively rich in
iron (Fe203 + Fe0 about 8%) and magnesium (MgO about 7%). The
volcanic variety of this rock is basalt and an example can be
found in the rocks that compose the Hawaiian Islands. At the
other end of the range are rocks that are relatively rich in
silica (5102 ‘about 64%) and poor in iron (Fe203 + Fe0 about 5%}
and magne51um (MgO about 2%): The volcani¢ variety of this rock,
rhyolite, is usually lighter in color than black basalt and
occurs: malnly on land. The plutenic variety is granite. Magmas
that result in basalt are termed "mafic" or "basic" whereas
magmas that result in rhyolite or granite are termed "felsic’ or
"acidie".

The upper portions of the mantle are believed to be basaltic
in compositien. The great outpourings of basalt found on the
ocean ridges and in places like the Hawaiian Islands seem to
indicate a more or less direct pipeline from the upper mantle to
the surface.

The origin of granites is a subject of controversy. Felsic
magma can be derived by progressive segregation of the melt
fraction from a basaltic magma as it cools and begins to
crystallize. However, the chemical composition of grarites is
much like the average composition of the continental crust, and
some granites also result from melting of crustal rocks due to
heating by upwelling basaltic magmas. Basaltic magmas melt at a
hidgher temperature and are more fluid than granitic magmas.
Occurrence of felsic volcanic rocks of very 'young age (less than
1 million years and preferably less than 50,000 years) is a sign
of good geothermal potential in an area because they may indicate
a large body of viscous magma at depth to provide a strong heat
source. On the other hand occurrence of young basaltic rocks is
not as encouraging because the basalt, being fairly fluid, could
simply ascend along narrow conduits from the mantle directly to
the surface without need for a shallew magma chamber (4).

Mantle Plumes. Another important sourcé of volcanic rocks

are point sources of heat in the mantle. It has been
.hypothe51zed that the upper mantle contalns local areas of
upwelling, hot material called "plumes”. As crustal plates move

over these hot spots, a linear or arcuate seguence of volcanos is
devéloped. Young volcanic roeks occur at one end of the chain
with older ones at the other end. The Hawaiian Island chain is
an example. The youngest volcanic rocks on the island of Kauai
on the northwest end have been dated through radiocactive means at
about 4 million years, whereas the volcanos Mauna Loa and Mauna
Kea on the island of Hawall at the southeast end of the chain are
forming today and are in almost continual eruptive activity. To
the northwest, the Hawaiian chain continues beyond Kauai for more
than 2,000 miles to Midway Island, where the last wvolcanic
act1v1ty was about 16 million years ago., The trace of the island
chain is consistent with the motions of the Pacific plate as
postulated by gepphy51clsts from other data.



Thin Crust. Not all geothermal resourées are caused by
near-surface intrusion of molten rock bodiés. Certain areas have
a higher than average rate of increase in temperature with depth
(high geothermal gradient) without shallow magma being present.
Much of the western United States contains areas that have an
anomalously high heat fleow (100 E-3 watt/m2) and an anomalously
high geothermal gradlent (40 to 60 deg Cykm). The typical
geothermal gradient in the continental interior is 20 to 30 deg
C/km. In the West, geqloglc evidence suggests thdat the crust is
thinner than normal, accounting for upwarping of mantle isotherms
and high measured geothermal gradients.

Fluids

For geothermal resources to be develcoped economically, an
efficient means of bringing large guantities of heat to the
surface is needed. Fortunately, nature provides water, which
normally pervades fractures, pores and other open spaces in
rocks. Water has a high heat capacity and a high latent heat of
vaporization. Thus, it is an ideal heat-transfer fluid.

The denSLty and visc¢osity of watef both decrease as
temperature increases. Water heated at depth is lighter than
cold water in surrounding rocks, and is therefore subjected to
buoyant forces. If heating is great enough for buoyancy to
overcome the flow resistance of the rock, heated water will rise
toward the earth’s surface. As 1t rises, cocler water moves in
to replace it. In this way,; hatural convection is set up in the
groundwater around and above a sourece of heat such as an
intrusion. Convection brings large quantities of heat within the
reach of wells, and is, thus, responsible for the nost
economically important class of geothermal resources, the
convective hydrothermal resources,

In some convective hydrothermal resources, the temperature
never reachés the boiling point because of rapid water flux, and
the system does not generate steam. However, in other systems
pressure release {perhaps through sudden ¥enting) causes the
local boiling peint to be reached, and steam is produced. The
steam ascends and meets, cooler :oqu where it partially condenses
while heating the rocks, and the pressure drop dueé to
condensation brings up mere steam, In this way, steam convection
is set up. If venting exceeds recharge the steam zgne grows and
steam will accumulate in the reserveoir. The temperature and
Pressure in such a steam reservoir vary slewly with depth. At
Larderello, Italy, the reservoir temperature and pressure are 240
deg C and 35 bars, values that appear to be typical of other
vapor-dominated systems.

Permeability



Permeability is a measure of a rock’s capacity to transmit
fluid as a résult of pressure differences. The flow takes place
in pores between mineral grains and in open. spaces created by
fractures and faults. Porosity is the term given to the fraction
of void space in a volume of rock. Interconnected porosity
provides flowpaths for the fluids, and ¢reates permeability,
although there is no simple relationship between p0r051ty and
permeability.

‘Permieability and porosity can be primary or secondary, i.e.
formed with the rock or subsequently. Primary permeability in
sedimentary rocks originates from intergranular porosity and it
usually decreases with depth due to compaction and cementation.
In volcanic sequences, primary intergranular porosity and
permeability exist, but primary permeability also exists in open
spaces at contacts between individual flows and within the flows
themselves. Secondary permeability occurs in open fault zones,
fra¢tures and fracture intersections, along dikes and in breccia
zones produced by hydraulic fracturlng (5) and (6}).
bPermeabilities in focks range over 12 orders of magnitude.
Permeabilities in pristine, unfracturéd crystalline rock are
commonly on the order of E-§ darcy or less. However, in-situ
measurements at individual sites may vary by as much .as 4 to 6
‘orders of magnitude, and zones of >100 millidarcy are commonly
ericountetred. These higher permeabilities are due to increased
fracture density.

Most geothermal systems are structurally controlled, i.e.
the magmatic heat source has been emplaced along zones of
structural weakness in the crust. Permeablllty may be increased
around the intrusion frem fracturing and faulting in response to
stresges involwved in the intrusion process itself and in response
to regional stiesses., Thus, an understanding of the geclogic
structure in a resource ared can lead not only to evidence for
the location of & subsurface magma chamber, but also to
inferences about areas of higher permeability at depth. Such
areas would be prime geothermal exploration targets. Regarding
exploratlon for hydrothermal systems, the key problem appears to
be more in locating permeable zones than in locating high
temperatures. Fractures sufficient to make a well a good producer
need be only a few millimeters in width, but must be connected to
the geheral fracture network in the rock in order to sustain
large fluid volumes.



CLASSIFICATION OF GEOTHERMAL RESOURCES

Geothermal resources can be classified as shown in Table 1,
modeled after White (7). To describe resources, we resort to
simplified geologic models. A given model is often not
acceptable in all details to all geologists. 1In spite of
disagreement over details, however, the models presented below
are generally acceptable and facilitate our thinking.

Geothermal resource temperatures range upward from the mean
annual ambient temperature (10 to 30 deg C) to over 350 deg C
(Figure 6). For convenience, geothermal temperatures are
arbitrarily divided into high, intermediate or moderate, and low
temperatures, corresponding to the ranges T > 150 deg C, 90 <
T < 150 deg C, and T < 90 deg C, respectively.

Convective Hydrothermal Resources

Convective hydrothermal resources are geothermal resources
in which the earth’s heat is carried upward by convective
circulation of naturally occurring hot water or steam.

Underlying some high-temperature hydrothermal resources is
presumably an intrusion of still-molten or recently solidified
rock whose temperature ranges between 300 and 1,100 deg C. Other
convective resources result from circulation of water down
fractures to depths where the rock temperature is elevated even
in the absence of an intrusion, with heating and buoyant
transport of the water to the surface.

Vapor-Dominated Systems. Figure 7 shows a conceptual model
of a hydrothermal system where steam is the pressure-controlling
fluid phase, a so-called "vapor-dominated" geothermal system (8).
Convection of deep saline water brings heat upward to a level
where boiling can take place. Boiling removes the latent heat of
vaporization, thereby cooling the rock and water and allowing
more heat to rise from depth. Steam moves upward through
fractures and is possibly superheated by the hot surrounding
rock. At the top and sides of the system, heat is lost from the
vapor and condensation results, with the condensed water moving
downward to be vaporized again. Within the vapor-filled part of
the reservoir, temperature is nearly uniform due to rapid steam
flux. If an open fracture penetrates to the surface, steam may
vent or may heat the shallow ground water to boiling. Pressure
within the reservoir is controlled by the vapor phase and
increases slowly with depth. Because the surrounding rocks
typically contain ground water under hydrostatic pressure, a
large horizontal pressure differential exists between the steam
in the reservoir and the water in adjacent rocks, and a
significant question revolves around why the adjacent water does
not move in and inundate the reservoir. We postulate that
permeability at the boundaries of the reservoir is low either as




a result of pre-existing geological features such as impermeable
beds or faults, or that it has been decreased by deposition of
minerals in the fractures and pores to form a sealed zone. The
formation of a vapor-dominated system appears to require venting
of steam at a rate in excess of water recharge to prevent
flooding of the reservoir (8).

Vapor-dominated systems may be formed from pre-existing
water-dominated systems through special geological conditions.
In fact, a hydrothermal system that is basically water dominated
can have one or more natural zones which are vapor dominated, and
vapor-dominated zones can result from production of fluids from a
well if local water recharge is insufficient to keep pace with
production.

The Geysers geothermal area in California is an example of
this type of resource. Other producing vapor-dominated resources
occur at Lardarello and Monte Amiata, Italy, and at Matsukawa,
Japan.

Water-Dominated Systems. Figure 8 illustrates a high-
temperature, hot-water dominated geothermal system. Models for
such systems have been discussed in references (8), (9), (10),
and (11), among others. The heat source 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.
Ground water circulates downward in open fractures and removes
heat from these deep, hot rocks. Rapid convection produces
uniform temperatures over large volumes of the reservoir. In
some places, boiling may occur and a two-phase region may exist,
but the pressure is controlled by water. Recharge takes place at
the margins. Escape of hot fluids is often minimized by a
near-surface sealed zone or cap-rock formed by precipitation of
minerals in fractures and pore spaces. Surface manifestations
include hot springs, fumaroles, geysers, travertine deposits,
chemically altered rocks, or alternatively, no surface
manifestation at all. If there are no surface manifestations,
discovery is difficult and requires sophisticated geology,
geophysics, geochemistry and hydrology.

Isotopic studies of hydrothermal fluids show that the bulk
of the water and steam is derived from meteoric water (rain or
snow), with the exception of those few systems where the fluids
are derived from seawater or connate brines (12). Only a small
percentage of the water comes from the intrusive rocks at depth.
As the fluids move through the reservoir rocks, the compositions
of both the fluids and the rocks are modified by the dissolution
of primary minerals and the precipitation of secondary minerals.
The entire hydrothermal convection system (rocks and fluids) is,
in fact, a large-scale chemical reactor with interactions that
are not completely understood today. The waters generally become
enriched in NaCl and depleted in Mg. Salinities of high-
temperature geothermal fluids range from less than 10,000 ppm
total dissolved solids in some volcanic systems to over 250,000



ppm total dissolved solids in basin environments such as the
Salton Sea, California (13) and (14). Table 2 shows some typical
chemical analyses for hydrothermal fluids.

The pressure and temperature in most high-temperature
hydrothermal convection systems lie near the curve of boiling
point versus depth for saline water, and sporadic, local boiling
occurs in many systems. Because boiling concentrates acidic
gases (COp and H3S) in the steam, the oxygenated meteoric water
overlying a boiling reservoir is heated and acidified. These
acidic waters interact with the near-surface rocks to form
certain hydrothermal minerals, typically clays, that can be used
to help locate zones of subsurface boiling.

Hydrothermal Reservoirs. At this point, it is desirable to
discuss the term "reservoir". The reservoir is the volume
containing hydrothermal fluids at a useful temperature. The
porosity of the reservoir rocks determines the total amount of
fluid available, whereas the permeability determines the rate at
which fluid can be produced. One must not envisage a large
bathtub of hot water that can be tapped at any handy location,
however. Both porosity and permeability vary over wide ranges at
different points in the reservoir. A typical well encounters
tight, hot rocks with steam or hot water inflow mainly along a
few open fractures or over a restricted stratigraphic interval.
Apertures of producing fractures may be as little as a few
millimeters. Areas where different fracture or fault sets
intersect or where fractures intersect favorable stratigraphic
units may be especially favorable for production of large volumes
of fluid. The longevity of a well depends upon how completely
the producing zones are connected to the local and reservoir-wide
network of porosity. If this inter-zone permeability is poor,
the local open spaces are drained quickly and fluid production
drops. However, if the well intersects a thoroughgoing geologic
structure such as a major fault or fracture, the local producing
volume around the well is recharged continuously, and fluid
production can be maintained for many years.

Virtually all of industry’s geothermal exploration effort in
the United States is presently directed at locating vapor- or
water-dominated hydrothermal systems having temperatures above
200 deg C. A few of the highest grade resources are capable of
commercial electrical power generation today, and the majority of
the growth in geothermal energy production is expected to come
from hydrothermal resources until well into the next century.

Intermediate- and Low-Temperature Systems. The fringe areas
of high-temperature vapor- and water-dominated hydrothermal
systems often produce water of low and intermediate temperature.
These lower-temperature fluids are suitable for direct-heat
applications and may also be used for electrical power production
as new binary technology becomes available. Low- and
intermediate-temperature waters can also result from deep water
circulation in areas where heat conduction and the geothermal




created fracture system and its thermal drawdown and rate of
water loss. Hot dry rock energy may contribute to our énergy mix
in the 1990s or in the next century.

Molten Rock (Magma) Resources

Experiments. are underway at the Department of Energy’s
Sandia Natichal Laboratories in Albuquerque, New Mexico to learn
how to extract heat energy directly from molten rock. Techniques
for locating a shallow, crustal magma body, drilling into it and
implanting heat exchangers or possibly direct electrical
converters are being developed (20). In Iceland, where
geothermal energy was first used for space heatlng in 1928,
‘technology has been demonstrated for economic extraction of
thermal energy from young lava flows (21). A heat exchanger
constructed on the surface of the 1973 lava flow on Heimaey
recovers steam which results from downward percolation of water
applied at the surface above hot portions of thé flow. A space
heating system which uses this energy has been operating
successfully for over ten years.



GEQTHERMAL RESOQURCES IN THE UNITED STATES

Figure 12 displays the distribution of known geothermal
resources in the United States. Information for this figure was
taken mainly from Mufflexr et al. (22) and Reed (23). Not shown
are locations of hot dry rock or magima resources because very
little is known. 1In addition, it should be emphasized that the
present state of knowledge of geothermal resources of all types
is poor.

Mest of the hydrothermal resources and all of the presently
known resources capable of electric power generation oceur 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 aguifers). Ancother important large area of
low~temperature water is the north east-trending Balcones zone in
Texas. The geopressured resource areas of the Gulf Coast and
surrounding states are alsd shown. Resource areas indicated in
the eastern state$ are highly speculative. Low temperature
resources are much more plentiful than are high-temperature
resources. Muffler et al. (22) conclude that the cumulative
frequency of occurrence increases exponentially as reservoir
temperature decreases, at least down to 90 deg C (Figure 13).

Let us consider the known geothermal occurrences in a bit
more detail, beginning in the Western U. S. Figure 14 shows a
physiographic¢ map of the U.S. to help in locating the areas
discussed, and Table 3 lists the gevlogic time scale.

Salton Trough/Imperial Valley, CA

‘The Salton Trough lies along the landward extension of the
Gulf of California. It is composed of the Imperial Valley in the
U.S. and the Mexicali Valley in Mexico.. The area is one of
complex, currently active plate tectonic 'processes. The crest of
the East Pacific Rise spreading center is offset repe€atedly
northward up the Gulf of California by transform faulting (Figure
2)., Both the rise crest and the transform faults come onto the
continent under the delta of the Colorado River (Figure 15) and
the structufe of the Salton Trough suggests that they underlie
the trough.

The Salten Trough has been an area of subsidence since
Miocene times. Sedimentation in the tough has paced subsidence,
with debris from the Celorado River predominating. At present,

3 to 5 km of poorly consolidated sedimentary material overlie a
basement of Mesobzoic crystalline rocks that intruded Paleozoic
and Precambrian sedimentary rocks. Detailed analysis of drilling
data and of surface and downhole geophysics indicates that at
least some of the known geothermal occurreénces (Cerro Prieto,
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 (24). Very young volcanic activity
has occurred at Cerro Prieto where a rhyolitic volcanic cone 1is
known, and along the southern margin of the Salton Sea where
rhyolite domes occur. The Salton Sea domes are approximately
60,000 years old (25).

The Cerro Prieto hydrothermal field provides an example of a
Salton Trough resource type. This field is water-dominated
producing from depths of 1.5 to over 3 km. Fluid temperatures
range from about 200 deg C to over 350 deg C (26). The rocks are
composed of an upper layer of unconsolidated silts, sands and
clays, and a layer of consolidated sandstones and shales
overlying the crystalline basement (27). Two principal reservoir
horizons occur in sandstones within the consolidated sequence.
Enhanced production has been noted in the vicinity of faults,
indicating that fracture permeability is important, although
intergranular permeability due to dissolution of minerals by the
geothermal fluids is believed to be important also (28).
Reservoir recharge is apparently from the northeast and east and

consists partly of Colorado River water (29). A conceptual
model of fluid flow at Cerro Prieto (Figure 16) has been
developed by Halfman et al. (30). They conclude that water flows

upward from depth within permeable sandstone units that have a
shallow dip. The permeable units are overlain by impermeable
shales, and the water gains access to permeable units higher in
the section through breaks in the shales.

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 hydrothermal field
contains 20 to 30 percent by weight by solids.

The Geysers, CA

The Geysers geothermal area is the world’s largest producer
of electricity from geothermal fluids with about 1,800 MwWe from
22 plants on line and an additional 800 MWe scheduled. This area
lies about 150 km north of San Francisco. The portion of the
resource being exploited is a vapor-dominated field having a
temperature of 240 deg C. The ultimate potential of the
vapor-dominated system is not known. Associated with the
vapor-dominated field are believed to be several unexploited hot
water-dominated reservoirs whose volumes and temperatures are
unassessed (Figure 17).

The geology of The Geysers area is complex, especially
structurally. Reservoir rocks consist mainly of fractured
greywackes, which are sandstone-like rocks consisting of poorly
sorted fragments of quartzite, shale, granite, volcanic rocks and
other rocks. Fracturing has created the reservoir permeability.
Overlying the reservoir rocks is a series of impermeable
metamorphosed rocks (serpentinite, geenstone, melange and
metagranite) that forms a cap on the system.



The presently known steam field is confined between the
Mercuryville fault zone on the southwest and the Collayomi fault
zone on the northeast (Figure 18). The northwest and southeast
margins of the steam field are not definitely known. Surface
manifestations of the steam field include two small areas, the
largest one being known as The Big Geysers, an area of hot
springs, fumaroles and hydrothermal alteration. The extent of
surface manifestations is curiously small compared to the large
size of the underlying steam resource.

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 to 10,000 years ago, with ages progressively younger
northward (31). 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 supplies steam to the vapor-dominated system through
boiling (Figure 17), although the deep water table has never been
intersected by drilling. Geophysical surveys indicate the
presence of a large magma chamber underlying the Clear Lake
volcanic rocks and centered on Mt. Hanna, immediately northeast
of the Collayomi fault zone (32).

Basin and Range

The Basin and Range province extends northward 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 and the Snake River plain on the north (Figure 14). The
northern portion of this area contains abundant geothermal
resources of all temperatures. Resources along the eastern and
western margins of the province appear to be both more abundant
and of higher temperature.

Electrical power is presently being generated from Roosevelt
Hot Springs (20 MWe) and Cove Fort/Sulphurdale (3.2 MWe) in Utah;
from Beowawe (17 MWe), Desert Peak (9 MWe), Wabuska (0.6 Mwe),
and Steamboat Springs (5.4 MWe) in Nevada; and from Coso Hot
Springs (30 MWe) in California. Exploration is being or has been
conducted at probably 20 or more sites. 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, is an
active area geologically. Volcanism only a few hundred years old



is known from tens of areas. The area is also active seismically
and faulting that causes the uplift of mountain ranges also
serves to keep pathways open for deep fluid circulation.

As an example of a Basin and Range hydrothermal system, we
will discuss Roosevelt Hot Springs, although it should not be
supposed to be typical of all high-temperature occurrences in
this province. The oldest rocks exposed (Figures 19 and 20) are
Precambrian sedimentary rocks that have been extensively
metamorphosed. These rocks were intruded during Miocene time by
granitic rocks (33) and (34). 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 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 (Figure 20) along which the upper
plate has moved west by about 600 m and has broken into a series
of discrete blocks. Producing areas in the southern portion of
the field are located in zones of intersection of the upper-plate
faults 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.

Cascade Range and Vicinity

The Cascade Range of northern California, Oregon, Washington
and British Columbia is comprised of a series of volcanos, 12 of
which have been active in historic times. The May 18, 1980
eruption of Mount St. Helens attests to be the youth of volcanic
activity here. The Cascade Range lies above the zone of
subduction of the Juan de Fuca plate beneath the North American
plate, (Figure 2) and magma moving into the upper crust has
transported large amounts of heat upward. 1In spite of the
widespread, young volcanism, however, geothermal manifestations
are not as plentiful as expected. High rainfall and snowfall in
the Cascades are believed to suppress surface geothermal
manifestations through downward percolation of the cold surface
waters in the highly permeable volcanic rocks. In the absence of
surface manifestation, discovery becomes much more difficult.

No producible high-temperature hydrothermal systems have yet
been located in the Cascades. A vapor-dominated system is
present at Lassen Peak in California, but it lies within a
national park, and will not be developed. A hydrothermal system
having temperatures greater than 200 deg C has been located at
Newberry Caldera in Oregon through research drilling sponsored by
the U. S. Geological Survey (35), but the known portion of the



system lies within the caldera will not be exploited for
environmental reasons.

Industry’s exploration efforts have increased somewhat in
the last several years. The Department of Energy is currently
sponsoring a cost-shared drilling program with industry to
encourage more subsurface exploration and to help develop
research data for devising new exploration techniques. To date,
two holes have been drilled at Newberry volcano by GEO Operator
Corporation, and one hole has been completed by Thermal Power
Company north of Mt. Jefferson. A third research hole has been
started on the southeast slope of Mt. Mazama, the volcano whose
summit consists of the Crater Lake caldera. This hole has found
interesting temperatures at shallow depths (+100 deg C at 1300
feet), but the hole remains unfinished at this writing.

The use of geothermal energy for space heating at Klamath
Falls, Oregon is well known (36), and numerous hot springs and
wells occur throughout the Cascades. Potential for discovery of
resources in all temperature categories is great (37).

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. Geochemically
indicated resource temperatures exceed 150 deg C at Neal Hot
Springs and Vale, Oregon and Crane Creek, Idaho, but indicated
temperatures for most resources are lower. Younger volcanic rocks
occur in the eastern part of the plain, but no high-temperature
resources are yet identified. This part of the plain is
underlain by a high-flow, cold-water aquifer that is believed to
mask surface geothermal indications.

The ages of volcanic eruptions decrease from west to east
along the Snake River Plain, apparently reflecting the arcuate
track of a mantle plume as the North American plate moved
westward. Recent volcanic activity has taken place at
Yellowstone, under which the hot spot currently lies. Future
violent eruptions in the area are possible. The vapor- and
water-dominated hydrothermal systems at Yellowstone will not be
developed because they lie within a national park, but
surrounding areas are highly prospective.

Direct use of hydrothermal energy for space heating is
famous at Boise, Idaho, where the Warm Springs district has been
heating homes geothermally for almost 100 years (38). Also, near
this area, but lying in the Basin and Range, is the Raft River
site where the Idaho National Engineering Laboratory of DOE
constructed and operated a 5 MWe binary demonstration plant on a
hydrothermal resource whose temperature is 147 deg C. This



project is currently inoperative and the plant has been sold.

Rio Grande Rift

The Rio Grande Rift is a north-trending tectonic feature
that extends from Mexico through central New Mexico and ends in
central Colorado. It is a down-dropped area that has been filled
with velcanic rocks and erosional debris from the bordering
plateaus and mountains. The rift began ‘to form in late
Oliogocene times, and volcanic and seismic activity have occurred
subsequently to the present.

There 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 is proven is a hot
water-dominated system in the Valles caldera (39) and (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 deg C have been recorded, An attempt
by DOE, Union Geothermal and Public Service Company of New Mexico
to bUle a demenstration plant at ‘that location failed when the
steam supply proved to be inadeguate. Recent research drilling,
sponsored by DOE under the Continental Scientific Drilling
Program, has developed an improved understanding of the area.
Geologists believe that the area contains an important,
undiscovered hydrothermal resource capable of electrical power
generation, ~ Also located near the caldera is the site of Los
Alamos National Laboratory's hot dry rock experiment at Fenton
Hill.

Madison and other Aquifeérs

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 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 Sandstone) dand fracture
and solution cavities in the carbonates (e.g. the Madison
Limestone}. $Some of the aquifers produce under artésian
pressure. Depths to prodiction vary widely but average perhaps
2,000 ft. Temperatures are 30 to 80 deg C (41) in the Madisen
but are lower in other shallower aquifers such as the Dakota.
Direct use of the thermal water is being made at a few locations
today (42), and it is evident that the potential for further
development is substantial.

Balcones Zone, TX

Thermal waters at temperatures generally below 60 deg C



occur in a zone that trends 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
development in spite of the rather low temperatures.

An initial assessment of the geothermal potential has been
documented by Woodruff and McBride (43). 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. 1In
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 limestones and Tertiary 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 line with uplift of mountain ranges to the north and
west and downwarping to the south and east. Sediments have
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.

Hawaiian Islands

The chain of islands known as the Hawaiian archipelago
stretches 2,500 km 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 island chain
boasts the greatest volcanic masses on earth. The volcano
Kilauea rises 9,800 m above 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 eruptive activity, but by contrast
volcanos 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 (44).

Several of the Hawaiian islands are believed to have
geothermal potential. The only area where exploration has
proceeded far enough to establish the existence of a hydrothermal
reservoir is in the Puna district on the Big Island near Kapoho
along the so-called "East Rift", a fault zone on the east flank
of Kileaua. Here a well was completed to a depth of 1965 m (45)
with a bottom- hole temperature of 358 deg C. A 3 MWe generator
is currently being operated at the site. Exploration is underway
by several companies in areas adjacent to the operating plant.
Elsewhere on the islands, potential for occurrence of low- to



moderate- temperature resources has been established at a number
of locations on Hawaii, Mauil and Oahu, although little drilling
to prove resolurces has been completed (46}.

Alaska

Littlé geothermal exploration work has been done in Alaska.
A number of geothermal occurrences are lecated on the Alaska
Peninsula and the Aleutian Islands and in central and southeast
Alaska. The Aleutians and the Peninsula overlie a zone of active
subduction CFLgure 2), and volcanos are numercus. A hydrothermal
system was located at Makushin volcano on the island of Unalaska
(47) and the island of Adak is also believed to have good
discovery potential:

Low- and moderate-temperature resources are indicated in a
numbér of locations in Alaska by occurrence of hot springs (22).
One area that has been studied in more detail and has had limited
drilling is Pilgrim Hot Springs (48). This site is 75 km north
of Nome, Alaska. Initial drilling has confirmed the presence of
a hot water reservoir about 1 sq km in extent that has artesian
flow rates of 200-400 gallons per minite of 90 deg C water.



gradient are merely average, as previously discussed.

Sedimentary Basins and Regional Aquifers

Some basins are filled to depths of 10 km or more with
sedimentary rocks that have intergranular permeability. Such
basins often contain accumulations of oil and gas. In some of
the sedimentary units, circulation of ground water can be very
deep. Vertical permeability is usually provided by faults.

Water in deep rock units may be heated in a normal or enhanced
geothermal gradient and may then either return to the
near-surface environment or remain trapped at depth. Basin
fluids range in chemical composition from relatively fresh water
to highly saline. It is believed that many basin fluids were
originally connate waters (trapped in the rocks at the time of
formation) of seawater composition (15). Chemical interaction of
these waters with rocks in the basin along their flowpaths leads
to changes in the chemistry of the brine. Basins often contain
evaporite beds of salts that dissolve easily in the basin fluids,
bringing them to high salinities. An understanding of the
chemistry of basin waters can sometimes lead to the
identification of areas of upwelling fluids which may be
thermally anomalous. Most basin waters are too low in
temperature for the generation of electricity but may be used for
direct applications such as space heating and greenhousing.

The Madison carbonate rock sequence of widespread occurrence
in North and South Dakota, Wyoming, Montana, and northward into
Canada contains warm waters that are currently being tapped by
drill holes for space heating and agricultural purposes. In a
similar application, space-heating systems installed in France
use warm water contained in the Paris basin (16). Many other
occurrences of this resource type are known worldwide.

Geopressured Resources

Geopressured resources also occur in basin environments.
They consist of deeply buried fluids contained in permeable
sedimentary rocks warmed in a normal or anomalous geothermal
gradient by their great burial depth. The fluids are tightly
confined by surrounding impermeable rock and bear pressure 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 9). A large amount of
geopressured fluids is found in the Gulf Coast of the U.S.
(Figure 12), where it generally contains dissolved methane.
Therefore, three sources of energy are actually available from
these resources: 1) heat, 2) mechanical energy due to the great
pressure with which these waters exit the borehole, and 3)
recoverable methane.

The U.S. Department of Energy, is currently sponsoring



research to develop a better understanding of geopressured
resources and exploitation technologies. Activities include the
testing of geopressured wells to determine the nature and extent
of the resource, its production characteristics and the potential
environmental effects of long-term production. The research also
includes the design and analysis of a total energy recovery
system. These resources will probably contribute during the mid
to late 1990s or the next century.

Radiogenic Resources

Research has been done that could lead to development of
radiogenic geothermal resources in the eastern U.S. (17). The
coastal plain of the East is blanketed by a layer of thermally
insulating sediments. In places beneath these sediments, rocks
occur that have an anomalously high rate of heat production due
to decay of natural radioactive isotopes of uranium, thorium and
potassium. These radiocactive rocks represent old granitic
intrusions, long since cooled. Methods for locating radiogenic
rocks beneath sedimentary cover have been partly developed, and
very limited drill testing of the geothermal target concept
(Figure 10) has been completed under DOE funding, although no
such research is being conducted by the federal government today.

Hot Dry Rock Resources

Hot dry rock resources 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 and little or no interconnected permeability. The
feasibility and economics of extraction of heat from hot dry rock
has, for the past decade, been the subject of a $150 million
research program at the Department of Energy’s Los Alamos
National Laboratory in New Mexico (18). Batchelor (19) describes
similar research in England. Both projects indicate that it is
technologically feasible to induce an artificial fracture system
in hot, tight rocks at depths of about 3 km through hydraulic
fracturing from a deep well. During formation of the fracture
system, its dimensions, location and orientation are mapped using
geophysical techniques. A second borehole is located and drilled
such that it intersects the hydraulic fracture system. Water can
then be circulated down one hole, through the fracture system
where it removes heat from the rocks, and up the second hole
(Figure 11).

The principal aim of the research at Los Alamos is to
develop the engineering data needed for industry to evaluate the
economic viability of candidate resources. The current plans are
for a one-year flow test of the existing two-well system in order
to determine production characteristics of the artificially



POTENTIAL FOR GEOTHERMAL DEVELOPMENT IN THE U.S.

Muffler et al. (22) 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 is 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 4 is a
summary of the current estimate of the geothermal resource base
as taken from Muffler et al. (22). 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.
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