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INTRODUCTION .

Geothermal, in literal terms, means earth heat, Thils heat 1s thought
to be derived from the slow decay of radioactive elements and from
frictional forces, both occuring in the earth's plastic mantle, In the
continental plates the bake of the hardened crust of the earth, called
the moho, ranges from 25 to 50 kilometers below the surface of the earth

1 With our present technology

at temperatures ranging from 2009C to 1,000°C.
drilling depths of 7.5 kilometers have been achieved and may someday reach
two or three times that depth, However, the depths from which we may‘pra
economically extract the earth's heat seems unlikely to exceed tgn

kilometers.2

The average amount of heat which flows to the surface of the earth
1s 1.5 X 107° calories/cm.z/sec.3 This amount of heat would obviously
ave to be concentrated considerably to be considered as an energy source,
There are, howsver, areas in which molten rock is, or has been, much
closer to the surface. It is in the areas in which natural heat is
concentrated close to the surface that economic exploltation may b=
possible. In this context, geothermal heat is sinmilar to minerals or
petroleun in that it becomes econonlcally exploitable when found in
sufficient concéntrations.

GECTHERMAL SYSTEHMS

Different geothermal areas vary according to geological and hydro-
logical characterlstics present at each site. The type of system present
determines the type of extraction and production techniques, and to a
lesser degree the type of exploration methods which are used in the

developnent of the field,

J



The system variation is based largely upon the method in which heat energy
is transfered at exploitable depths,

A. Dry Rock Systenms

" Conduction is the dominant means of heat transfer through solids
and therefore the earth's crust. In a largely dry rock conduction systenm,
temperature generally indreases continously with depth to the interface of
the Moho, Differences in heat flowing through dry rock in varlous areas of
the world arise as a function of the depth of the heat source, the thermal
conductivity of the crustal rock, and the thermal gradient, At present there
are no dry hot rock systems being exploited, although the technology
is currently being developed, as will be discussed later,

B, Fluld Systens

Convection is the other primary heat transfer mode present in the
earth's crust, This occurs when fluids are heated and rise as a result of
thermal expansion and lower specific gravity. Cooling fluids or cooler
ground waters replenish the cycle of circulation vwhich is driven by heat
furnished at the base of the system. In a convection system the temperatures
tend to be greater in the upper portions than in the lower parts due to
the nature of the system. There are two basic types of water convectlon
systems which differ according to the physical state of the water,

1., Hot Water Systems

Hot water systems are characterized by water in the liquld state,
although it may be at pressures greater than hydrostatic. In a na jor
convaction system water ssrves as the medium by which heat is transfered es
1+ moves fron a relatively deep gsothermal heat source to the surface or

near surface.
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Cool ground waters seep into the perimeters of the geothermal systenm

due to their higher density in relation to warmer heated water. The
pre;sure exerted by cooler waters on less dense heated waters may result

in artesian hot springs. If the aquifer, a porous water carrying layer of _:
rock, which lies on top of the heat source is covered by an impermible
caprock, the water may be at temperatures which exceed boiling at
atmospheric pressure. This liquid water, under high pressure, may partially
flash to steam once the pressure is released either by drilling or by
natural faulting in the caprock layer. Due the fact that all of the water
does not flash to steam, and thus droplets are carried up with the steam,

this is often called a "wet steam" system.

2, Vapor Dominated Systems

A few percent of the worlds geothermal resources are to be found in
the form of vapor dominated systems. At present the only large known
systems of this type are found at the Gysers field in California and
the ILardello field in Italy., Since they produce superheated sieam with no
associated liquid, they are often called "dry steam" systems, This steam
is generally thought to originate from boiling water in a deep geothermal
resevoir with a high temperature heat source and a low water recharge rate.
The water resevoir has overlying rock which is highly porous and p2rmible
and a2llows the siteam to exist as the contimous pressure controlling
phase with pressures below hydrostatic, As the steam rlses in the geo~
thernmal system it losses its heat to surrounding rock and eventually

condenses near the surface in most vapor systens.,



This condensed liquid, if not lost to the surface, drains downward on the
perimeter of the system to deeper water saturated rock on the perimeters
of the heat source and serves as a recharge source for the system,
GECEXPLORATION

A, Introduction

Geophysical exploration for geothermal energy has been
largely adapted from standard geophysical practices, although alterations
and various inovations have been found necessary to provide for the
uniqueness of geothermal resources, Preliminary exploration selection is ..
based upon a number of previously known geologic factors. The presence
of gysers, fumaroles, mud volcanoes, or thermal springs are obvious indica-
tors of geothermal activity. Areas with volcanism of late Tertiary or
Quaternary age may also indicate possible near surface heat sources,
especially if caldera, cones, or volcanic vents are present. Information
available from other activities such as deep minning, well drilling for
petroleun, etc., may also provide information pretaining to the possible
pressence of geothermal anomalies,

B. Chemical Prospecting

Warm or hot springs, gysers, etc,, are very good indicators of
geothermal activity and offer a variety of geophysical information
when analyzed chemically, Waters, upon entering a geothermal area in a
relatively cool state, change in their ability to dissolve minerals,
and alter constituents already present, duve to the heat or enthalpy

added by the system.
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The SiO2 content of geothermal waters is commonly a ﬁery good indicator of

the temperature of rocks at depth due to a generally consistant relationship

between heat source temperature and concentration.u
" The Na/K ratio in hot spring waters can be a good geothermometer

when there is adequate information of competing influences such as other

chemicals which may precipitate these ions.

Geothermal fluids are also known to exhibit "oxygen-isotope shift",
where the D/H (duterium/hydrogen) and 016/018 ratios are indicative of low
lying geothermal heat, Such a shift occurs when geothermal waters seek an
isotopic equilibrium with thelr host rocks. Due to the fact there are large
reservoirs of exchangeable oxygen in silicate and carbonate minerals and a
reletively small reservoir of exchangeable hydrogen, oxygen ratios shift
in heated water and hydrogen ratios don't. Thus, geothermal fluids may
be identified and quantified in terms of temperature of the heat source
while normal ground waters display no shift.5

Once chemistry surveys of geothermal waters have been made, favorable
results may indicate further geophysical exploration,

C, Infared Radiation Methods

Another preliminary type of geothermal exploration involves the use
of the fact that geothermal areas commonly produce infared heat in amounts
greater than background., Such surveys employ the use of infared scanning
in the intermediate bands (3-5, 8-14 microns) usually mounted on airborne
equipnent, Infared exploration of geothermal areas 1s somewhat linmited in

its ability to detect small variations of geotermz2l heat flow, This is

due to interference from backzround noise of solar origin,.
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Although some interference may be eliminated by predawn survelance, it

gensrally requires a geothermal heat flow of approximately two orders of

maggitude greater than background to detect a geothermal anomaly. Infared

techniques may be a useful tool in the preliminary exploration of remote

areas, However, based on the experience of investigators, infared

nmethods are of limited value in comparison to other geophysical techniques
¢

in acessable areas,

D, Earth Resistivity Methods

The earth resistivity method appears to be the most popular and
useful technigue for geothermal exploration. Resistivity may be used to map
the depth, thickness, and extent of the geothermal anonaly. The resistivity
of the earth is largely dependent upon the porosity, temperature, and
salinity of inerstitial water, all of which tend to lower reslstance to
electrical current and inc;ease conductivity.

The major drawbacks of this method result from factors which may
lower earth resistance and are not related to geothermal activity,

These factors may include cold saline waters, and near surface occurance of
salt deposits. Because of high condpctivity, near surface salts often
prohibit investigation at depth,

A typical resistivity investigation is made with four electrodes
equally spaced. A D, C, current flows between the two outer electrodes,

7

and the potential drop 1s measured across the two inner electrodes,

Electrode spacing is determined by resistivity depth sounding during
which electrodes may be placed as much as two kilometers apart, Electirode

spacings determined to be most characteristic of low resistivities



