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EXPLORATION CRITERIA FOR LOW PERMEABILITY 
GEOTHERMAL RESOURCES 

Abstract 

The decision to drill deep holes in a prospective geo­
thermal system implies that geothermal energy resources exist 
at depth. The drill hole location and budget result from 
hypotheses regarding the location and depth of the resource 
within the overall system. Although operational decisions 
normally dictate the practicality of drilling, the character­
istics of a system should assume a more significant role in 
the decision process. In order to increase the emphasis on 
collecting and interpreting data that are diagnostic of system 
characteristics, we must first understand how unique various 
surface or shallow subsurface data are in assessing the nature 
of the resource. 

The following progress report summarizes the results of 
numerical simulations of heat and mass transport around igne­
ous plutons and the synthesis of geologic data. To date, the 
results of the study describe the transient nature of thermal 
resources and the ambiguities which must be accounted for in 
using current technology to assess the nation's geothermal 
resources. 
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Statement of Problem 

Recognition that energy resources occur in finite quan­
tities, that they are nonrenewable, and that consumption of 
energy is required in order to utilize these resources, has 
resulted in programs whose objectives are assessment of the 
magnitude and recoverability of various geothermal energy 
resources. Since the geothermal energy resources occur in 
subsurface environments which are not well understood, the 
tasks which can potentially fulfill the program objectives 
are poorly defined. Therefore, the resource assessment 
problem for geothermal energy requires description of the 
unique features of the resource and development of methods 
useful in direct or indirect measurement of the resource 
characteristics. 

Geothermal resources occur as a natural consequence of 
processes which disperse anomalous concentrations of thermal 
energy in the earth's upper crust. These heat and mass trans­
port processes are active around thermal anomalies, such as 
igneous or metamorphic intrusions, for long periods of time, 
circa 10 years, and affect large volumes of rocks, circa 10 
3 

km . As a consequence, the characteristics of these resources 
as we know them today have been deduced from data collected 
over an extremely short time interval, with respect to the 
total age of the resource, or from data which represent the 
total integrated history of the resource at a few positions 
in this larger system. The observations made on active 
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geothermal systems are not representative of the entire sys­
tem. 

Simulation of heat and mass transport processes which 
occur in and around thermal anomalies in the upper crust pro­
vides a key to understanding the geologic past and extent of 
hydrothermal systems, Norton and Knight, 1977. Basic mathe­
matical equations which represent the processes and numerical 
approximations of these equations permit computer simulation 
of large and long-lived natural systems. An analysis of the 
transport equations which simulate the processes reveals those 
parameters and variables which are characteristic of the sys­
tem, and an analysis of the numerical approximations to ideal­
ized systems provides a first order approximation of the mag­
nitude of the variables. 

Objective of the Research 

The objective of this research was to analyze low perme­
ability geothermal systems related to high temperature plutons 
in the upper crust in order to ascertain those characteristics 
of these systems which could be detected by surface and shallow 
subsurface exploration methods. The analyses were designed to 
utilize computer simulation of idealized systems and to inte­
grate data and concepts, available in the literature, which 
relate to the transport processes. 

Methods of Analysis 

Notions of temperatures and pressures in geothermal sys­
tems are primarily derived from production or exploration wells, 
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which are usually restricted to small portions of the total 
system. Knowledge of these parameters over the entire hydro-
thermal system is necessary in order to analyze the time de­
pendence of transport variables in the region of a cooling 
pluton. Simulation of cooling plutons by numerical methods 
is one method by which these variables can be defined for an 
idealized geothermal system. 

Fluid flow caused by thermal anomalies related to igne­
ous plutons is effectively scaled and represented in two-
dimensions by partial differential equations which describe 
the conservation of mass, momentum, and energy for the fluid-
rock system, Norton and Knight, 1977: 

8T 

(1) Y^T: + q^H = V»icVT (conservation of energy) 

and 

(2) r- T- -^ (conservation of momentum) 
where T is the temperature, ¥ the streamfunction, q the fluid 
flux, t the time, H, p, and v are the enthalpy, density, and 
viscosity of the fluid, k is the permeability of the rock, K 
the thermal conductivity and y the volumetric heat capacity 
of the fluid saturated media, R the Rayleigh number, V the 
gradient operator, and y the horizontal distance in the two-
dimensional section to which these equations apply. 

Equations (1) and (2) are approximated by finite differ­
ence numerical equations which permit computation of the val­
ues of the dependent variables at discrete points in the domain 
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from initial and boundary values specified-for the system. 
The numerical analysis provides the option to include vari­
able transport properties of the fluid (H20-system) and rock, 
general boundary and initial conditions, and radioactive and 
volumetric heat sources in a two-dimensional domain. The 
transport process related to the transient thermal anomaly 
is approximated by a time sequence of steady state numerical 
solutions to (1) and (2), computed at explicitly stable time 
intervals. An alternating-direction-implicit finite differ­
ence method, which accounts for the transportive characteris­
tics of the system, is used to approximate the spatial deriva­
tives at discrete intervals on the order of 0.1 to 0.5 of the 
system height. Fluid pressure in the system is computed at 
each steady state step by integration of Darcy's Law in which 
the fluid properties, viscosity and density, are expressed as 
a function of temperature and pressure. 

The methods used by Norton and Knight, 1977, were used 
to define the temperature variucions in the environment of 
cooling plutons, such as might be present in geothermal sys­
tems, as a function of time. The fluid flux, heat fluxes 
(conductive and convective), porosity, intrinsic electrical 
resistivity, and energy content were also computed. Our in­
tent was not to analyze specific geothermal systems but to 
systematically vary input parameters in order to understand 
their effect on the variables which might be measured in an 
exploration-assessment program. 
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The numerical methods used generally approximated the 
governing partial differential equations within 10% in space 
and time. However, the overall geologic reality of the anal­
yses depended on the degree to which the parameters used ap­
proximated natural conditions and was, therefore, more diffi­
cult to evaluate. 

Attempts to apply details of specific results to a natural 
system will undoubtedly be unsuccessful. We feel the results 
will be most effectively used as a tool for understanding the 
uniqueness of certain exploration data and for understanding 
some of the gross characteristics of the system, as guidance 
in the collection and interpretation of data, and as a basis 
for more refined and sophisticated numerical studies. This 
study represents a first order approximation to transport 
processes which generate geothermal resources. 

Discussion of Results 

Theoretical studies of sv.1low igneous heat sources have 
resulted in several new concepts regarding the nature of geo­
thermal resources and the uniqueness of methods utilized to 
search for these resources. These results pertain to the over­
all geothermal system, which consists of a high temperature 
intrusion, host rocks, and fluids. Details regarding reser­
voir characteristics of various rock units are not considered 
because the resource assessment problem which appears to be of 
first order importance is that of detecting shallow thermal 
systems. The detection of produceable reservoirs normally 
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follows after the overall system has been detected and delim­
ited. 

Geothermal resources in regions of igneous activity are, 
for purposes of this study, conveniently classified into three 
types, as defined by the processes which tend to disperse the 
anomalous thermal energy: (1) Thermal energy in rocks whose 
bulk permeability is sufficiently large that fluids (liquid 
or vapor) can be recovered from conventional production wells. 
Examples of this resource are the rocks from which energy is 
being recovered today, e.g., Wairakei, Larderello, Geyser, 
etc. The bulk rock permeabilities are on the order of :> 10 
2 

cm in the systems, figure 1, region C. (2) Thermal energy in 
-11 2 rocks which have permeabilities too small, < 10 cm , for 

direct production of energy by conventional wells but whose 
permeabilities are greater than the minimum value (^10 cm ) 
at which heat transport by fluid convection predominates over 
heat transport by conduction, figure 1, region B. (3) Thermal 
energy in rocks whose permeabilities are less than the value 
at which heat transport by convection predominates over heat 
transport by conduction, figure 1, region A. 

This classification of subsurface thermal energy resources 
is derived directly from consideration of the transport processes 
which form the resources, and it provides a viable basis for 
designing exploration programs since these resource character­
istics are predictable. 
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Figure 1 
The original concept of "hot-dry-rock" resources seems 

to relate more to a reservoir type than to an overall system 
such as we are considering. We would expect to find relatively 
impermeable but high energy content blocks of rock within the 
relatively fractured regions of either A or B type resources, 
as well as in C. This is certainly evident in the producing 
geothermal systems where drill holes have missed the zones of 
abundant fracturing; they are hot and dry. In general, rocks 
contain pore fluids in their flow porosity from the groundwater 
table to several kilometer depths in the crust, albeit insuf­
ficient for direct production of energy. Indeed, significant 
fluid circulation is probably characteristic of most shallow 
pluton environments. And, as a consequence of extensive fluid 
circulation, resources associated with plutons have character­
istics that are not uniquely interpreted by conventional 
methods, since these methods often require the presence of a 
steady heat source which cools by conduction of thermal energy. 
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The age of geothermal resources on the geologic time 
scale has a direct affect on the type of exploration methods 
which can be used to effectively detect these resources. Con­
sequently, another degree of non-uniqueness is introduced into 
the interpretation of data normally used in exploring for geo­
thermal systems. The age of the geothermal resource with re­
spect to the causative thermal anomaly is important in all 
types of systems, but it is particularly relevant for those 
systems in which fluid circulation contributes to heat trans­
port. Therefore, the characteristics of systems are discussed 
with respect to three rather arbitrary age intervals, crudely 
defined on the basis of major differences in their character­
istics. The elapsed age obviously depends on geologic condi­
tions in the subsurface; so, for purposes of discussion, the 
near-surface ( 1 - 2 km) thermal characteristics of a 4.5 km 
tall, ^ 2 km wide, semi-infinite dike emplaced at 4.5 km will 
be considered. Plutons emplaced at *v> 4.5 km depths will not 
cause perturbation in temperatures at 1 - 2 km depths for tens 
of thousands of years after emplacement of the pluton; from 
the time of initial emplacement to the time at which perturba­
tions in temperature are evident at shallow depths is referred 
to as Stage I. Near-surface thermal perturbations then tend 
to a maximum, at which point the energy resource is nearest to 
the surface, Stage II; and, finally, the system decays to back­
ground temperatures, Stage III. 

With these subdivisions of time in mind, let us now 
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examine the predicted distribution of several variables in 
the following schematic diagrams. Temperature as a function 
of depth, directly above the causative pluton, in three sys­
tems, A, B, and C, corresponding to the regions A, B, and C 
in figure 1, at an elapsed time equivalent to Stage II is 
summarized below: 

TEMPERATURE TEMPERATURE TEMPERATURE 

■PERMEABILITY DECREASE 

Figure 2 

Thermal profile variations are simply a function of perme­
ability of the host rocks surrounding the thermal anonaly since 
all other system parameters were held constant. Increases in 
permeability result in thermal profiles which are very steep 
near the top boundary, below which temperature changes very 
little with depth but then increases to the temperature of the 
causative pluton. 

The interval of nearly constant temperature is the result 
of convective heat transport by circulating fluids and may 
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extend for several kilometers and persist for tens of thousands 
of years in the system. This type of thermal gradient has long 
been recognized in active geothermal systems. As a consequence 
of its nonlinear character, temperatures cannot be predicted at 
depth on the basis of shallow temperature gradient data. More 
significantly, the temperatures are grossly over-estimated by 
conventional methods. 

The variation in temperature as a function of depth.with 
time in a system with permeabilities in the B-region of figure 
1 can be seen in figure 3. Note that the largest near-surface 

TEMPERATURE TEMPERATURE TEMPERATURE 
► > » 

TIME : 0 * 5 i K T ► S «I0* f Z * 10* »•«» 

Figure 3 

temperature gradients occur at Stage III of the decay of the 
thermal anomaly. Independent evidence regarding subsurface 
and energy distribution is required for "older" systems, and 
in Stage I systems the gradients will predict temperatures at 
depth which are much lower than actual temperatures. 
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Upward migration of thermal energy away from the intru­
sive body gives rise, in turn, to several other characteris­
tics that all basically relate back to the rate and style of 
heat transport in the system. Upward migration of thermal en­
ergy in all systems, regardless of permeability values, causes 
pore fluid expansion and concomitant decrease in effective 
pressures, P , to a value which causes the rock to fracture. 
Although the manner in which these fractures will propagate 
and their dimensions are not known, an increase in intercon­
nected porosity and an energy release in the form of micro-
earthquakes undoubtedly occurs. The propagation of a P = 0 
isobar away from a pluton which cools by conductive heat trans­
port only illustrates the extent of this effect. 
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Figure 4 
Assuming a distribution of fluid-filled isolated pores in the 
host rocks, the frequency of microearthquakes associated with 
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rock failure at P = 0 can be computed. Although the frequency 
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Figure 5 
of events is greatest during the initial cooling period, the 
majority of these events occur after the causative pluton has 
cooled to below its solidus temperature. For this particular 
system, on the order of 20 - 60 events/day were predicted. 
The distribution of the events as a function of depth and time 
is illustrated in figure 6. 

MCftOEARTHQUAKES /DAY IHCftOEARTHQUAKES/DAY MKR0CARTH0UAKC3/0AY 

TME: O •• 2 * 10* fott 

Figure 6 
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As a consequence of the thermal expansion of pore fluids 
in residual pores, the generation of zero effective pressure, 
and rock failure by fracture, the interconnected porosity of 
the rock mass will undoubtedly be increased. Depending on 
the geometry of these newly interconnected pores, bulk rock 
permeability and electrical porosity will be increased. The 
porosity variations with depth as a function of time, which 
results from this process, are depicted in figure 7. 

POROSITY 

a 

TIME: o- ­*■ 3« I0 * 

POROSITY 

■ ♦ 5 1 1 0 s 

POROSITY 

o, 

- * 2 * 10* year* 

Figure 7 

Increase in interconnected porosity and associated de­
crease in fluid resistivity with increasing temperature, 
figure 8, results in the formation of regions in which the 
intrinsic electrical resistivity is anomalously low. Intrin­
sic electrical resistivity, Prock» can be related to porosity 
and fluid resistivity, p,, by Archie's function: p , = 

f
 K

rock 
kpf4> , where n is ̂  2 for fractured media, and <J> is effective 
electrical porosity. The low­magnitude anomaly is primarily 
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the result of porosity changes since intrinsic resistivity is 
1 n probably related to /§<-, figure 9, as suggested by Archie's 

function, and is probably not detectable by present electrical 
resistivity measurement methods. 

k-2 «v"2 

o. w o. 2 

Figure 9 
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The <|> versus depth plots with respect to time 
depict the variation in bulk rock resistivity as a result of 
porosity changes. Porosity values are not well defined once 
the system has developed to maximum thermal effects near the 
surface, because mineral fluid reactions will tend to fill 
pores, and decreasing pore fluid pressure will allow the pores 
to collapse. 

Note that we are assuming only fluid resistivity and 
porosity effects on intrinsic resistivity and that the time 
and space variation in mass abundance of conductive minerals 
deposited by the circulating fluids are not considered. The 
effect of fluid composition on the bulk rock resistivity is 
much larger than temperature or pressure variations, but is 
less than the effect of porosity variations. 

T , i i 1 
•<B -<04 .00 .00 ,1 
ELECTRICAL POROSITY 

Figure 10 
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Salinity­porosity effects which result in low intrinsic 
resistivities are not unique for hydrothermal systems however. 
As can be seen in figure 10, metal­sulfide,deposits and high 
porosity sedimentary basins containing saline fluids are also 
characterized by low intrinsic resistivity values. 

Circulation of fluids around plutons results in a redis­
tribution of thermal energy which closely mimics the rock tem­
perature for systems containing relatively pure H20 at tempera­
tures < 350°C. In systems containing relatively high perme­

­14 2 
ability host rocks, k > 10 cm , the transport of thermal 
energy upward toward the top boundary (surface) is more rapid 
and results in higher energy concentrations than those systems 
whose host rock permeabilities are < 10 cm , cf. below. 
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Figure 11 
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Figure 12 
Thermal energy begins to increase at 1 km depth at an 

elapsed time of ^ 1.5 x 10 years in the low permeability 
4 

case and at an elapsed time of ^ 5 x 10 years in the high 
permeability case. However, in the system which cools pri­
marily by conduction, the 200°C isotherm never gets closer 
to the surface than 1.75 km, whereas in the system in which 
fluid convection of thermal energy predominates, the 200°C 
isotherm is within 0.5 km of the surface for several tens of 
thousands of years. 

Thermal anomalies in relatively permeable host rocks 
might develop broad regions of abnormally low conductive 
heat flux around the margins of the system, coincident with 
the zones of downward fluid circulation. As can be seen in 
the figure, circulating fluid convects near­surface low energy 
fluids downward and depresses the isotherms below the regional 
values. These regions of abnormally low heat flux could be 
useful in outlining the regions of upward fluid circulation, 

18 



obviously the regions of greatest thermal energy potential, 
e.g., high energy concentration, large mass, and shallow 
depths. CONDUCTIVE: FLOW 

CONDUCTIVE: NO FLOW 
150,000 YEARS 

Figure 13 
The above relationships, as well as consideration of the 

seismic velocity variations which result from coupled tempera­
ture and porosity changes, are now being refined and related 
to actual systems. Chemical effects are only being considered 
in a cursory manner because the numerical tools required to 
adequately simulate these processes are not yet available. 
These effects are clearly the most significant contribution 
to the intrinsic electrical resistivity of rocks in geothermal 
systems. However, proper analysis of the chemistry will not 
be possible for about another year. An example of the state-
of-the-art in using fluid chemistry to predict the chemical 
composition of subsurface environments is reproduced in Appen­
dix II. 
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Geologic Reality 

An important conclusion of this study is to reemphasize 
the non-uniqueness of predictions regarding the presence of 
geothermal resources. In order to effectively detect subsur­
face resources, existing exploration methods must be signifi­
cantly improved. Furthermore, because of the intrinsic prop­
erties of rocks in the region around cooling plutons, deep 
drill holes may not adequately define these resources. These 
conclusions are based on a few very simple geological facts; 
the consequence of these facts is realized in the numerical 
models discussed above. 

The most important parameter in defining the nature of 
heat transport in the subsurface, as indicated by the numeri­
cal studies, is bulk rock permeability. Geologic observations 
confirm the significance of this parameter, since host rocks 
and igneous rocks are, in general, relatively permeable in the 
upper crust. This observation is qualitatively supported by 
the fact that eroded equivalents to the system modeled above 
show evidence that large amounts of fluid have circulated 
through systematically developed fractures in these rocks. 
This evidence is in the form of hydrothermal alteration min­
erals, gains and losses of components from the rocks, shifts 
in hydrogen and oxygen isotope values, and composition of flu­
id inclusions. Many pluton and adjacent host rocks appear to 

-14 2 have had permeabilities > 10 cm during some stage of their 
formation. The systematic distribution of continuous fractures 
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in some pluton environments suggests much larger permeabili­
ties, Villas and Norton, 1977. Numerous igneous plutons 
appear to have had relatively low permeabilities, but the 
surrounding host rocks usually show evidence that fluid cir­
culation was significant. 

Magma intrusion into the upper crust, thermal energy 
transport away from the crystallizing body, concomitant vol­
ume increases in the magma+solid pluton, and temperature in­
creases in the host rocks all result in significant changes 
in the stress conditions which often result in thorough frac­
turing of the rocks. Although the physics of this entire 
process is not well understood, it is clear that shallow 
igneous systems will contain permeable rocks. 

The regions of volcanic activity contain plutons emplaced 
over a time span of a few million years, and each pluton may 
have a thermal life on the order of a few hundred thousand 
years. As we noted in the numerical studies, this transient 
feature of the thermal sources must be considered in evaluat­
ing resources. 

The pragmatic question is: How can we increase the con­
fidence level of predictions based on surface or shallow drill 
hole information? The following is a synthesis of data utili­
zations and limitations concerned with this question. 

1. Temperature 
Thermal gradient data are useful if the drill hole 

conditions where they are collected are thoroughly 
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documented. In particular, those data collected above 
the groundwater table can be very misleading. Projection 
of thermal gradient data requires independent information 
on subsurface conditions, e.g., permeability and thermal 
conductivity. 

The nonlinearity of thermal gradients is a function of 
bulk rock permeability; coupled with paleo-temperatures, 
this information could potentially be used to define the 
bulk permeability of the system. 
2. Conductive Heat Flux 

Conductive heat flux relates directly to the thermal 
gradient comments. Those fluxes estimated from tempera­
tures measured above the groundwater table should corre­
late with numerical models which have conductive and 
impermeable top boundary conditions, whereas those mea­
sured in the vicinity of springs should correlate with 
conductive and permeable boundary conditions. 

Regions of downward fluid circulation around the plu-
tdn should be detectable as regions of abnormally low 
conductive heat flux. These regions define the outer 
limits of the high thermal energy portion of the system. 

The magnitude and width of the conductive thermal 
anomaly can be used to define the depth and width of the 
thermal source only in a steady state system in which 
there is no convective heat transport. However, other 
information in detailed thermal surveys, e.g., low 
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amplitude noise, may be useful in defining these param­
eters in a convection dominated system. 
3. Convective Heat Flux 

This variable is a direct measure of system permeabil­
ity and is probably not measurable because of the low 
mass fluxes, but it does deserve consideration. 
4. Electrical Resistivity 

Electrical resistivities on the order of 500 fi-m or 
less cannot be attributed to simple temperature increases 
at depth. These values clearly require abnormally large 
electrical porosities, fluid salinities, and/or conductive 
minerals. The coupled temperature and porosity increases 
in the subsurface can account for a 2x decrease in intrin-

2 sic resistivities, and salinity can account for a 10 
decrease at an electrical porosity of 0.1. 

Fluid circulation in pluton environments always results 
in the formation of hydrothermal minerals, some of which 
are conductive. Furthermore, the metal-sulfides tend to 
deposit in regions above the top of the pluton. 
5. Microearthguakes and Tilts 

Magma emplacement and magma crystallization generate 
4 seismic noise for the first few 10 years, or, in general, 

< 10% of the pluton's total duration. Thereafter, tem­
perature increases in the surrounding host rocks appear 
to be the principal process by which seismic noise is 
generated. Detailed mapping of the seismic noise would 
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provide depth information on the location of the zero 
effective pressure front and could possible provide an 
indirect measure of the elapsed time of the system. 

Tilts associated with thermal expansion of the rocks 
could be as large as a fraction of a cm/yrs. 
6. Chemistry 

Bulk chemical and stable light isotope concentrations, 
as well as temperature and electrical resistivity of 
springs and borehole fluids, provide a data base which 
permits estimation of subsurface rock compositions and 
temperature, cf. Norton and Panichi, 1977, and mass abun­
dance of mineral phases in surface and subsurface rocks, 
Villas and Norton, 1977. 

A First Approximation of Real Systems 

The exploration for geothermal resources has resulted in 
successes, surprises, and many unanswered questions. This sec­
tion attempts to apply some of the insight into geothermal sys­
tems, obtained through the numerical studies, to natural sys­
tems. We have reviewed data from several systems; the results 
are presented below. 

i 

Those geothermal systems which represent the "A" (conduc­
tion dominated) type have been identified only as subsystems 
within the "B" or "C" type. We do not know of a thermal re­
source related to an igneous pluton in which heat transport 
throughout the system is by pure conduction. The "C" type are 
exemplified by systems from which energy is currently being 
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produced. "B" type systems include those that may contain 
reservoirs of the "C" type, but the latter have not been 
detected. 

The most interesting consideration is the time stage to 
which various systems can be assigned. Stage I is mostly 
speculation since the only evidence would be found through 
remote measurements of magmatic activity at several kilometer 
depths. Seismic zones might provide examples of this stage, 
such as the Intermountain Seismic Belt defined by Smith et 
al., 1974, along which "swarms" of seismic activity have been 
noted and an incipient spreading of the continental crust has 
been suggested. A few occurrences of very young basalt cinder 
cones and flows, and some thermal activity, are present along 
this zone. A second example is found along the extension of 
the volcanic time trend on the San Francisco Peak region. 

Stage II systems include Yellowstone, Geysers, Wairakei, 
Larderello, and possibly Coso and Long Valley. 

Stage III systems are typified in the extreme by mineral 
deposits, such as porphyry copper. These systems have moder­
ate thermal anomalies resulting from oxidation of sulfide and 
radiogenic sources (U, Th, K), electrical resistivity lows 
caused by metal sulfides, and thoroughly altered rocks. The 
Marysville project is clearly another example of Stage III 
systems. 

Another style of "thermal" system which is very common in 
the Basin and Range Province is depicted by the intermontane 
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basins, an example being Safford Valley, Arizona, Norton and 
Gerlach, 1975. Very porous sediments fill a basin which is 
^ 1.5 km deep, saline pore fluids and evaporite bearing for­
mations are present, and the fluid circulation path of ground­
water is from the surrounding mountains which rise to 2 km 
above the valley, as well as from the Gila River which flows 
through the valley. There are thermal springs which flow 
from the basin margin faults and scattered occurrences of 
"young" looking basalts which intrude the sediments. The 
valley is characterized by low electrical resistivity and 
anomalous heat flow. However, the entire "thermal" system 
could be the result of forced fluid convection through the 
anhydrite bearing rocks, hydration of anhydrite to gypsum, 
and associated heat of reaction, or a significant volume of 
basalt may underlie the valley. 
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A PRELIMINARY ANALYSIS OF THE COSO GEOTHERMAL SYSTEM 
by D. Norton and J. Knight 

Introduction 

The objective of this communication is to present a preliminary and 
partially completed analysis of the Coso system. The studies to develop 
exploration criteria useful in the detection of hot dry rock systems are 
in a preliminary stage at the University of Arizona; however, we have 
utilized the numerical modeling capability of the laboratory to analyze 
the Coso system. 

The decision to drill deep holes in a geothermal system implicitly 
hypothesizes that a thermal energy resource exists at depth. Significant 
concentrations of thermal energy at shallow depths in the earth's crust 
are transient features in geologic time. The processes which tend to dis­
perse the energy anomaly give rise to features that are diagnostic of the 
extent and character of the energy resource. We have synthesized the geo­
logical, geophysical, and geochemical data from Combs, Duffield, Austin, 
Jenkins, and Schultz. A hypothetical geologic cross-section has been pre­
pared on the basis of this data. The section includes a thermal energy 
source of igneous origin. Initial and boundary conditions were assigned, 
thereby defining an initial value problem. The initial value problem was 
then solved using computer programs described in Appendix I. The results 
from the computed model were then compared with measured data. 

The analysis suggests the Coso system is a permissive energy prospect 
which may contain in the subsurface: 1) regions of sufficient permeability 
and energy content to permit direct production of high temperature, fluid, 
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and 2) regions of low permeability but high heat content rock which will re­
quire in-situ fracturing prior to production. 

Also of note are certain characteristics of the model system which may 
also appear in the Coso System: 1) The surface heat flux due to convective 
fluid flow is significantly larger than the conductive heat flux. 2) The 
subsurface energy distribution is significantly different from a system in 
which the igneous body cools by simple conductive heat transfer, even though 
the permeabilities are below those necessary for direct production of high 
temperature fluid. 

Other possible models need to be examined. A very plausible model of 
this system would be a distribution of much smaller, very impermeable, shal­
low plutons that were emplaced during the initial volcanic event and are 
nearly cooled to ambient conditions. 
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Analysis of the Energy Content and Distributions in Model Systems 

Initial Conditions 

The heat flow, p-wave velocities, seismic noise hypocenters, resistiv­
ity, closely spaced high angle normal faults, ring faults, thermal springs, 
and outcropping igneous rocks (< 10,000 to 20,000 years old) define a geo­
logical cross-section, figure 1. Our interpretation of the above data sug­
gests a shallow, < 1 km, zone of relatively low resistivity material in the 
vicinity of Sugarloaf Mountain that may be caused by high porosity rocks 
saturated with saline fluids or 2-3 wt% sulfide minerals in the rock; we 
assume this to be a zone of relatively high permeability since the anomaly 
coincides with the zone containing abundant fractures. A somewhat broader 
zone of microearthquake hypocenters (< 3 km) is correlated with the near sur­
face zone of abundant fractures and low resistivity and could represent the 
base of the high permeability zone (10-9 - 10 - 1 0 cm 2). A second zone of 
microearthquake activity is recognized, 4-6 km deep and 8 km wide, which may 
be due to thermal expansion of pore fluids and subsequent hydrofracturing of 
the rocks. The third zone of microearthquake activity, > 6 km, may be due 
to tectonic movement and thermal fracturing associated with an igneous intru­
sive body. The p-wave discontinuity at 5 km depth is taken to be an indica­
tion of change in the regional abundance of continuous fractures and could 
represent a decrease in rock permeability. These assumptions, then, define 
a possible permeability and heat source configuration at depth. Age-dating 
suggests the Coso system is around 15,000-20,000 years old, and our transient 
models were tested against the heat flux observed at Coso today with time 
2L 20,000 years in the models. 
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The size and energy content of the igneous heat sources were more or 
less arbitrarily defined. The total energy content of the pluton at the 
time of its emplacement as a magma represents the energy available above 
the normal background. The total energy for three model plutons per unit 
length of the pluton ranges from 7 X 10 1 5 kcal to 1 X 10 1 6 kcal. This is 
on the order of the U.S. annual electrical energy consumption. 

ENERGY SOURCE CHARACTERISTICS 
Width Height Depth to top T AT* HT0TAL HAN0M 

C0S01 4 km 3 km 6 km 960°C 750°C 8 X 1015kcal 6 X 1015kcal 
C0S02 4 4 5 960 750 1 X 10 1 6 9 X 10 1 5 

PL06 2.6 4 5 920 750 7 X 10 1 5 6 X 10 1 5 

C (rock) = 0.26 cal/gr°C, p (rock) = 2.75 gr/cm3, and heat content ib 
per km length of pluton. H.N0M is the heat content above the normal back­
ground, AT*«C . 
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Model Systems 

C0S01 - The initial and boundary conditions for this model, figure la, were 
derived from the geologic section, figure 1. The heat flux and cooling char­
acteristics of the system were found to be significantly different from pres­
ent day features of the Coso system. The depth of burial, 6 km, of the heat 
source and its confinement within relatively low permeability host rocks 
slowed the energy transfer rate. After a time interval of 22,000 years, the 
surface conductive heat flux was still 1.6 HFU, and at 50,000 years the ther­
mal perturbation is barely discernible at 2 km depth, figure 2. We felt the 
age of the igneous events at Coso required a model system age that was younger 
than 20,000 years; therefore, a shallower, 5 km deep, heat source was modeled. 

31 



Figure 1 
Initial conditions for model C0S01 (left side) and geophysical and geo­

logical observations used to estimate the initial conditions (right side). 
The section is centered near Sugarloaf Mountain and is bounded by caldera-
like ring faults (Duffield, 1975). The central portion of the section con­
tains abundant faulting and high electrical conductivity, implying greater 
permeability (k). The major p-wave velocity discontinuity at 5 km depth 
coincides with a permeability discontinuity. Microseismic hypocenters are 
grouped into three divisions (Combs, 1975): 1. Deep, >6 km, hypocenters are 
centrally grouped and interpreted as representing a tectonic activity asso­
ciated with a buried pluton (small circles), 2. Intermediate, > 3 km < 6 km, 
hypocenters circumscribe the deeper hypocenters and are interpreted as repre­
senting tectonic fracturing and hydrofracturing above the pluton (medium sized 
circles), 3. Shallow, < 3 km, hypocenters which circumscribe both classes of 
deeper hypocenters are interpreted as tectonic movement on near surface faults 
(large circles). The geothermal gradient (30°C km-1) and thermal conductivity 
(5 X 10 - 3 cal-(cm2-sec-°C)-1) are consistent with the background heat flux of 
1.5 HFU (Combs, 1975). 

The temperature distribution in C0S01 after 50,000 years. The T = 100°C 
isotherm is barely affected by the thermal anomaly at depth. 
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C0S02 - Initial and boundary conditions for this model were modified from 
C0S01 to afford for more rapid heat transfer to shallow regions of the sys­
tem, figure 2. The conditions are still compatible with the geologic cross-
section in figure 1. The pluton top now coincides with the transition be­
tween the basement p-wave discontinuity and the intermediate hypocenters. 
The deep hypocenters now coincide with the heat source. This is consistent 
with a pluton which is either moving or cooling and fracturing. Therefore, 
a time dependent permeability was introduced into the heat source, cf. fig­
ures 2-3. 

The conductive and convective heat fluxes produced by this system demon­
strate some of the ambiguities in evaluating simple conductive heat flow anom­
alies and also indicate the magnitude of convective heat transfer in systems 
i >ose permeabilities are marginal for direct production of high temperature 
fljid. The convective heat flux near the surface, 100 m deep, is significant­
ly greater than the corresponding conductive heat flux, e.g., at 20,000 and 
25,000 years the vertical component of convective heat flux at 100 m depth is 
4.5 times greater than the vertical component of conductive flux. 

The discharge of convecting fluids at either the surface or groundwater 
table for this system appears to ,be small, although mass flux data on the 
thermal springs could not be found for comparison. 
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Surface Discharge of Convecting Fluid 
time 

5,000 yr 

10,000 yr 

15,000 yr 

20,000 yr 

25,000 yr 

30,000 yr 

mass f l 
(g/cm2 

1.9 

2.0 

2.6 

3.7 

4.6 

5.3 

ux 
sec) X 107 

mass flow 
Kg/sec 

7.6 

8.0 

10.3 

14.7 

18.4 

21.0 

total f l u i d 
Kg X 10-12 

1.2 

2.5 

4.1 

6.4 

9.3 

12.6 

The total thermal energy content of the subsurface rocks in the C0S02 
model averages about 25 cal/gr between 0-1 km depth. In 4 km3 of rock this 
amounts to 3 X lO14 kcal of energy, or about 3% of the energy in the initial 
anomaly associated with the pluton. 

35 



Figure 2 

LEFT SIDE 
Initial conditions for model C0S02. This model is similar to C0S01, but 

regional permeabilities and pluton height have been increased to produce larger 
heat fluxes near the surface. 
RIGHT SIDE 

Temperature contours 5,000 years after initial conditions. 

LEFT SIDE 
Permeability (k) in model C0S02 at 17,500 years after initial conditions. 

The permeability in the upper portion of the pluton has been increased to simu­
late fracturing of the pluton as the pluton cools below its solidus temperature. 
RIGHT SIDE 

Temperature contours 19,000 years after initial conditions and 1,500 years 
after fracturing of pluton. Note the perturbation in the 150, 100, and 50°C 
isotherms is increasing. 
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Figure 3 

C0S02 at 19,900 years. 
LEFT 

Contours of streamfunction in the domain. The gradient of the stream-
function is dimensionless mass flux. 
RIGHT 

Contours of temperature in the domain. 

C0S02 at 29,900 years. 
LEFT 

Contours of streamfunction in the domain. The gradient of the stream-
function is dimensionless mass flux. 
RIGHT 

Contours of temperature in the domain. 
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Figure 4 

C0S02 at 10,000 years. 
Profiles of total heat flux versus distance from the domain edge. The 

pluton is 18.0 km from the domain edge and lies below the symmetrical anomaly. 
A thermal conductivity of 5 X 10 - 3 cal-(cm-sec-°C)_1 was used in the calcula­
tion.- Depth below the surface for the profiles is: 1. 250 m, 2. 500 m, 3. 
1,000 m. Profile 4 is the heat flux by conduction only at 250 m below the 
surface. Note the negative anomaly associated with the downflow zone in the 
convection system. 

C0S02 at 15,000 years. 
Profiles of total heat flux versus distance from the domain edge. The 

pluton is 18.0 km from the domain edge. A thermal conductivity of 5 X 10~3 

ca1-(cm-sec-0C)_1 was used in. the calculation. Depth below the surface for 
the profiles is: 1. 250 m, 2. 500 m, 3. 1,000 m. Profile 4 is the heat 
flux by conduction only at 250 m below the surface. 
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Figure 5 

C0S02 at 19,900 years. 
Profiles of total heat flux versus distance from the domain edge. The 

pluton is 18.0 km from the domain edge. A thermal conductivity of 5 X 10~3 

cal-(cm-sec-°C)-1 was used in the calculation. Depth below the surface for 
the profiles is: 1. 250 m, 2. 500 m, 3. 1,000 m. Profile 4 is the heat 
flux by conduction only at 250 m below the surface. 

C0S02 at 29,900 years 
Profiles of total heat flux versus distance from the domain edge. The 

pluton is 18.0 km from the domain edge. A thermal conductivity of 5 X 10"3 

cal-(cm-sec-0C)-1 was used in the calculation. Depth below the surface for 
the profiles is: 1. 250 m, 2. 500 m, 3. 1,000 m. Profile 4 is the heat 
flux by conduction only at 250 m below the surface. 
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Figure 6 

-C0S02 
Depth vs temperature profiles from surface to 4 km. Profiles are at 

1 km from edge of pluton (leftmost profile) and down the symmetry plane of 
the system (rightmost profile). The upward migration of a large thermal 
gradient is particularly well illustrated by the symmetry plane profile. 
At 29,900 years the thermal gradient and, hence, the heat flux are still 
increasing. 
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Figure 7 

C0S02 at 10,000 and 15,000 years. 
Energy content (cal/gr) along horizontal planes at: 1 = 250 m, 2 = 

500 m, and 3 = 1,000 m depth below the surface. Computed on basis of C 
(rock) = .26 cal/gr°C and a negligible fluid fraction. 
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Figure 8 

C0S02 at 25,100 and 29,900 years. 
Energy content (cal/gr) along horizontal planes at: 1 = 250 m, 2 = 

500 m, and 3 = 1,000 m depth below the surface. Computed on basis of C 
(rock) = .26 cal/gr°C and a negligible fluid fraction. 
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LONG VALLEY, CALIFORNIA 

The Long Valley thermal system has been studied exten­
sively by the U.S.G.S. We have completed a review of the 
considerable literature and have found the geological infor­
mation on this system to be about the best available on any 
hydrothermal system, especially the data on the tectonic-
volcanic history of the caldera, Bailey, R. A., 1976. 
Bailey's hypothetical cross sections provide excellent data 
with which to define an initial and boundary value numerical 
problem. We have abstracted data from Bailey's figure 8 to 
demonstrate how an analysis similar to the Coso study might 
be completed on the Long Valley system. The objective of the 
analysis would be to test various hypotheses expressed in the 
Long Valley Symposium papers regarding the nature of the pres­
ent day subsurface conditions. 

Bailey hypothesizes conditions at ^ 0.7 m.y. ago in the 
following manner: 

Figure 1 
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This would correspond to a Stage I type system having a nor­
mal temperature distribution above ^ 5 km depth, as indicated 
in the T versus depth plot. Some 0.2 m.y. later, after some 
rhyolites were intruded, the reaction looked like: 

Figure 2 

Note that a hypothetical magma is still present at depth. 
This hypothesis places constraints on the rate of heat lost 
from the chamber and on the size of the body. This system, 
then, evolves for approximately 0.2 m.y. longer to: 

4 12 tO M MUM 

EEEE1 

Figure 3 
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And finally to the present subsurface configurations: 

Figure 4 
Relatively shallow drill hole data are available on this sys­
tem, but the thermal profiles were inferred from the near-
surface data and our experience with the model systems. 

The profiles are partially based on temperature data 
from Lachenbruch, A. H. and others, 1976, solid lines, and 
on our extrapolations of data outside the caldera, A, nor­
mal gradient, inside the caldera in relatively unfractured 
rocks, B, and in fractured rocks, C. The "C" profile was 
linearly extrapolated to the liquid-vapor surface in the 
H,0-system, then downward along an isochor in the H20-
system, and finally to higher temperatures in the vicinity 
of the thermal source. 

Data are not available which would be useful in esti­
mating permeability of the rock units in the region, present 
transport of thermal energy in the subsurface (i.e., there 
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appears to be some uncertainty in the seismic noise data), 
or fluid circulation paths. 
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