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I 

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 recover these resources has 

resulted in programs whose objectives are: (1) assessment 

of the magnitude and (2) recoverability of these resources. 

A viable resource assessment program for geothermal energy 

requires description of the unique features of the subsur

face thermal energy resources and development of methods 

useful in direct or indirect detection of these features. 

Since geothermal energy resources occur in subsurface envi

ronments which are inaccessible to direct observation, the 

tasks which would, potentially, fulfill these program objec

tives are often poorly defined. 

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 

transport processes are active around thermal anomalies, 

such as igneous or metamorphic intrusions, for long periods 

of time, and they affect large volumes of rocks. Character

istics of these resources have been deduced from data col

lected over an extremely short time interval, as compared to 

the total age of the resource, or from data on fossil systems 

which represent the total integrated history of the resources 

at only a few locations within a larger system. As a conse

quence, observations made on active geothermal systems are 

usually not extensive enough to be representative of the 

entire system. 

In response to human crises, the need to expand the 

energy resource base and to evaluate the utilization of new 

and novel resources, such as geothermal energy, has arisen. 

Historically, responses have followed the sequence of events 

outlined in the flow chart depicted in figure 1, exclusive of 
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the operations detailed within the dashed box. A general 

problem in the decision sequence has traditionally been that 

the conceptual geologic x-section (step 7) can not be tested 

by methods other than drilling, which is ultimately necessary 

but which often detracts from the project objective. Further

more, negative results from a single drill hole often totally 

destroy confidence in the prospective regions. 

Geothermal energy resources are formed by processes which 

transport thermal energy to shallow depths in the crust. Simu

lation of heat and mass transport processes which occur in and 

around thermal anomalies in the upper crust provides a key to 

understanding the geologic past and the extent of hydrothermal 

systems. Basic mathematical equations representing the proc

esses, and numerical approximations of these equations, permit 

computer simulation of large and long-lived natural systems. 

An analysis of the transport equations which simulate these 

processes reveals those parameters and variables that are 

characteristic of the system. Numerical approximations of 

idealised systems provide a first order approximation of the 

magnitude of the variables. 

This novel technology is incorporated into a decision

making sequence which permits an objective evaluation of data 

and hypotheses prior to drilling, allows reliability factors 

to be assigned to various data, and demands more effective 

data collection. Since the decision to drill implicitly 

includes a conceptual model of energy resources in the sub

surface, this decision is also a qualitative statement of 

initial and boundary conditions related to the prospective 

energy resource, figure 1 (8). These conditions can be quan

titatively described for various thermal sources, and, conse

quently, a set of quantitative conditions, sufficient for 

analysis by heat and mass transport theory, is defined. 

Energy resources are transient features in the earth's 

crust, usually existing for 10^ - 10^ years, and are distri

buted over large volumes of the crust, '̂  100's km^. Direct 
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measurement is, therefore, impossible, but with high-speed, 

large-memory computers the systems can be simulated within a 

few hours, figure 1 (9). The results of these computations 

contain the quantitative values of parameters directly related 

to the energy resource, figure 1 (10), e.g., the relevant 

exploration features are quantitatively defined. 

The explorationist, then, can enjoy the situation of 

having both measured and theoretical values for his hypothe

sized resource. A comparative study of these data permits 

refinement of the hypothesis, regarding its location, or 

insight into additional data required prior to drilling, fig

ure 1 (11). At some confidence level, drilling and subsur

face data collection proceed, figure 1 (12), with the option 

to interpret the subsurface data in a similar method, figure 

1 (12-13-14) . 

Objective of Study 

The overall project objective was to analyze low permea

bility 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. Analyses were designed to 

integrate data and concepts from the literature, which relate 

to the transport processes, together with computer simulation 

of idealised systems. 

Methods of Analysis 

Notions of energy distribution in geothermal systems are 

primarily derived from temperature and pressures, measured in 

production or exploration wells, and are usually restricted 

to small portions of the total system. In order to predict 

the size, grade, and life expectancy of the resource, knowl

edge of these parameters over a large portion of the hydro-

thermal system is necessary. Time dependence of transport 

variables in the region of an energy source, such as a cool

ing pluton, can be simulated by numerical methods. 
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Fluid flow caused by thermal anomalies related to igne

ous plutons is effectively scaled and represented in a two-

dimensional infinite half-space by partial differential equa

tions representing the conservation of mass, momentum, and 

energy for the fluid-rock system, Norton and Knight, 1977: 

8T (1) Y-̂ r̂- -I- qVH = V'KVT (conservation of energy) 
9t 

and 

(2) vV«yV1' = R8p , .. c u ^ 
-— ^ - ^ (conservation of momentum) 
K X dy 

where T is the temperature, T 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. 

Fluid mass fluxes, q, are derived from the streamfunction 

gradient where q.̂ . ~ ~"aT7' '̂y ~ 3T' '̂ ^̂  pressure throughout the 

system is obtained by integration of Darcy's Law: 

(3) 

£ j 

- PQ = / [pg - q̂  ̂ ]dz, 

Equations (1), (2), and (3) are approximated by finite 

difference numerical equations which permit computation of 

the values of the dependent variables at discrete points from 

initial and boundary values specified for the system. These 

numerical equations account for variable transport properties 

of the fluid (H20-system) and rock, general boundary and ini

tial conditions, and radioactive and volumetric heat sources. 

Transport processes related to transient thermal anomalies 
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are 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 using (3), in which the fluid proper

ties, viscosity and density, are expressed as a function of 

temperature and pressure. The numerical methods used gener

ally approximated the governing partial differential equations 

within 10% in space and time. Overall geologic reality of the 

analyses depends on the degree to which parameters used approxi

mated natural conditions and was, therefore, more difficult to 

evaluate. Teraperature, pressure, and fluid flux described in 

the simulated systems form the basis for predicting the magni

tude and distribution of related characteristics. Heat flux 

(conductive and convective) , energy content and distribution, 

porosity, temperature gradients, electrical resistivity, per

meability, in-situ stress, and surface uplifts were predicted 

for the systems. 

One objective was to analyze geothermal systems by system

atically varying input parameters in order to understand their 

affect on the variables which might be measured in an explora

tion-assessment program. A second objective was to apply the 

methods to a prospective system in its early stages of evalua

tion; the Coso system was picked for this portion of the study. 

This study represents a first-order approximation to trans

port processes in geothermal systems, which consist of high 

temperature intrusions, host rocks, and fluids. The results 

of these studies can 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 sys

tem, as a guide in the collection and interpretation of data, 

and as a basis for more refined and sophisticated numerical 

studies. 
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II 

First Objective 

Discussion of Results 

Permeability of rocks is apparently the single most im

portant parameter affecting the characteristics of geothermal 

resources, both in terms of locating the resource and recover

ing the energy. Production of geothermal energy by conven

tional means requires reservoirs with permeabilities >̂  10~11 

cm2. However, systems which have bulk permeabilities as low 

as 10~1^ cm2 may have exploration characteristics which result 

from the circulation of large volumes of fluid, Norton and 

Knight, 1977. 

Conductive transfer of thermal energy is defined by 

<4) 5cond = - ̂ '̂'̂ ' 

where K, cal .sec~l cm-1 °C~1, is the average thermal conduc

tivity of the system, e.g., fluid and rock, T, °C, the tem- i. 

perature, and V the gradient operator, whereas conductive-̂ '̂''' 

transport of thermal energy is 

(5) q = H{T,P) k „. 
^ ° ^ ^ V(T,P) ^*' 

where H(T,P) is the heat content of the fluid, cal gr~l, at 

the local temperature and pressure reference to H = 0 at T = 

•OlOC, P = .006 bars, k is the intrinsic rock permeability, 

cm2, and v{T,P) is the fluid viscosity, cm^ sec~l. Convec

tive transport of thermal energy inevitably occurs in sys

tems where lateral density anomalies are present in fluids 

contained in the flow porosity. The magnitude of fluid trans

port is determined principally by permeability since the flu

id enthalpy, viscosity, and density, as well as the magnitude 

of the initial thermal anomaly, are similar for most igneous 
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environments. As can be seen in equations (4) and (5), the 

temperature gradient in any system will be strongly affected 

by the convective transport of energy such that conductive 

transfer is actually decreased along the principal flow chan

nels in the direction of fluid flow. The relative ratios of 

convective to conductive transport as a function of host rock 

permeability have been calculated for several pluton-host rock 

systems, figure 2. 
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Figure 2 

Geothermal resources in regions of igneous activity have 

been classified into three types, as defined by the processes 

which tend to disperse the anomalous thermal energy: (1) Ther

mal energy in rocks whose bulk permeability is sufficiently 

large, ̂  10~H cm^, figure 2, region C, 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. 

(2) Thermal energy in rocks which have permeabilities too small. 
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< 10"^^ cm^, for direct production of energy by conventional 

wells but whose permeabilities are greater than the minimum 

value ('V 10"^^ cm^) at which heat transport by fluid convec

tion predominates over heat transport by conduction, figure 

2, 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 (Qconv/^cond '̂  

0.5), figure 2, region A. 

Relatively impermeable but high-energy-content rocks are 

expected to occur within the 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. 

"Hot-dry-rock" geothermal energy is considered to be a produc

tion method useful where resources have permeabilities too low 

for conventional production methods. Rocks apparently contain 

pore fluids in their flow porosity from the groundwater table 

to several kilometer depths in the crust. Brace, 1971; Norton, 

1977, albeit insufficient for conventional production of ener

gy, and evidence exists that fluid circulation is characteris

tic of most shallow pluton environments, Taylor, 1974; Helge

son, 1970; Norton, 1972; Norton, 1978. As a consequence, 

thermal resources associated with plutons have characteristics 

that are not uniquely interpreted by conventional methods that 

assume the presence of a steady heat source which cools by con

ductive transfer of thermal energy to surrounding rocks. 

There appear to be several advantages to identifying these 

systems at various stages of their development since their geo

logic age has a direct affect on the type of exploration meth

ods which can be used to effectively detect these resources. 

The age of the geothermal resource, with respect to the causa

tive thermal anomaly, is important in all types of systems, 

but it is particularly relevant for systems in which fluid cir

culation contributes to heat transport. The latter is apparently 

a general feature of virtually all igneous systems at depths 
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< 10 km in the crust. 

Systems are discussed with respect to three age inter

vals. Stages I, II, and III, defined on the basis of major 

differences in their characteristics. The elapsed age obvi

ously depends on geologic conditions in the subsurface; so, 

for purposes of discussion, the near-surface ( 1 - 3 km) ther

mal characteristics of a 4.5 km tall, 'v 2 km wide, semi-

infinite pluton emplaeed at 4.5 km will be considered. The 

surface boundary condition is conductive to heat but imper

meable to fluid, consistent with either an impermeable rock 

layer or an unsaturated zone at the surface of natural sys

tems. 

Plutons emplaeed at 'v 4.5 km depths will not cause tem

perature perturbations at 1 km depths for tens of thousands 

of years after emplacement of the pluton; the time of initial 

emplacement to the time at which perturbations in temperature 

are detectable 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 background tem

peratures, Stage III. This concept of time evaluation of 

geothermal resources is used to examine the predicted distri

bution of temperature in the following schematic diagrams. 

Temperature as a function of depth, directly above the 

causative pluton, in three systems. A, B, and C, correspond

ing to permeability increments A, B, and C in figure 1, at 

an elapsed time ecjuivalent to Stage II is summarized below. 

Differences between these thermal profiles are simply a func

tion of permeability of the host rocks surrounding the thermal 

anomaly. Large values of permeability produce thermal profiles 

which are very steep near the top boundary; below this region 

of large temperature gradients, temperature increases slightly 

with depth then increases sharply to the current temperature 

of the causative pluton. The style of perturbations above the 

normal geothermal gradient, dashed line, appears to be unique 
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for natural systems. The interval of nearly constant tempera

ture, figure 3C, results from convective heat transported by 

circulating fluids and may extend for several kilometers and 

persist for tens of thousands of years in the system. This 

type of thermal gradient has long been recognized as charac

teristic of active geothermal systems, and as a consequence 

of its overall nonlinear character, temperatures cannot be 

accurately predicted at depth on the basis of near-surface 

temperature gradient data. More significantly, temperatures 

are grossly over-estimated by conventional heat flow interpre

tation methods. 

The variation in temperature as a function of depth with 

time in a system with permeabilities represented by the B-

increment of figure 1 can be seen in figure 4. Note that the 

large near-surface temperature gradients occur during Stage II 

and the end stages of the thermal anomaly. Stage III. Inde

pendent evidence regarding subsurface energy content and dis

tribution is required for these "older" systems, whereas in 

Stage I systems the gradients will predict temperatures at 

depth which are much lower than actual temperatures. 
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Prospecting methods detect (1) currently active processes 

related directly to the heat transport process (Bj (2) spatial 

variations in rock or fluid properties which are a consequence 

of the process operating over some period of time. As can be 

seen in the temperature survey data, a significant lag time 

between events at depth and the detection of a perturbation 

near the surface is characteristic of the data collected in 

(1). In order to uniquely interpret time integrated proper

ties (2), independent data regarding the magnitude and dura

tion of the transport processes are required. Since all the 

features ultimately relate to dispersion of the thermal anom

aly, the nature of various anomalies detected by methods (1) 

and (2) was predicted on the theory of thermal transport in 

idealised systems. In-situ values of electrical resistivity, 

stress, porosity, fluid velocity, and energy distribution, as 

well as microseismic activity, are summarized in the following 

discussions, in the perspective of the time evolution of geo

thermal systems defined above (Stages I-III). 

Redistribution of thermal energy closely mimics the rock 

temperature for systems containing liquid H2O at temperatures 
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< 350°C. As a consequence of the fracture controlled permea

bility and porosity characteristics of pluton environments, 

the thermal energy of the bulk system is defined by 

(6) Q^ = / ^ [<f>TPfĤ  + (1 - c{)̂ )p̂ Ĥ ]dV, 

where ^^ is the total porosity, p^ and Hf the density and 

enthalpy of the fluid phase, and p̂ . and Ĥ . the density and 

enthalpy of the solid phases where H = c_.T and c = 0.26 

cal °C~^ 9~^• But the energy content of the "recoverable" 

fluid, e.g., fluid which is present in the flow porosity, 

(()p, of the fractured matrix, is defined by 

(7) Q R •= /^ Ĉ pPfHf dV. 

Flow porosities range from 10"^ - 10"^ for fractured media, 

Norton and Knapp, 1977, and, therefore, a small fraction of 

the energy in the fluid phase is recoverable without recharge 

since total porosities are usually on the order of 10"^ - 10"^. 

The in-situ energy content of the resource is essentially the 

energy content of the solid phases. Recoverability of the 

resource is not considered, but one can see from the predicted 

low flow porosities that recovery rates might be considerably 

lower than generally assumed, cf. White and Williams, 1975, 

if fluid recharge is slow. 

In systems which include high peimieability host rocks, 

k > 10~14 cm^, the transport of thermal energy upward toward 

the top boundary (surface) is more rapid and results in higher 

energy concentrations than in those systems whose host rock 

permeabilities are < 10"^^ cm^. Thermal energy content, size 

and location, and the correlation of these resource features 

with near-surface conductive heat flow and thermal gradients 

are summarized in the following discussion for an impermeable 

pluton emplaeed into 10~11 cm^ permeability host rocks, figure 

5. 
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Temperature variations in the system along vertical profile 

1-2 in figure 5 can be seen, figure 6, to reflect the stages 

of evolution discussed above. 

A prospective resource is defined for this system as 

that region above 3 km and having temperatures greater than 

200°C. Variation in the size, energy content, and depth of 

this resource is related to the age of the thermal anomaly, 

figure 7.-'- The resource is shown for an enlarged portion of 

the system, cf. figure 5. 

Distribution of the hypothetical energy resource changes 

with time, as can be seen in figure 7. Transport of the 

resource toward the surface is accompanied by lateral spread

ing as a consequence of uniform horizontal and vertical per

meability ancJ an impermeable (no flow) top boundary condition. 

The maximum developraent of the resource can be seen to occur 

during the final portion of Stage I and during Stage II, dur

ing which time the resource is closest to the surface, has 

The reader should note that the thermal computations 
are for a two-dimensional cross-section of an infinitely 
long heat source; therefore, data are reported with respect 
to 1 km strike length of the source into the infinite half 
space. 



- 1 5 -

STAGE I 

Tlr«>CR«TV«E CCNTICAAK 

tOO ZOa 300 400 SOO 

IC»«CTATU)£ CENTICHAOe 

IOO 200 300 400 

1.0 X 

3.0-

soo 

S.O' 

S T A G E II 

1 1.0 

1 '̂̂  
i 
K 3.0 

4.0 

S.O 

100 

\ 
\ 
\ 
\ 
\ 
\ 
\ 

\ 
\ 
\ 
\ 
\ 
\ 

•• \ 

_ 200 300 

- < ^ Q « . . • 

\ 

\ 

\ 

\ v 
\̂  

I . s > 10^ VEARS 

400 SO 

33 HFU 

\ 
\ 

.1.0' 

3.0 

SOO 

3.0-

4.0-

f . O ' 

too 200 300 

S T A G E III 

400 500 

S.O X tO° VEARS 

1.0 

e.o 

3.0 

4.0 

S.O 

too 

^rx" 
l \ ^ 

\ 

\ 
\ 
\ 
\ 
\ 
\ 

\ 
^ \ 

zoo 30O 400 S0( 

- " c o o ' 8 HFU 

I 

\ 

\ 
\ 

\ 
V ».0 1 l o ' Y£A«S 

Figure 6 



- 1 6 -

STA6E I 

r 
•. 

• 
i n 

— 

• i«» • ' 

IOO 

y ^ "N 

/ ^ 200 
/ ' L ' l l ' a ' f K 

( ISKFU , „ „ 
/ 300 

\ ) \ 1 / \ 
/ / [ • i -KuTON- : 

. 

\ > ^ 
\ 

\ ^ 
k. \ TEtfERATLfS v 

TEMPERATURE 

SOOOO YEARS 
1,0 s 1 0 ' YEARS 

STAGE II 

• 100 • 

TEMPERATURE 

t , S z 10^ YEARS 

-rw 

3.0 X 10* YEARS 

STAGE III 
^ _ > v -

IKfl 

h « 

IKU 

J 

IOO 

MO 

/fTTTTTMht. 

/ 4HF0 N 

1 
X'P.'^VTONVI 

\ 
VTEMPERATURE 

va 

IKU 

' " ' ' ' 

/ 

I0« 

\ 
1.2 HFU 290 

y \ . / N 

[•iPiLiiTQN:-: 

"""""^ ^ 

\ ^ TEMPERATURE 

S.O I 1 0 ' Y E A R S • t . o I 10* YEARS 

Figure 7 



-17-

the largest energy content, and includes the maximum rock 

mass. Economically, this could be interpreted to be the 

largest tonnage of highest grade material at shallowest 

"mining" depths. 

Through the cooling history of the system the thermal 

energy content of the prospective resource region is 'v- 55 

cal/gr, but the mass of rock containing this concentration 

of energy varies from < 3 x 10^0 tons at 10^ years to a 

maximum of 7 x lOlO tons at 2.5 x 10^ years, after which 

time the mass decreases exponentially to zero at "̂  6.5 x lO

years, figure 8. 
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Similarly, the total heat content varies from a maximum of 

6 x 10l5 kcal at 2 x 10^ years to less than 2 x 10^5 kcal at 

4 X 10^ years, figure 9. Greater than 10^ kcal of energy 

distributed over more than 1.5 x 10^0 tons of rock, above 3 

km depth, persists in the system for about 4 x 10^ years, 

figures 8 and 9. The rate of energy input into the region 

by conduction and convection of energy from the heat source 

has a well-defined maximum at 10^ years but averages about 

4.5 X 10^ kcal/sec over the similar elapsed time period of 
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An an elapsed time of 3 x 10^ years the total remaining 

resource is about one-third of the total resource available, 

or about 0.4 of the initial heat in the pluton, Hp, figure 

11. Associated in time with the resource are the thermal 

gradient and temperature as depth functions, figure 11. The 

magnitude of the heat fluxes at shallow, down to '\' . 5 km, 

depths indicates the nonuniqueness of energy resource distri

bution and this parameter. Particularly note the conductive 

heat flux at 5 x 10^ years is 13 HFU where the resource has 

been nearly dispersed. 

Thermo-mechanical processes related to the dispersal of 

heat away from thermal perturbations result in thermal expan

sion of rocks. Non-uniform volume changes in the system cause 

displacements and thermal stresses. The magnitude and sense 

of these effects are analyzed for several different systems, 

and their implications to resource assessment are considered. 

It should be noted that only displacements and stresses 

resulting from dispersal of heat from the pluton are examined; 

effects of other potential displacement-stress sources, such 

as the buoyancy effect of the pluton, are not considered. 

Thermal strains and stresses were estimated by the meth

od of strain-suppression (Timoshenko and Goodier, 1951), with 

the aid of finite elements (Zienkiewicz, 1971). The system 

was subdivided into 100-200 triangular eleraents with nodal 

points at the corners of the triangles. Strains that result 

from a change in temperature, AT, are first coraputed frora 

(8) e = ^ a AT, x 3 V 

where a^ is the isobaric coefficient of thermal expansion, 

then converted to fictive forces and applied to the nodes of 

the eleraent. Elements are loaded into a matrix, where each 

eleraent is allowed to interact with its neighbors, and the 

nodal displaceraents are solved for these displacements and 

are then converted to stresses. The final stress in each 
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eleraent is, then, the sura of those stresses, calculated from 

the interaction of all elements and the stress required to 

suppress the thermal strain, equation (8) in each element. 

Elastic constants, as a function of temperature, for 

silica glass (Birch, 1966) and a-̂  microcline (Skinner, 1966) , 

were used because of the lack of equation-of-state data on 

more geologically reasonable material. However, where data 

on rock-forming minerals are available, the constants are 

comparable to silica glass. Tensile stresses are taken as 

positive. 

Systeras 

Three different systems were analyzed, Pl (conduction . 

dominated) and P3 (convection dominated), figure 5. Dis

placement boundary conditions used were: 

boundary 

left 
top 
right 
bottom 

horizontal 
displaceraents 

fixed 
free 
fixed 
free 

vertical 
displacements 

free 
free 
fixed 
fixed 

For short elapsed times, i.e.. Stages I-II, the general 

style of displacements is expansion in the host rocks and 

contraction within the pluton, but at longer elapsed times. 

Stage III, the host rock displacement pattern is one of pro

gressive contraction. Consequently, displacements and rates 

of displacement that are functions of the pluton size, perraea

bility, depth of emplaceraent, and host rock permeability occur. 

Vertical displaceraents at the top boundary of Pl, sarae 

systera as 1, display a broad, gently sloping pattern which 

reflects the isothermal georaetry for elapsed times less than 

about 3 x 10^ years, figure 12. Mastimum net vertical dis

placement at any time is less than one-half raeter and is dis

placed from the symmetry point. The deflation of the surface 

directly over the pluton, with respect to points farther away, 

is a direct result of cooling and resultant contraction 
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within the pluton and, at later times, contraction of host 

rocks around the pluton. As time progresses, the point of 

net vertical displacement moves farther away from the center 

of symmetry as deflation also moves progressively outward. 

For elapsed times greater than 10^ years, the maximum defla

tion (up to about 2 m) is several times greater than the 

maximum net uplift. 

The rate of vertical displacement, figure 13, shows a 

gradual decline from an initial rate of '\' 5 ym/yr to -2, or 

-1 ym/yr at 7.5 x 10^ years or 10° years, depending on loca

tion. Differences in these rates reflect simply the convex 

upward isotherm geometry and location of the contracting 

pluton. The slight increase in displacement rate after 10° 

years is probably a result of a decrease in the rate of cool

ing at the pluton and its immediate surroundings. 

Surficial horizontal displacements are often an order of 

magnitude smaller than the vertical displacements. At early 

times the sense of horizontal displacement for all points is 

away from the center of symmetry; for later tiraes, however, 

there is a progressive reversal of this sense. At all points 

this reversal precedes the reversal in vertical displacements 

by several tens of thousands of years. 
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Vertical and horizontal displacements for Pl v;ould be 

undetectable, since in 50 years elapsed time the maximum dis

placement would be 1/4 rara vertical displaceraent. Surficial 

displacement would, therefore, not be a useful guide for 

detecting hidden plutons that are cooling by conduction alone. 

The surficial vertical displaceraents for P3 show an ini

tially broad convex upward shape (2 x 10^ years) that gradually 

changes to a more narrow georaetry, with the maximum vertical 

uplift directly on the center of symmetry (10^ years), figure 

14. After 10^ years this pattern again starts to broaden. 

Maximum net vertical displacement is about 6.5 m at 1.15 x 10^ 

years. The greater net vertical displaceraent in P3 than in Pl 

is a direct result of the convective transfer of heat above 

the pluton toward the surface. Contraction with the P3 pluton 

does not vary significantly from the Pl case. For times 

greater than about 2 x 10^ years, the central surface portion 

will begin to show the deflation as in Pl and, eventually, will 

show a negative net vertical displacement. 

The rate of vertical displacement varies frora -20 yra/yr 
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to about 105 ym/yr over the 2 x 10^ years studied, figure 15, 

100-

TIME ( I 10 '>r) 

Figure 15 
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Even at 105 yra/yr the vertical displaceraent after 50 years 

would be only 5 1/4 ram, which, though measurable (the NBS 

first order standard deviation for leveling is 1 rara), may 

not be large enough to compensate for surficial processes 

such as erosion. As a coraparison. Brown and Oliver, 1976, 

. reported uplift rates of about 2-25 mm/yr for the eastern 

United States. These are 1 - 2 orders of magnitude larger 

than the raaxiraum uplift rates for P3. So, for the convec

tion dominated case, P3, the displacements do not seem to 

be a reasonable guide for exploration. 

Stresses resulting from lithostatic load, tectonic 

forces, raagma buoyancy, pore-fluid expansion by generation 

of a residual magraatic fluid or by differential expansion 

between pore fluid and rock, and simple temperature changes 

occur in pluton environraents where a therraal stress is that 

stress generated by inhibition of free expansion or contrac

tion as teraperature changes non-uniformly in the doraain. 

The main process controlling the raagnitude and direc

tion of the thermal stresses is the initial concentration 

within the pluton and expansion in the host rocks. As the 

pluton continues to cool, the host rocks progressively away 

frora the pluton also contract toward the pluton. The con

traction within the Pl or P3 plutons alraost iraraediately 

causes one of the principal stresses to be tensional, and, 

as tirae continues, the raagnitudes increase to over 2 kb. 

It seems likely that this tensional stress will result in 

fracturing, since stress due to the lithostatic load varies 

from about -1.2 kb at the top of the pluton to about -2.5 kb 

at the bottora of the domain. Furthermore, the direction of 

fracturing, as shown by the directions of the least princi

pal stress in figures 16 and 17, is very similar to what is 

usually called unloading fractures, that is, the fracturing 

.is nearly horizontal toward the center of the pluton and 

gradually turns toward the vertical at the flanks. 

A second area of high tensile stress develops near the 
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surface directly over the P3 pluton. The magnitude of this 

reaches a maxiraura of about 1 kb several tens of thousands of 

years before vertical subsidence begins. The raagnitude and 

direction of this stress, figures 16 and 17, are controlled 

by the horizontal displacements and upper boundary condition. 

The free surface at the upper boundary has the affect of sup

pressing the vertical stress, since in free thermal expansion 

no stresses develop. Horizontal displacements are suppressed 

somewhat, however, by the interaction of adjacent eleraents. 

Therefore, for early elapsed tiraes when there are significant 

positive horizontal, as well as vertical displaceraents, a 

horizontal maximum principal stress develops. When the sense 

of the horizontal displacements reverse themselves, the magni

tudes of the principal stresses begin to approach each other. 

The 1 kb magnitude of the raaxiraum principal stress strongly 

suggests that vertical tension fractures will develop in the 

near-surface environment directly over the pluton. Further

more, the anomalous nature of the magnitude and the direction 

of this stress should be detectable by in-situ stress measure

ments and should be extremely diagnostic of a hidden hot plu

ton environment where convection plays a significant role in 

heat transfer. The Pl environment does not display this near" 

surface stress anomaly since the horizontal displacements are 

not large enough to induce a significant tensile stress. 

Surficial displacements due to the cooling of plutons 

will not serve as useful exploration tools for hidden geo

thermal sources. However, the near-surface stress field, as 

modified by the development of large horizontal, thermally-

induced tensile stresses, should be extremely diagnostic of 

a buried thermal reservoir. In-situ stress determinations, 

therefore, should serve as useful exploration tools. It is 

also apparent that arc tension fractures will develop late 

in the pluton's cooling history, due to thermal contraction. 

These types of fractures are observed in nature but hereto

fore have been attributed to unloading. 
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In-situ stresses affect the orientation, abundance, and 

continuity of fractures which develop naturally or are induced 

by hydraulic fracturing around well bores. The process of 

stimulating and generating reservoirs by extensive hydraulic 

fracturing of low permeability rocks in pluton environments 

requires knowledge of the in-situ stresses. The stress field 

which results from differential thermal expansion and litho-

sta'tic load can be used to predict directions of fracturing, 

cind value of pore-fluid pressure required to induce hydrualic 

fracturing can be estimated for P3, figures 16 and 17, when 

the thermal and lithostatic stress directions coincide. This 

is the case, or nearly so, for the areas within the hypotheti

cal reservoir zone of P3, figure 7. 

The principal thermal stresses in the reservoir zone of 

P3 at 5 X 10^ years after emplacement (Stage I) are horizontal 

(least-compressive) and vertical (maximum-tension). The maxi

mum principal thermal stress has a value of about 50 bars, and 

the least principal stress has a value of about -250 bars. 

Average vertical stress due to the lithostatic load in this 

depth range is about -625 bars. Therefore, unless horizontal 

or lithostatic stress greater than -325 bars exists, any 

hydraulic fractures will be horizontal, and a pore pressure 

of '\' 57 5 bars would be required to induce hydraulic fractures. 

Directions of the principal stresses, in the reservoir 

zone, for times intermediate to Stages I and II, 10^ years, 

figure 17, are nearly the same as for Stage I; the maximum . 

principal stress varies little from the vertical. Further

more, the vertical thermal stress has increased to about 170 

bars throughout and the horizontal thermal stress varies from 

about -425 bars at the bottom of the econoraic zone to about 

-200 bars at the top. There seeras to be little significant 

horizontal variation in either principal stress. Vertical 

lithostatic stress in this region varies from about -275 bars 

to -625 bars. Therefore, directions of induced fracturing 

would almost certainly be horizontal since horizontal stresses 



-29-

of 100 bars near the top of the zone and -4 5 bars near the 

bottom of the zone would be required to reverse this orien

tation. Fluid pressures between -100 bars (near the top of 

the reservoir zone) and -4 55 bars (near the bottom) would be 

required to induce hydraulic fracturing at this stage. 

The orientations of fracturing and pore fluid pressure 

required to induce fracturing in the reservoir zone directly 

above the pluton at Stage II are sirailar to the interraediate 

stage. However, Stage II covers a wider lateral area, and, 

in general, the maxiraura principal thermal stress decreases 

(actually becomes compressive) while the horizontal principal 

stress becoraes less negative so that the stress differences 

are sirailar to those in Stage I. Therefore, a higher pore-

fluid pressure (between about -250 to -600 bars) would be 

required to induce horizontal fractures in the areas of the 

reservoir zone in Stage II that are farther away from the 

pluton. 

Migration of thermal energy away from the source, regard

less of permeability values, causes pore fluid expansion and 

concomitant decrease in effective pressures, Pg, to a value 

which causes the rock to fracture. This process is effective 

for fluids contained in residual porosity and interconnected 

porosity, if in the latter case the rate of heating is rapid 

relative to the flow rate of fluid from the heated pores. 

For fluid in an isolated pore the differential pressure change 

at constant volume is 

(9) dPf = I <3T, 

where a is the isobaric coefficient of thermal expansion,, and 

3 is the isothermal compressibility of the fluid. Then the 

effective confining pressure on the pore is 

(1) P^ = P,-Pf, 

where Pjĵ  is the confining lithostatic pressure on the pore. 
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When Pg -»• 0, rock failure is predicted to occur since the 

tensile strength of rocks is nearly zero. Although the man

ner in which fractures propagate and their final dimensions 

are not predicted, an increase in interconnected porosity 

and an energy release in the form of microearthquakes seems 

inevitable. The propagation of a Pg = 0 isobar away from a 

pluton which cools by conductive heat transport illustrates 

the extent of this effect. 

Figure 18 

Assuming a distribution of fluid-filled isolated pores in the 

host rocks, the frequency of microearthquakes associated with 

rock failure at Pg = 0 can be computed. Although the frequency 

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, figure 19. 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 20. 

As a consequence of thermal expansion of pore fluids in 

residual pores, generation of zero effective pressure, and 
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rock failure by fracture, the interconnected porosity of the 

rock mass will undoubtedly be increased. Depending on the 

geometry and continuity of these newly interconnected pores, 

bulk rock permeability and electrical porosity may also in

crease. 

Increase in interconnected porosity and decrease in flu

id resistivity with increasing temperature, figure 21, results 

in the formation of regions in which the intrinsic electrical 

resistivity is anomalously low. Intrinsic electrical resis

tivity, Prock' can be related to porosity and fluid resistiv

ity, Pf, by Archie's function: Prock = kpfcf)"", where n is 



- 3 2 -

^00 

OT 

< 400 
CD 

UJ 
(£ 
Z> 
OT 
OT 6 0 0 
Ul 
CC 
CL 

800 

lOOOl-

TEMPERATURE C O 
200 400 600 BOO IOOO 

vopor H,0 - NoCI lystem 

p (ohm-m) 

O.OI molal NoCI 

3 2 

Figure 21 

'V' 2 for fractured media, and (f) is effective electrical poros

ity. The low-magnitude anomaly is primarily the result of 

porosity changes since intrinsic resistivity is probably 

related to ^/(t>^, figure 22, as suggested by Archie's function. 
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and is probably not detectable by present electrical resistiv

ity measurement methods (Moskowitz and Norton, 1978). The 

exponential factor on 4) is poorly defined for fractured igne

ous rocks, and studies by Brace (1971) actually suggest that 

at low confining pressures the factor is closer to 1.5 than 

to 2. 

The ((»"2 versus depth plots with respect to time are pro

portional to the variation in bulk rock resistivity, as a re

sult of porosity changes. Porosity values are not well defined 

once the systera has developed to raaximum thermal effects hear 

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 tirae 

and space variation in mass abundance of conductive minerals 

deposited by the circula'ting fluids is 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. 

Salinity-porosity affects which result in low intrinsic 

resistivities are not unique for hydrothermal systems, however. 

As can be seen in figure 23, metal-sulfide deposits and high 

porosity sediraentary basins containing saline fluids are also 

characterized by low intrinsic resistivity values. This point 

is further substantiated by the use of electrical raethods to 

prospect for raetal sulfide deposits and saline fluids. 

Thermal anomalies in relatively perraeable 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, figure 24. As can be 

seen in the figure, circulating fluid convects near-surface 

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 
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circulation, obviously the regions of greatest thermal energy 

potential, e.g., high energy concentration, large raass, and 

shallow depths. 
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Geologic Reality 

An important conclusion of this study is to reeraphasize 

the nonuniqueness 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 oh a few very simple geological facts; 

the consequence of these facts is realized in the nxomerical 

models discussed above. 

The most important parameter in defining the nature of 

heat transport in the subsurface, as indicated by the niomeri-

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 raodeled 

above show evidence that large amounts of fluid have circu

lated through systematically developed fractures in these 

rocks. This evidence is in the form of hydrothermal altera

tion minerals, gains and losses of components from the rocks, 

shifts in hydrogen and oxygen isotope values, and composition 

of fluid inclusions. Many plutons and adjacent host rocks 

appear to have had permeabilities > 10^^ cm^ during some stage 

of their formation. The systematic contribution of continuous 

fractures in some pluton environments suggests much larger per

meabilities. Villas and Norton, 1977. Numerous igneous plutons 

appear to have had relatively low permeabilities, but the sur

rounding host rocks usually show evidence that fluid circula

tion was significant. 

Magma intrusion into the upper crust, thermal energy 

transport away from the crystallizing body, concomitant volume 

increases in the magma-t-solid pluton, and temperature increases 

in the host rocks all result in significant changes in the 
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stress conditions, which often result in thorough fracturing 

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 eraplaced 

over a tirae span of a few million years, and each pluton may 

have a therraal life on the order of a few hundred thousand 

years. As we noted in the nuraerical studies, this transient 

feature of the therraal sources raust be considered in evaluat

ing resources. 

The pragraatic question is: How can we increase the con

fidence level of predictions based on surface or shallow drill 

hole inforraation? The following is a synthesis of data utili

zations and limitations concerned with this question. 

1. Temperature 

Therraal gradient data are useful if the drill 

hole conditions where they are collected are 

thoroughly doeuraented. 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., perraeability and therraal conduc

tivity. 

The nonlinearity of therraal gradients is a 

function of bulk rock perraeability; coupled with 

paleo-teraperatures, this inforraation could poten

tially be used to define the bulk permeability of 

the systera. 

2. Conductive Heat Flux 

Conductive heat flux r e l a t e s d i r e c t l y to the 

therraal gradient coraraents. Those fluxes estiraated 

frora teraperatures raeasured above the groundwater 

t ab l e should co r r e l a t e with nuraerical raodels which 

have conductive and impermeable top boundary condi

t i o n s , whereas those.raeasured in the v i e i n i t y of 
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springs should correlate with conductive and 

permeable boundary conditions. 

Regions of downward fluid circulation around 

the pluton should be detectable as regions of 

abnormally low conductive heat flux. These re

gions define the outer limits of the high ther

mal 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 amplitude 

hoise, may be useful in defining these parameters 

in a convection dominated system. 

3. Convective Heat Flux 

This variable is a direct measure of system 

permeability and is probably not measurable be

cause of the low mass fluxes, but it does deserve 

consideration. 

4. Electrical Resistivity 

Electrical resistivities on the order of 500 

ft-m or less cannot be attributed to simple tempera

ture 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 

intrinsic 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. 
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5. Microearthquakes and Tilts 

Magraa eraplaceraent and raagraa crystallization 

generate seismie noise for the first few lO'̂  

years, or, in general, < 10% of the pluton's 

total duration. Thereafter, temperature 

increases in the surrounding host roeks appear 

to be the principal process by which seisraic 

noise is generated. Detailed mapping of the 

seismic noise would provide depth information 

on the location of the zero effective pressure 

front and could possibly 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/yr. 

6. In-situ Stress 

Thermally-induced stress patterns vary con

siderably in time and space and might affect 

the design of subsurface reservoirs which 

require hydraulic fracturing. 

7. Chemistry 

Bulk chemistry and stable light isotope con

centrations, as well as teraperature and electri

cal resistivity of springs and borehole fluids, 

provide a data base which perraits estimation of 

subsurface rock compositions and temperature, cf, 

Norton and Panichi, 1977, and mass abundance of 

mineral phases in surface and subsurface roeks. 

Villas and Norton, 1977. 
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A First Approximation of Real Systems 

The exploration for geothermal resources has resulted in 

successes, surprises, and many unanswered questions. This 

section attempts to apply some of the insight into geothermal 

systems, obtained through the numerical studies, to natural 

systems. Data from several systeras has been reviewed; the 

results are presented below. 

Those geothermal systems which represent the "A" (con

duction dominated) type have been identified only as subsys

tems within the "B" or "C" type. We do not know of a thermal 

resource related to an igneous pluton in which heat transport 

throughout the system is by pure conduction. The "C" type 

are exemplified by systeras from which energy is currently 

being produced. "B" type systems include those that may con

tain 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 seismie 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 in the San Francisco Peak region. 

Stage II systems include Yellowstone, Geyser, Wairakei, 

Larderello, and possibly Coso and Long Valley. 

Stage III systems are typified at the extreme by sulfide 

mineral deposits. These systems have moderate thermal anoma-. 

lies resulting from oxidation of sulfides and anomalous con

centrations of radiogenic sources {238u, 232^^, 4 0 K ) , electri

cal resistivity lows caused by metal sulfides, and thoroughly 
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altered roeks. The Marysville, Montana, site is clearly 

another example of Stage III systems, cf. McSpadden, 197 5. 

Another style of "thermal" system which is very common 

in the Basin and Range Province is depicted by the intermon

tane 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 

formations are present, and the fluid circulation path of 

groundwater 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 frora the basin raargin faults and scattered oceurrences 

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 volxime of 

basalt raay underlie the valley. 
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III 

Second Objective 

Application of Transport Theory to an Analysis of 

the Coso Geothermal Systera, Inyo Co., California 

This chapter exemplifies the summary of observational 

and geophysical data into a conceptual geological cross-

section which includes a hypothetical thermal energy source, 

figure 1, Section I (7). These data are from the Coso re

gion, figure 1, Section I (2), on which resource evaluation 

and data collection were initiated several years ago, fig

ure 1, Section I (3)(4). Data and concepts related to the 

formation of geothermal energy resources were synthesized 

fron the literature and interpreted in the context of heat 

and mass transport theory. The geologic cross-section is 

consistent with available data, and interpretive features 

of the section are believed to be permissive. The remainder 

of this chapter, summarizes steps (5) - (11) on figure 1, 

Section I, and presents the results of (8) - (11). 
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Data on the Coso Systera 

Rocks 

The Coso Range, figure 1, is underlain by Mesozoic gra

nitic and metamorphie rocks similar to those found to the 

west in the Sierra Nevada (Schultz, 1937; Fraser and others, 

1943; Austin and Pringle, 1970; Koenig and others,. 1972; 

Babcock, 1975; Babcock and Wise, 1973; Duffield, 1975; Bacon 

and Duffield, 1976; Duffield and others, 1976). These crys

talline rocks are mostly covered by a thin veneer of Cenozoic 

volcanic and sedimentary rocks, which includes basalt and 

dacite tuff flows, basaltic cinder cones, and rhyolitic obsid

ian domes. Alluvium filled graben-like basins occur on the 

flanks, as evidenced by geophysical data which indicate the 

sediments may approach thicknesses up to 1.9 km (Zbur, 1964). 

Structures 

Duffield (1975) has mapped an oval-shaped zone of ring 

faults which defines a caldera-like crater measuring 4 0 km 

east to west and 45 kra north to south and which contains 

most of the Coso Range and a portion of the Sierra Nevada. 

The youngest volcanic roeks and fumaroles oecur in an 18 by 

10 km rectangular structural and topographic ridge near the. 

center of the ring structure. Much of the Coso Range is cut 

by a reticulate pattern of steeply dipping faults, and large 

areas of rock are thoroughly shattered by fractures a meter 

or less apart (Combs, 1975; Combs, 1976a). 

Age of the System 

The oldest dated volcanic roeks in the Coso area are 

3.24 ± 0.1 million year old basalt flows (Lanphere and others, 

197 5) and 2.2 million year old dacite flows and tuffs (Ever-

den and others, 1964). The ages of many of the younger vol

canic rocks have been determined by Lanphere and others (1975) 

and are summarized in figure 2, 10^ years, and table 1. 

The anomalous energy content in the Coso system today 
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appears to be directly associated with an intrusive event on 

the order of 10^ years. Even though a wide range in igneous 

rock ages has been recorded, most (10) of the radiometric 

dates are less than 10^ years b.p. Since plutons of size 

consistent with the geophysical anomalies and volume of extru

sion observed at Coso completely solidify in approximately 10^ 

years, we have excluded the 2.37 x 10^ and 5.4 0 x 10^ year 

dates because they are derived from a pluton which is unrelated 

to the pluton responsible for the < 10^ year volcanic activity 

and present geothermal activity. These two dates are probably 

the result of either small earlier intrusions or contaraination 

with older rock. The magma(s) which produced the basalt flows 
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Table 1 

K-Ar Age Dates at Coso (Lanphere and others, 1975) 

Age (10^ yr) Rock Type Comments 

38 ± 32 

41 ± 21 

56 ± 16 

70 ± 30 

77 ± 8 

84 ± 36 '. 

86 ± 24 

90 ± 25 

96 ± 70 

97 ± 32 

237 ± 27 

284 ± 34 

540 ± 230 

960 ± 190 

3240 ± 100 

< 100 

< 200 

< 300 

basalt flow 

obsidian 

obsidian 

obsidian 

sanadine 

obsidian 

obsidian 

obsidian 

obsidian 

obsidian 

obsidian 

obsidian 

obsidian 

obsidian 

basalt flow 

obsidian 

obsidian 

obsidian 

ignored 

basaltic xenoliths 

basaltic xenoliths 

ignored 

basaltic xenoliths 
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were assumed to have not contributed significantly to the 

thermal energy content of the system. This is consistent 

with the observation that most basalt flows and volcanos are 

fed by thin sheets or pipes from the lower crust or upper 

mantle (Sraith and Shaw, 1973). The subsurface magmas which 

produced the 2.2 million year dacite flows and tuffs were 

not considered sources since any anomalous energy associated 

with such a pluton has surely been dissipated. Of the six

teen rhyolites dated by Lanphere and others (1975)', three 

are described as comtaminated with basalt fragments and have, 

therefore, been excluded. 

Heat Flow 

A region of anomalously high heat flow centered in the 

vicinity of Devil's Kitchen and Sugarloaf Mountain, which is 

roughly elliptical and raeasures approxiraately 20 kra NE-SW and 

10 km NW-SE, is defined by heat flow measureraents from twenty-

seven heat flow wells, figure 3, (Combs, 1975; Combs, 1976b). 

The maximum measured heat flow is 18 ycal cm~l sec~l (HFU), 

and a region of at least 20 km^ is characterized by heat flows 

of greater than 10 HFU. 

Variation of heat flow with distance along the numerical 

simulation sections (section line in figure 3) is needed for 

comparison with values predicted by the numerical simulations 

and is shown in figure 4. Along this section line the width 

of the heat flow anomaly is 16 km for > 3 HFU, 8 km for > 5 

HFU, and 5 km for > HFU. 

Seisraicity 

Microseisraic surveys have found variable, raicroearthquake 

activity in the Coso ring structure, frora a few to over 100 

events per day (Corabs, 1975; Corabs and Rotstein, 1976; Teledyne 

Geotech, 1972). Three separate regions of high microearthquake 

activity occur in the ring structure (Teledyne Geotech, 1972); 

two of these are associated with the fumarolic areas at Coso 

Hot Springs and Devil's Kitchen, and the third is centered 
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around Cactus Peak and is not associated with any present-

day fumarolic activity. 

Epicenters of 78 microearthquakes (Combs, 1975; Combs 

and Rotstein, 1976) are scattered throughout the Coso ring 

structure but show a clustering about Coso Hot Springs and 

Cactus Peak, figure 5. Seismic sources at Coso Hot Springs 

tend to be shallow (< 3 km) while those at Cactus Peak tend 

to be deep (> 6 km). A ring of intermediate depth hypocen

ters (3-6 km) circumscribes the cluster of deep hypocenters 

at Cactus Peak. 
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Seismic p-wave velocities are nearly constant at 4.75 

km sec~l to a depth of 5 km (Combs and Rotstein, 1976; Zbur, 

1973). This 5 3an thick layer overlays a half space with a 

p-wave velocity of 6 km see~l. Analysis of the relative p-

and s-wave velocities for a number of wave paths indicate a 

region of low Poisson's ratio underlies the Sugarloaf Moun

tain-Devil's Kitchen area, suggesting that this region may 

contain in-situ steam or may be devoid of pore fluids (Corabs 

and Rotstein, 1976). However, similarities between the den

sities and compressibilities of steam and supercritical fluid 

indicate that supercritical pore fluids and/or changes in the 

abundance of continuous fraetures are other possible sources 

of low Poisson's ratios. 

Resistivity 

The crystalline granitic and metamorphic rocks in the 

Coso region have resistivities of 200 ohm-m, figure 6, or 

raore whereas the rocks in the vicinity of the surface mani

festations of hydrotherraal activity have resistivities of 

50 ohra-m or less (Furgerson, 1973). 

Approxiraation of the Coso Systera by Nuraerical Models 

Descriptive data on the Coso systera have been suramarized 

into a hypothetical two-dimensional geologic cross-section, 

figure 7, which includes both directly measured data and rela

tionships inferred from the literature and our own interpreta

tions. This section will be used to represent the (1) initial 

conditions 10^ years b.p., at which tirae an igneous pluton was 

evidently emplaeed into the system, (2) present conditions, 

and (3) conditions predicted on the basis of our analysis. 

Orientation 

The orientation of our cross-section, figure 3, was 

chosen so as to pass directly over a hypothetical pluton be

neath the dome field and through or near the raaximum density 

of data of geographic and drill and to coincide with the heat 
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flow, microseisraic activity, and resistivity anoraalies, as 

well as include a significant portion of the ring structure. 

The section trends S84W from the benchmark on Louisiana Butte, 

is 36 km long, is centered 100 m east of Sugarloaf Mountain, 

and passes just south of Coso Hot Springs, just north of 

Devil's Kitchen, and through Sugarloaf Mountain. The ends 

of the section correspond roughly to the location of the ring 

faults reported by Duffield (1975). Heat flow holes 9 and 11 

(Combs, 1976b) and the proposed sites of drill holes 1, 2, and 

4 (Combs, 1976a) are all within a few hundred meters of the 

section line. 

file:///20Qy


- 5 1 -

CONDUCTIVE: FLOV/ 

15 HFU 

' 4KM ' 

VJTQ = 30»C/km 

k = I0 " '2 

^ 
COSO HOT SPRINGS 

1.5 HFU 

11 

3 o 

UJ 

> 
u 
r j o z o u 

r: 
CSJ 

k=IO-9 

k = lo-'o ^ 1 t f 1 

Oo 
50i\-m 

6 
k-io-" 0_0-^ 

I o ^ ^ 

k « io - '4 HEAT 
SOURCE 

960OC 

O' 
o O O 

o 
k = IO~''' 

Vp=4.75_km/sec. 

Vp= 6.00km/sec. 

l o ^ o o 

V 

Perme 0 bility • k (cn^) 

B 

OT 
H-
_l 

< 
U. 

CO 
2 
Q: 

INS'JLRIINO : NO FLOW 
INITIAL a BOUNDARY GEOLOGICAL CONDITIONS 

CONDITIONS 

TIME a 0 

Figure 7 

Pluton 

The therraal energy source is considered to be a siraple 

pluton whose size was defined on the basis of hypocenters 

for > 6 km deep microearthquakes and geologieal inference 

and whose initial temperature of 920OC is consistent with 

experimental, petrologic data on granitic rocks. Although 

there is some evidence for more than one source raagma (Bacon 

and Duffield, 1976), the cluster of > 6 km deep mieroearth

quake epicenters which occurs near Cactus Peak, figure 5, ; 

can be interpreted to be the result of tectonic activity and 

heating of host rocks (Knapp and Knight, 1977), associated 

with a pluton at depth. The pluton's 4 km width is defined 

by the diameter of a circle which circumscribes raost of the 

> 6 km deep hypocenters but which excludes most of the shal

lower hypocenters. The depth to the top of the pluton is 

uncertain, but, again, from the hypocenters, a depth of 5 or 
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6 km seems reasonable. 

Permeability 

D.efinition of initial rock permeabilities is the most 

uncertain step in the construction of the numerical cross-

sections, for very little is known about the permeability of 

crystalline rocks. In the models presented here we assume 

that the permeability is isotropic and that the permeability 

of several kilometer square blocks of rocks can be represented 

by a single average permeability that is constant with respeet 

to time. 

The data that were used to define initial relative per

meabilities are: 

1. The increase in p-wave velocity from 4.75 

to 6.00 km sec~^ at 5 km depth (Combs and 

Rotstein, 1976), which we have associated with 

a decrease in fraeture frequency and aperture 

and, hence, a decrease in permeability. 

2. The abundance of continuous fractures over 

large areas is greater than 1 fracture/raeter, 

particularly in the central part of the. vol

canic field (Combs, 1976a). 

3. Low resistivity values in the center por

tion of the Coso ring structure (Furgerson, 

1973) also suggest continuous fractures and a 

near-surface (1 km deep) zone of high permea

bility. 

4. Limited data on the correlation of frac

ture frequency with permeability (Snow, 1968; 

Villas and Norton, 1978; and Brace, 1977). 

5. The observation that transition from 

conduction-dominated to convection-dominated 

heat transport in fractured media occurs at 

a permeability of 'v 10"!'* cm2 (Norton and 

Knight, 1977). 
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6. The permeabilities of producing geother

mal reservoirs on the order of 10~10 cra2. 

7. Limited data on permeability of igneous 

roeks. 

Since the observed surface heat fluxes at Coso indicate 

the system is probably dominated by convective heat transport 

(Combs, 1976b) and because there is only rainor surface geo

therraal activity at Coso, we believe that the bulk permeabil

ity of raost of the geotherraal systeras is between 10"^^ cm2 

and 10~9 cnn2. Permeabilities assigned to the numerical sec

tion are consistent with these facts and with the relative 

permeabilities outlined above, figures 8 and 9. 

o 
- i 
u. 

UJ 

> 
1 -
o 

o 
z 
o 
o 

V ^ T g • 3 0 * 0 / k m 

k - 1 X l O ^ " . 

k - l x l O " ' 2 

I N I T I A L CONDIT IONS 

CONDUCTIVE ' FLOVi 

O3 C 
k = l«IO*'o 

k = 9 i l O " " 

Heot 
Source 

9 6 0 « C 

j>2 < p l 
k = U I O " ' 

1 
1 

k M i I O - ' " 

1 
1 

V 

K 

7 V 

^ •-
V 

K 
7 ^ 

K ^ 

k ' U I O - ' O 

k= 5x10-" 

k - l n l O " ' " 

J 

permeabil i ty k (cm^) 

k • I x lO" " 

k - I x l 0 " ' 2 

A F T E R F R A C T U R I N G 

INSULATING « NO FLOW 

Figure 8 

The permeability of raost hot plutons is apparently large 

enough to significantly affect the transport of thermal ener

gy away from the pluton. This is evident in both eroded igne

ous systems where large chemical gains and losses are evident 

in the rocks adjacent to continuous fracture sets and in numer

ical studies of fractured hot plutons (Norton and Knight, 1977), 

Since the actual fracturing teraperature of plutons is unknown. 
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we have varied this parameter to examine its importance to 

systems .like Coso. 

Our cross-section is similar to the hypothetical cross-

section, figure 10, constructed independently by Combs (197 6a) 

^ Bo»ln f i l l 

^ ^ Boeolta 

t}^XJ Rhyollta f l ow l ond majmas 

I I Cryitot l lne basemsnt rock 

Foulta 

— — Outline of numeric croai-tecl lon 

Figure 10 , 



-55-

The two sections differ priraariiy in that we have not allowed 

for topography. This difference only, slightly affects the 

nuraerical siraulation, for the hydrotherraal system is confined 

largely to the region below the central volcanic field. 

Initial Conditions 

Hypothetieal initial conditions have been defined at 10^ 

years before present, using the above data as a guide, figures 

8 and .9. The background geothermal gradient of 30°C km"-!-, for 

a rock conduetivity of 5 x 10~3 cal cm sec~l °C, is equivalent 

to 1.5 meal cra~l see~l {lv5 HFU), slightly less, than the raini

mum measured heat flux of 1.8 HFU at Coso (Corabs, 1976b). 

Numerical boundary conditions, figure 8, were set to be 

consistent with the conditions at Coso. The bottom is made 

insulating and impermeable to flow, consistent with an expected 

closing of flow channels in the lower crust due to overburden . 

pressure. The sides and top are conductive and belov; the sur

face, which is consistent with the observed water table (Combs, 

1976a). Fluid recharge or discharge oecurs at the side and 

top boundaries as a result of thermally induced fluid poten

tials. 

In each simulation the numerical domain was discretized 

into either 144 or 4 00 distinct points. The governing differ

ential equations (Norton and Knight, 1977) were solved by stan

dard ADI methods (Peaceman and Rachford, 1955). Error analysis 

indicates that the computed values have no more than a 10 per

cent error in the first derivatives, with respect to time and 

distance. 

Fluid Properties 

The enthalpy, density, heat eapacity, and coefficient of 

isobaric expansion for the fluid in the numeric simulations 

have been computed with the equations of Keenan and others 

(1969), prograramed and provided to us by Helgeson (Helgeson 

and Kirkham, 1974). The viscosity of the fluid was computed 

with the equations of Bruges, Latto, and Ray (1966). We have 



-56-

assumed that in-situ fluid properties are approximated by the 

analogous phases in the H2O system. 

Bulk Rock Properties 

A constant bulk rock (rock plus pore fluid) therraal con

ductivity of 5 racal cra"̂  see~l K~l and volumetric heat eapac

ity of 1 cal cm~3 were used for all rocks in the nuraerical 

cross-sections. The conduetivity is slightly less than the 

mean measured value of 5.3 ± 0.8 meal cm~^ see~l °C~1 (Combs, 

1975) . 

Analysis 

A series of seven systems was simulated in order to ana

lyze various characteristics of the Coso system. This series 

examined the sensitivity of the numerical predictions to vari

ations in permeability and pluton geometry. The series in

cluded (1) an impermeable system where the permeability is 

10~20 cm2 throughout the doraain, which illustrates the char

acteristics of a systera analogous to the Coso systera but in 

which heat transfer oecurs only by conduction, (2) two systems 

with permeability, as shown in figure 8 (lower permeability), 

in which the pluton geometry was varied, and (3) four systems 

with permeability as shown in figure 9 (higher permeability), 

in which the pluton geometry was varied; in three of these 

systems the effect of pluton fracturing was examined, figure 

9, table 2. 

Conductive heat fluxes were computed at 100 ra depth below 

the surface for positions over the pluton's center, its edge, 

and 2 km to the side. These points (labeled 1, 2, and 3, re

spectively in figures) are spaced at 2 km intervals and cor

respond roughly in position to heat flow holes ARPA2, ERDAll, 

and ERDA9 (Combs, 197 6b). The measured fluxes in these holes 

are 16, 9.4, and 5.0 HFU, respectively. 



Table 2 

Simulation Characteristics 

Name 

C0S06 

C0S02 

C0S08 

C0S07 

COSOIO 

COSOl 

C0S09 

Initial 
Pluton 

Temperature 

(°C) 

960°C 

960°C 

960°C 

960°C 

960°C 

960°C 

960°C 

Anomalous 
Heat in 
Pluton 
(kcal) 

9 

9 

9 

9 

9 

6 

6 

X 

X 

X 

X 

X 

X 

X 

10^5 

l o " 

10^= 

10^5 

10^5 

10^5 

10^5 

Pluton 
Width 
(km) 

4 

4 

4 

4 

4 

4 

4 

Pluton 
Height 
(km) 

4 

4 

4 

4 

4 

3 

3 

.Depth to 
Pluton 
Top 
(km) 

5 

5 

5 

5 

5 

6 

6 

Fracture 
Temperature 

(°C) 

960°C 

700°C 

700°C 

•»••*• 

Permeability 
(Lower=fig.7) 
(Higher=fig, 

in-20 2 10 cm 

HIGHER 

HIGHER 

HIGHER 

LOWER 

LOWER 

HIGHER 

.8) 

Time to 
Develop 
'V. 16 HFU 
Anomaly 
(1000 yrs) 

25 

4 5 

6.0 

180 

> 150 

80 

cn 
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Systems Dominated by Conductive Heat Transfer 

Host rock temperature changes in the conductive Coso 

simulation (C0S06) are characterized by upward displacement 

of isotherms concentrically about the heat souree, figure 11. 

The isotherm perturbations have a height:width ratio £ 0.5. 

Temperature and magnitude of the temperature gradient decrease 

monotonically along lines connecting the pluton and the sur

face. Thus, the height of isotherm displacement decreases for 

each successively lower isotherm. In C0S06 the maximum upward 

displacement of the 200°C isotherm is 3 kra while that for the 

100°C isotherra is 1 km, figure lib. 

The entire magma in C0S06 cooled below its solidus (7 00°C) 

in 1.2 X 10^ years. However, temperatures in the host roeks 

continue to increase until 5 x 10^ years, after which terapera

tures near the host rock-pluton contact decrease, and terapera

ture in raore distant roeks, > 5 km from the contact, continues 

to increase. 

The shapes of the isotherms, figure 11, and conductive 

heat flux profiles, figure 12, reflect the beginning of cool

ing of the inner host rocks. While teraperature is increasing 

(time < 5 X 10^), the ratio of height to width of isotherm 

perturbation remains approxiraately 0.5, and the maxima in iso

therm and heat flux curves are sharply defined. After the 

inner host rocks start to cool (time > 5 x 10^ years), the 

ratio of height to width of isotherm perturbation steadily 

decreases, and the maxima in the isotherms and heat flux be

come progressively broader and less sharply defined. 

The predicted heat flux directly above the pluton center 

in C0S06 (point 1) does not rise above 2 HFU until 10^ years 

after initial conditions, figure 12. A raaxiraum heat flux, 

3.8 HFU, occurs at 4 x 10^ years, roughly coincident in time 

with the transition from heating to cooling of the innermost 

host roeks. The maxiraura predicted heat fluxes and their times 

at points 2 and 3 are 3.2 HFU at 5.4 x 10^ years and 2.5 HFU 

at 5.2 X 10^ years, respectively. These values are much 
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smaller than the measured values at comparable heat flow holes 

(16, 9.2, and 5 HFU) and occur long after the inferred age of 

the Coso system, 10^ years. Clearly, the Coso systera is not 

the result of a single pluton cooling by conductive heat trans

port through irapermeable rocks. 

Systeras Dorainated by Convective Heat Transport 

Thermal energy redistribution and heat flux profiles are 

much different in permeable Coso-type systems than in the im

permeable, eonductive system. Perturbations in the density of 

pore fluid contained in host rocks near a magraa cause fluid 

flow early in the life of a permeable system. Fluid circula

tion and large convective heat flux produce several unique 

characteristics in these systems. The style of fluid flow is 

for heated fluids to move upward from the heat souree and to 

be replaced by cooler fluid derived farther from the flanks of 

the heat source. As a result, the rocks above the pluton are 

heated at a greater rate, while the rocks to the flanks of the 

pluton are heated at a sraaller rate than in the conductive 

case (Norton and Knight, 1977). The pluton cooling rate is 

not affected appreciably by fluid convection for impermeable 

plutons; however, for pluton permeabilities larger than 10"^^ 

cm2 significant araounts of fluid penetrate directly into the 

pluton and transport the anomalous heat upward into the host 

rocks within a few thousand years. 

The araplitude, figure 13, of isotherra perturbations in 

the convective Coso systera tends to be at least a factor of 

2 greater than in the conductive systera. As the convection 

systera develops, the araplitude, but not the wavelength of 

temperature perturbations, increases as long as the tempera

ture in the host rocks above the pluton inereases. In these 

systems the temperature does not decrease monotonically from 

the pluton to the surface, and, therefore, the magnitude of 

the temperature gradient is a function of depth. At the time 

of raaximum upward displacement of isotherms, figure 13d, the 
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temperature gradient directly above the pluton is large near 

the surface, 500°C km~l, and persists for 2.5 km downward to 

the 200 or 250°C isotherm. Below this depth, for 4 to 5 km, 

the magnitude of the teraperature gradient decreases sharply 

to "̂t 30°C km"-̂ , and the teraperature slowly increases frora 250 

to 4 00°C. Below the 400°C isotherm, at about 5 km depth, the 

magnitude of the temperature gradient increases and is main

tained at a large value downward to the pluton. 

The large near-surface temperature gradients and the re

gion of relatively lower teraperature gradient which develop 

between 1 and 4 to 5 kra depth are a consequence of fluid trans

port properties. Physical properties of the fluid between 275 

and 37 5°C tend to maximize upward advection of energy (Norton 

and Knight, 1977). Roeks above the pluton become heated until 

fluid transport is raaxiraized, at which time all heat added frora 

below is rapidly transported upward through the 250 - 400°C 

region, extending the height of the zone and corapressing the 

250°C and lower teraperature isotherms against the surface, fig

ure 13. This process continues until upward migration of the 

isotherms causes boiling, further upward migration of isotherms 

stops, and near-surface teraperature gradients become constant. 

Fluid flow in the convective systems is represented in the 

left halves of the four drawings in figure 13 by streamlines. 

The streamlines represent the instantaneous direction of fluid 

flow everywhere in the numerical cross-section. Fluid velocity 

at every point has a raagnitude equal to the gradient of the 

strearafunction at that point and is directed along the stream-

function contour. 

The height of the 275 - 375°C region is dependent upon 

the fluid velocity, since hydrotherraal fluids have maximum 

transport capabilities in this temperature range. As the 

height of the regicin changes through each of the drawings in 

figure 13, 1 km to 1.4 km to 1.8 km to 41. km, the velocity 

changes from 1 to 1.3 to 1.7 to 26.7 tiraes the velocity of 

the earliest tirae. 
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The major portion of the fluid flow and the largest fluid 

velocity occur in the central fracture zone of.the numerical 

cross-sections (compare figure 13 to figure 9). The style of 

flow is downward along the outer edge and side of the fracture 

zone. It should be noted that the width of the central frac

ture zone affects the width of the 250 - 400°C temperature 

zone above the pluton and, consequently, affects the width of 

the observed near-surface conductive heat fluxes. 

The developraent of the near-surface eonductive heat fluxes 

in the convective system as a function of time for points 1, 2, 

and 3, figure 9, is depicted schematically in figure 14. This 
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developraent can be broken into stages, figure 15: (I) con

cealed, (II) maxiraura development of circulation accompanied 

by boiling, and (III) decay of systera. During the concealed 

stage, which raay last frora 10^ to 10^ years, there will be no 

expression of the subsurface geothermal system in the near-

surface conductive heat fluxes. During the developing stage 

the temperatures in the upper several kilometers of rocks 

above the pluton rise rapidly as the region of 250 - 400°C 
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temperatures grows in height, and the < 250°C isotherms are 

displaced to the surface. During this tirae, which may last 

from 10^ to 4 X 10^ years, profiles of near-surface conduc

tive heat flux will show a sharp, narrow raaxiraum which will 

not extend much beyond the projection of the pluton's sides. 

The raaximum heat flux development is coeval with boiling in 

the subsurface. The heat fluxes at points directly above the 

pluton are constant as boiling causes the near-surface tempera

ture to remain constant. As heat is conducted away from the 

rocks directly above the pluton, the observed heat fluxes at 

point 3 and beyond rise. Profiles of conductive heat flux 

continue to show well-defined raaxiraa over the pluton center, 

but the width of the anoraaly increases with tirae. 

Coraparison of Systeras 

In order to limit the possible physical attributes of 

the Coso geothermal system, six perraeable systems (Table 2) 

were analyzed. In each case the near-surface conductive 

heat fluxes were computed and then corapared to the observed 

heat fluxes at coraparable positions in the natural systera. 

The object was to obtain the present-day observed heat 

fluxes at a raodel system age of 10^ years, the hypothetical 

real system age. In some of the simulations, nuraerical dif

ficulties caused by boiling were encountered. These cases 

could not be run to 10^ years; so, with the aid of the ide

alised curves of figure 14, conductive heat fluxes at 10^ 

years were estimated. 

The time required to achieve a 16 HFU or larger conduc

tive heat flux was greater than 1.5 x 10^ years for the two 

lower permeability simulations (COSOl and COSOIO, Table 2), 

even though COSOIO had a 5 km deep pluton which fractured 

at 700°C. The heat flux directly above the pluton in sirau

lation COSOIO did not exceed 2 HFU until 8 x 10^ years and 

did not exceed 4 HFU until 1.6 x 10^ years. Having achieved 

a 4 HFU, the heat flux rose rapidly to 18 HFU at 1.8 x 10^ 

years, where it becarae fixed as the system began 
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to boil. The heat fluxes at points 2 and 3 (figure 8) at 

1.8 X 10^ years were 10 and 3.1 HFU, respectively. Predicted 

conductive heat flux for run COSOl did not exceed 2 HFU until 

1.4 X 10^ years, and the run was abandoned shortly afterward. 

Three systeras having high permeability host rocks and 5 

km deep plutons were analyzed to ascertain the effect of plu

ton fracturing. At the "fracturing temperature," fluid was 

allowed to flow through the upper 1 km of the pluton. Fluid 

was allowed into the pluton through the coraputation, C0S02, 

when the pluton teraperature was less than 700°C, C0S08, and 

not at all, C0S07. The "fracturing teraperature" greatly in

fluenced the tirae of high near-surface heat flux developraent 

and the rate of pluton solidification but did not appreciably 

affect the style of heat flxax development. 

The primary affect of "fracturing teraperature" on devel

opment of near-surface conductive heat fluxes is to decrease 

the tirae required to develop a boiling system and the raaxiraum 

heat flux, figure 15. Simulation of C0S02 represents the 

minimum possible time required to develop an '\' 16 HFU system 
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(2.5 X IC^ years); given the assumptions used in these simu

lations, simulation C0S07 represents the maximum developraent 

time (6.0 x 10^ years), and C0S08 is interraediate. Apparently, 

the effect of "fracturing teraperature" is raost pronounced at 

elevated temperatures, and it decreases at an increasing rate 

as the "fracturing teraperature" decreases. The effect of 

changing "fracturing temperature" from 960 to 700°C is to 

delay development of the maxiraura heat flux for 2 x 10^ years, 

while elirainating fracturing altogether delays developraent 

only another 1.5 x 10^ years. 

The "fracturing teraperature" greatly affects the rate at 

which the height of the raolten portion of the pluton (terapera

ture > 700°C) decreases with tirae. Plutons, both 5 and 6 km 

deep, which do not fracture, solidify as in pure conduetion 

systems, at a nearly linear rate of 17 m year~l, figure 16. 

Time (10 yeors) 

Figure 16 

The effect of fracturing the upper 1 kra of 5 km deep plutons 

is to greatly accelerate the cooling rate of the pluton. After 

the upper 1 km of the pluton has fractured, its temperature 

decreases cjuiekly. 
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A'single simulation, C0S09, was run with the higher per

meability' section and a 6 km deep pluton. The time required 

for development of raaximum heat flux in this run was 8 x 10^ 

years. At this time the heat fluxes are approximately 16, 9, 

and 3 HFU at points 1, 2, and 3, respectively. We estimate 

that the predicted heat fluxes would have converged upon the 

observed heat fluxes at approximately 10^ years, our initial 

goal. 

The anoraalous energy represented by the pluton at Coso 

is probably 10^^ to 10^^ kcal, which is on the order of the 

U.S. annual' energy consuraption. Of this araount, the siraula-

tions predict that 31% has been removed from the pluton into 

the host rocks. The energy in host rocks above the pluton's 

center at 1, 3, and 5 kra depth is 65, 92, and 108 cal g"-'-, 

respectively, figure 17, compared to a background (geothermal 

gradient = 30°C km~l) of 8, 24, and 40 eal g-1. Thus, 57, 

58, and 68 cal g-1 of anomalous energy are available at these 

points. 
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The low electrieal resistivities measured at Coso 

(Furgerson, 1973) have been interpreted as indicating high 

temperature rocks at shallow depth. Given the temperature 

and pressures predicted by our simulations, rock and fluid 

conductivity, and roek porosities, one can compute in-situ 

bulk roek resistivities with Archie's function (Archie, 1942; 

Brace and others, 1965; Moskowitz and Norton, in press). Our 

computations, using 3% porosity and 0.1 racial NaCl solutions, 

show that teraperature alone can not be responsible for the 

measured resistivities at Coso, figure 18. In fact, the 

lowest measured resistivities are on the order of the resis

tivities of pure concentrated NaCl brines. The raeasured 

resistivities apparently result from either a few weight per

cent conductive alteration minerals (pyrite or clay minerals) 

or from anoraalously saline pore fluids and high porosities 

which are not apparent at the surface. 
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These results suggest that the present-day Coso geother

mal systera is the result of a single 10^ year old, approxi

mately 4 kra wide pluton at approximately 6 kra initial depth. 

The permeability in the Coso region is likely to be much as 

shown in figure 8. It is possible that the pluton was 

initially shallower than 6 km. If so, the permeability was 

probably intermediate, between that shown in figures 8 and 9. 

These conclusions are consistent with the data available, but 

may not be unique because of the data limitations and the 

assumptions involved in constructing the cross-sections. 

Given that simulated system C0S09 is a reasonable analog 

of the Coso geotherraal system, a number of predictions ean be 

made: 

1. The temperatures and fluid flow patterns in the 

present Coso system are similar to those in figure 

14d. 

2. The molten portion of the pluton (temperature 

> 700^0) would occur at 8 km or more below the sur

face. 

3. Most of the Coso system is characterized by per

meabilities which are too small for direct production 

of commerciial geotherraal steam, but large enough to 

significantly affect the distribution of therraal ener

gy in the subsurface. 

4. A two-phase liquid-vapor system occurs within 

1 km of the surface. 

5. Teraperature gradients as high as 500°C kra"! exist 

within 0.5 Jan of the surface but do not continue below 

0.5 km. 

6. An average grade of 90 x 10^ kcal Mg-^ of geother

mal energy occurs in fractured rocks and pore fluids 

in 7 x lOlO Mg of roek above 2 km depth in the system 

today. 
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Conelusions 

This analysis indicates that the observed conductive 

heat fluxes at Coso are consistent with a hydrotherraal sys

tem produced by a single 4 km wide, 6 kra deep, low perraea

bility pluton eraplaced 10^ years ago into host rocks with 

bulk permeabilities sirailar to those in figure 8. These 

bulk permeabilities are either marginal or too low for com

mercial energy production, except along loeal fraeture zones. 

The analysis predicts that the pluton has now crystallized 

to a depth of 8 kra. Subsurface teraperature and fluid flow 

in the Coso systera are probably much as shown in figure 14d. 

Geotherraal gradients of 500°C kra"! and stecira are present in 

the upper 0.5 km of rock above the pluton's center, but this 

large gradient does not continue below 0.5 km. The subsurface 

environraent at depths between 0.5 to 5 kra is characterized by 

a geotherraal gradient of approxiraately 30°C kra"!, teraperatures 

between 250 and 4 00°C, and energy concentrations on the order 

of 90 cal/gr. Subsurface testing of the Coso system is clearly 

warranted, figure 1 (11). However, other interpretations of 

the results of this study are possible, and the best location 

for drill sites or other surface surveys raay be in doubt. 

Since the hypothetical model may have sorae non-uniqueness, 

other hypotheses regarding pluton features (size, shape, ini

tial emplaceraent, temperature, and age) and permeability dis

tribution might be examined. Refinement of the analysis re

quires more data relevant to the energy transport process, but 

exploration of other hypotheses can be completed, hence the 

options in figure 1 (14). 
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IV 

Recoraraendations for Future Studies 

Certain types of data are critical to the assessraent of 

the nation's geotherraal energy resources. Methods for col

lecting these data will have to be developed or, in some in

stances, improved, and interprietation of the data in the con

text of the processes which concentrate thermal energy in 

near-surface regions is essential. As a consequence of our 

analysis of geothermal systems, the following types of studies 

should be encouraged. 

Data 
Size, Depth of Thermal 
Source 

Rock Permeabilities 

Surface Heat Flux 

Therraal History 

Direct or Indirect Measureraents 

-microearthquake hypocenters 

-p-wave velocities • 

-tilt raeter surveys 

-previous volcanic history 

-petrologic type of igneous rocks 

-fracture abundance on surface 
and in drill core 

-microearthquake energy release 
and hypocenters 

-electrical resistivity 

-p-wave velocities 

-pressure tests in drill holes 

-subsurface rock units 

-cheraical gains and losses 

-conductive fluxes 

-convective fluxes 

-radioactive sources in bedrock 

-regional and local surveys to 
define inflow and outflow 
zones 

-non-igneous heat sources 
(evaporite beds) 

-age dates of volcanic and igneous 
rocks 

-presence and characteristics of 
altered rocks 
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Data 

Fluid Distribution 

Resource Recoverability 

Direct or Indirect Measurements 

-bulk chemistry and electrical 
resistivity of spring and 
bore fluids 

-reconstruct chemical reaction 
path of fluids 

-stable light isotopes 

-mass abundance of alteration 
mineral phases in surface 
and core samples 

-in-situ stresses 
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APPENDIX I 

Operations Procedures for Interactive Graphics 

Programs Developed During this Study 

Prograra ETCHG (Developed under ERDA Contract) 

Prograra ETCHG is a user-oriented interactive graphics 

prograra which perraits the user to analyze the output frora 

the heat and raass transfer simulations and prepare final 

copies of figures for publication. The program is written 

in FORTRAN IV and utilizes the PLOTIO FORTRAN IV Tektronix 

programs for routine operations. ETCHG accepts input files 

of variables computed at a sequence of elapsed tiraes for the 

thermal anomaly. These variables include temperature, pres

sure, streamfunction, horizontal and vertical raass fluxes, 

perraeability, and thermal conductivity. The following is an 

abstracted user's manual which documents the capabilities of 

the program. 
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PROGRAM ETCH WITH INTERACTIVE GRAPHICS 
J . KNIGHT, D. NORTON, B. MOSKOWITZ, AND E . NOAH 
UNIVERSITY OF ARIZONA 1 9 7 5 - 7 7 

THIS PROGRAM USES TEKTRONIX PLOT-10 ROUTINES AS DESCRIBED 
IN THE TEKTRONIX ADVANCE GRAPHICS AND TCS MANUALS 
AND I S DESIGNED FOR USE ON A TEKTRONIX 4014 TERMINAL. 

VERSION 1. 0 JULY 1976 
VERSION 2 . 0 MULTIPLE EULERS, ENLARGEMENTS , ERROR CHECKS 

REMOTE EXPONENTS ON DOMAIN PLOTS, RESCALE 
OPTION FOR DEPENDENT PLOTS. AUGUST 1976 

VERSION 3 . 0 REORGANIZATION OF CODE TO MAKE PROGRAM 
MORE READABLE AND GENERAL. ADDED FLEXIBLE 
DOMAIN S I Z E , LABELS READ FROM INPUT F I L E , 
AND TIME EXPRESSED IN SECONDS. JULY 1977 

ETCH PRODUCES PLOTS OF DATA FROM FLOW DATA F I L E S . 
IT WILL CONTOUR ANY OF 6 DATA BLOCKS IN THE FLOW F I L E , 
WILL COMPUTE PATHLINES AND STREAKLINES ORIGINATING AT 
ANY POINT IN THE DOMAIN, WILL PLOT THE VARIATION 
OF 21 VARIABLES AGAINST TIME OR AGAINST DISTANCE ALONG 
VERTICAL OR HORIZONTAL SECTIONS CUT THROUGH THE DOMAIN. 

RAW DATA IS OBTAINED FROM A DISK OR TAPE FILE GENERATED BY 
FLOW. (ETCH I S COMPATIBLE WITH VERSION 3 AND EARLIER 
VERSIONS OF PROGRAM FLOW.) 

' I N I T I A L NAMELISTS AND ARRAYS PRECEDE THE DATA TO SET VALUES 
FOR DATA DEPENDENT CONSTANTS AND SWITCHES. DATA IS READ IN 
E 1 0 . 4 FORMAT FROM ARRAYS REPRESENTING PARAMETER VALUES AT GRID 
POINTS ON THE DOMAIN. DATA ARRAYS ARE PRECEDED BY A TITLE 
LINE GIVING NAME OF THE PARAMETER REPRESENTED. PLOT LABELS 
ARE OBTAINED FROM THIS LINE THRU A READ FORMATTED ( 2 X , 2 5 R l ) . 
UP TO 6 ARRAYS ARE ALLOWED IN BLOCKS REPRESENTING TIME STEPS. 
THE TITLE LINE FOR THE FIRST ARRAY IN EACH TIME BLOCK INCLUDES 
THE TIME (EXPRESSED IN YEARS) AND IS GENERALLY READ THRU 
FORMAT ( 4 7 X , E 1 5 . 3 ) . UP TO 200 TIME BLOCKS CAN BE PROCESSED 
FOR TIME DEPENDENT PLOTS. 

TAPE 53 FLOW OUTPUT FILE 

TO EXECUTE THE ADVANCE GRAPHICS PACKAGE: 

SET THE TERMINAL TO GRAPHICS MODE 

. R SETTTY 

TYPE TERMINAL? 4010 

TO EXECUTE THE PROGRAM TYPE 

.EX@ETCHG[6130, 636] 
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INPUT FOR ETCH IS CARRIED OUT BY TYPING OPTIONS 
AT THE TERMINAL IN RESPONSE TO QUESTIONS. 
FOR MULTIPLE ANSWERS SEPARATE BY COMMAS. 
AFTER EACH ANSWER END WITH A CARRIAGE RETURN. 

AFTER EACH DIAGRAM THE TERMINAL WILL WAIT FOR A 
CARRIAGE RETURN OR THE LETTER R OR B (SEE BELOW) . 
AT THIS TIME A HARD COPY CAN BE MADE. 

AT THE START OF EXECUl'ION THE SCREEN WILL BE ERASED 
AND ONE OF THE FOLLOWING RESPONSES IS REQUIRIED: 

CR INTRODUCTION TO ETCHG WILL BE DISPLAYED 
RETURN WITH TWO CARRIAGE RETURNS 

S SKIP INTRODUCTION AND CONTINUE TO OPTION INPUT 

MITIAL_QUESTI0NS2_ 

INPUT THERMAL CONDUCTIVITY 

(PRE VERSION FLOW - ONLY) 

INPUT T d ' A L POROSITY 

FRACTION OF ROCK WHICH IS FLUID. 

INPUT. ORDER OF DATA ARRAYS IN DATA BLOCKS 

THERE ARE 6 POSSIBLE ARRAY POSITIONS PER DATA BLOCK 
INPUT 1 S FOR POSITIONS TO BE FILLED BY DATA ARRAYS 
INPUT 0 S FOR UNUSED POSITIONS 
FOR EXAMPLE: 0 , 0 , 1 , 1 , 1 , 1 WILL FILL THE LAST FOUR 
POSITIONS IN EACH BLOCK WITH DATA ARRAYS 

IF INPUT FILE CONTAINS MORE THAN 1 DATA BLOCK PER TIME 
BLOCK, ORDER INPUT ABOVE APPLIES TO ALL BUT TKE LAST 
DATA BLOCK OF THE TIME BLOCK. INPUT ORDER 
(AS ABOVE) OF DATA ARRAYS IN THE LAST DATA BLOCK. 

IMPORTANT: SEE NOTES (*) IN LIST OF PARAMETER OPTION 
NUMBERS REGARDING THE PLACEMENT OF CERTAIN DATA 
ARRAYS TO ENABLE USE OF SOME PLOT OPTIONS AND 
PARAMETER OPTIONS. 
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QUESTIONS FOR RESISTIVITY MODEL 

PROGRAM WILL READ FROM A DATA FILE CONTAINING 
FLUID RESISTIVITY DATA. TWO FILES ARE CURRENTLY USED 

1 . RHOl . 0 1 MOLAL NACL 
2 . RH02 . 1 MOLAL NACL 

DO YOU WISH TO MODEL RESISTIVITY? 
INPUT YES OR NO. 

IF ANSWER WAS YES: 

INPUT OLD OR NEW MODEL 

I F OLD: INPUT RESISTIVITY FILE 
FILENAME OF PRIOR RESISTIVITY MODEL 
DATA SAVED TO BE READ IN 

IF NEW: DO YOU WISH TO SAVE DATA? 
INPUT YES OR NO. YES SAVES RESISTIVITY 
AND POROSITY DATA ON FOR50.DAT TO USE 
FOR RERUN OF MODEL. 

DO YOU WISH TO MODEL POROSITY? 
INPUT YES OR NO. YES CALCULATES POROSITY 
AS A FUNCTION OF INCREASING TEMPERATURE. 

RESISTIVITY INPUT FILE? 
INPUT FILENAME OF FLUID RESISTIVITY DATA F I L E . 

IMPORTANT: IF OLD MODEL I S BEING USED AN EULER PLOT 
OPTION MUST BE SPECIFIED FOR RESISTIVITY. 

QUESTIONS FOR DOMAIN DRAWING: 

DO YOU WANT TO CHANGE TERMINAL WINDOW DIMENSIONS? 

INPUT YES OR NO. 

IF YES: INPUT LEFT, RIGHT, BOTTOM , TOP 
FOR NEW WINDOW IN SCREEN COORDINATES 

(SCREEN IS 1074 X 780 UNITS) 

INPUT TIC INTERVAL (KM) FOR X AND Y DIRECTIONS FOR DOMAIN 

CONTROLS SPACING OF TIC MARKS DRAWN ON DOMAIN BOUNDARY. 
IF DOMAIN WIDTH IS 20 KM AND TIC INTERVAL I S SPECIFIED 
AS 2 FOR THE X DIRECTION, TIC MARKS WILL REPRESENT 
2 KM INTERVALS ACROSS THE DOMAIN. 
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QUESTIONS FOR TIME DEPENDENT PLOTS; 

DO YOU WANT EULER, PATHLINE, STREAKLINE OR SOURCELINE 
PLOTS? 

SPECIFY ONLY EULER AND/OR ONE OF THE OTHERS. 
(PATHLINE, STREAKLINE, OR SOURCELINE) 
INPUT 1 S FOR OPTIONS DESIRED 
INPUT 0 S FOR OPTIONS NOT WANTED 
FOR EXAMPLE: 1 , 1 , 0 , 0 ALLOWS USER TO OBTAIN 
EULER AND PATHLINE PLOTS. 

NOTE: IF PATH, STREAK, OR SOURCELINE PLOTS ARE 
DESIRED ARRAY POSITIONS 3 , 4 , 5 , & 6 IN DATA BLOCK 1 OF 
EACH TIME BLOCK MUST CONTAIN DATA FOR HORIZONTAL MASS 
FLUX, VERTICAL MASS FLUX, TEMPERATURE, & PRESSURE, 
RESPECTIVELY. 
ALSO, SOURCELINE PLOTS REQUIRE THAT TIME BLOCKS IN THE 
FLOW DATA FILE BE ARRANGED IN ORDER OF DECREASING TIME 
(USE PROGRAM SHUF) . 

IF EULER PLOTS ARE SPECIFIED: 

HOW MANY EULER PLOTS? 

INPUT 1 ,2 OR 3 DEPENDING ON THE NUMBER OF DIFFERENT 
VARIABLES YOU WISH TO PLOT 

INPUT OPTIONS FOR EULER PLOTS 

INPUT PARAMETER OPTION NUMBERS (SEE LIST BELOW) , 
SEPARATED BY COMMAS, FOR EACH VARIABLE TO PLOT. 

INPUT DATA BLOCK NUMBERS 

IF INPUT TAPE HAS MORE THAN ONE DATA BLOCK PER TIME 
BLOCK, INPUT DATA BLOCK NUMBERS SEPARATED BY 
COMMAS, FOR EACH PARAMETER IN THE SAME ORDER 
AS OPTION NUMBERS WERE INPUT. 

IF PATHLINE, STREAKLINE, OR SOURCELINE PLOT SPECIFIED: 

INPUT DEPENDENT PARAMETERS FOR PATH'LINES: IXLIN, IYLIN 

GIVE 2 PARAMETER OPTION NUMBERS (SEE LIST BELOW) 

IXLIN = OPTION NUMBER OF VARIABLE TO BE 
REPRESENTED ON THE X-AXIS 

= 0 I F DISTANCE ALONG PATHLINE IS TO BE SHOWN 
FOR X-AXIS OR IF NO DEPENDENT PLOT IS WANTED. 

lYLIN = OPTION NUMBER OF VARIABLE TO BE 
REPRESENTED ON THE Y AXIS 

= 0 I F NO DEPENDENT PLOT IS WANTED 
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INPUT DATA BLOCK NUMBERS 

IF INPUT TAPE HAS MORE THAN ONE DATA BLOCK PER TIME 
BLOCK, INPUT DATA BLOCK NUMBERS SEPARATED BY 
COMMAS FOR IXLIN AND l Y L I N . 

INPUT TIC MARK INTERVAL 

TICS WILL BE DRAWN ON LINE PLOTTED IN INCREMENTS 
OF THIS TIME. IF 0 . 0 NO TICS WILL BE DRAWN. 
INTERVAL SPECIFIED MUST BE GREATER THAN THE TIME 
INTERVAL BETWEEN TIME BLOCKS AND SHOULD BE 
A MULTIPLE OF THAT TIME INTERVAL FOR ACCURATE 
REPRESENTATION. 

'INPUT FREQUENCY OF PARTICLES TRACED FROM SOURCE OR '. 
STREAKLINES. 

NEW POINTS ARE ADDED TO THE CALCULATION WITH THE 
VALUE OF THIS OPTION. RUN TIME IS DIVIDED BY THIS 
VALUE, BUT ACCURACY DECREASES. 

INPUT DOMAIN POINTS FOR EULER, AND/OR PATHLINE, 
STREAKLINE, OR SOURCELINE PLOTS 

INPUT UP TO 3 POINTS FOR EACH PLOT BY POSITIONING 
CROSSHAIRS ON DOMAIN AND TYPING A CHARACTER OTHER 
THAN A SMALL " E" OR CARRIAGE RETURN. 
IF FEWER THAN 3 POINTS ARE DESIRED INPUT A SMALL " E" 
AND CARRIAGE RETURN AFTER THE BELL FOLLOWING ' 
THE LAST POINT TO BE INPUT. 

INITIAL CONDITION DOMAIN 

WHEN THIS DOMAIN IS DRAWN, THE USER MAY TURN 
THE TERMINAL TO LOCAL AND WRITE ANYTHING UPON THIS 
DIAGRAM. ONCE ON LINE, THE TERMINAL WILL WAIT 
FOR EITHER: 

CR PROCEED 
H REDETERMINE POINTS AND REDRAW 

INPUT STARTING TIME IN YEARS 

TIME TO START READING TIME BLOCKS FOR ACTUAL PLOTTING 
(USUALLY 0 . 0 FOR I P L O T l - 5 ) . FOR I P L 0 T = 6 , TMIN= FINAL TIME 
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INPUT PLOT TYPE OPTION NUMBER: 

OPTION NUMBER: PLOT TYPE: DESCRIPTION. 

1 : CONTOUR PLOT: PLOTS CONTOURS OF A VARIABLE 
WITHIN THE DOMAIN 
SPLIT-DOMAIN CONTOUR PLOT: PLOTS CONTOURS OF ONE 
VARIABLE ON LEFT HALF OF DOMAIN AND CONTOURS OF 
ANOTHER VARIABLE ON RIGHT HALF. 

2 : PATHLINE PLOT: COMPUTES AND PLOTS PATHS TAKEN 
BY FLUID PACKETS STARTING AT ANY POINT IN THE 
DOMAIN. WILL ALSO PLOT THE VALUE OF A PARAMETER 
ALONG THE PATHLINE VS DISTANCE ALONG THE PATHLINE 
OR VS ANOTHER VARIABLE. 

3': STREAKLINE PLOT: COMPUTES AND PLOTS A LINE GOING 
THROUGH THE FINAL POSITIONS OF ALL FLUID PACKETS 
PASSING THROUGH A POINT IN THE DOMAIN. 

4 : EULER PLOT: PLOTS VALUE OF A PARAMETER AT A 
FIXED POINT IN THE DOMAIN AGAINST TIME. 

5 : PROFILE PLOT: COMPUTES AND PLOTS THE VALUE OF A 
PARAMETER AGAINST ITS DEPTH IN THE DOMAIN (VERTICAL 
PROFILE) OR DISTANCE FROM THE EDGE (HORIZONTAL 
P R O F I L E ) . 

6: SOURCELINE PLOT: COMPUTES AND PLOTS A LINE GOING 
THROUGH THE INITIAL POSITIONS OF ALL FLUID PACKETS 
PASSING THROUGH A POINT IN THE DOMAIN. 
THIS OFriON REQUIRES THE TIME BLOCKS IN THE FLOW 
DATA FILE BE ARRANGED IN ORDER OF DECREASING 

. TIME. FOR THIS OPTION TMIN IS GREATER THAN TMAX. 
(USE PROGRAM SHUF) 
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ADDITIONAL QUESTIONS ABOUT PLOT REQUESTED 

FOR CONTOUR PLOT: 

INPUT PARAMETER OPTION NUMBER (AND DATA BLOCK NUMBER) 
FOR PARAMETER TO CONTOUR, AND NUMBER OF CURVES TO PLOT 
(MAXIMUM IS 5 ) . 

SEE LIST BELOW FOR PARAMETER OPTION NUMBERS. 
CONTOUR PLOTS ARE RESTRICTED TO OPTIONS 1 - 6 , 
25 & 2 7 . DATA BLOCK NUMBER IS ASKED FOR ONLY 
I F DATA FILE HAS MORE THAN ONE DATA BLOCK PER 
TIME BLOCK. 

INPUT VALUE FOR EACH CONTOUR. 

IF DATA HAS A RECTANGULAR BLOCK OF GRID POINTS WITH THE 
SAME VALUE, DONT USE THAT EXACT VALUE WHEN REQUESTING CONTOUR. 
USE SOME VALUE BETWEEN IT AND ADJACENT GRID VALUES. 

INPUT SECOND OPTION TO CONTOUR (AND DATA BLOCK NUMBER), 
AND NUMBER OF CURVES TO PLOT (MAXIMUM IS 5 ) . 

INPUT 0 , 0 , 0 IF ONLY ONE OPTION IS TO BE CONTOURED ON 
THE DOMAIN, 
OR 
INPUT PARAMETER OPTION NUMBER ( 1 . - 6 , 25 & 27 ) 
TO BE CONTOURED ON THE RIGHT SIDE OF THE DOMAIN. 
DATA BLOCK NUHBER IS ASKED FOR ONLY I F INPUT 
FILE HAS HORE THAN ONE DATA BLOCK PER TIME BLOCK. 
OPTION WITH HIGHEST BLOCK NUMBER WILL BE PLOTTED 
ON THE RIGHT SIDE OF THE DOMAIN. 

INPUT VALUE FOR EACH CONTOUR FOR SECOND OPTION. 

SEE NOTE FOR 1ST OPTION CONTOUR VALUES 

FOR PATHLINE PLOT: 

IF IXLIN WAS NOT 0: 

INPUT MIN. AND MAX. FOR DEPENDENT VARIABLE ON X AXIS 
AND AXIS TYPE SWITCH. (USE 1 FOR LOG (BASE 10) 
SCALED AXIS . USE 0 FOR NORMAL A X I S ) . 

IF lYLIN WAS NOT 0: 

INPUT MIN. AND MAX. FOR DEPENDENT VARIABLE ON Y AXIS 
AND AXIS TYPE SWITCH. USE 1 FOR LOG (BASE 10) 
SCALED AXIS . USE 0 FOR NORMAL A X I S . 
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FOR EULER PLOT: 

IF MORE THAN ONE EULER PLOT WAS SPECIFIED EARLIER, WHICH 
PLOT IS WAOTED NOW? INPUT 1 , 2 , OR 3 AS DIRECTED. 

INPUT MIN AND MAX FOR DEPENDENT VARIABLE. 
AND AXIS TYPE SWITCH. (USE 1 FOR LOG (BASE 10) 
SCALED AXIS . USE 0 FOR NORMAL A X I S ) . 

FOR PROFILE PLOT: 

HORIZONTAL OR VERTICAL PROFILE SECTION? INPUT H OR V. 

INPUT PARAMETER OPTION NUMBER (AND DATA BLOCK NUMBER) 
FOR PARAMETER TO PROFILE, AND NUMBER OF CURVES TO PLOT, 

SEE LIST BELOW FOR PARAMETER OPTION NUMBERS. 
DATA BLOCK NUMBER IS ASKED FOR ONLY I F DATA FILE 
HAS MORE THAN ONE DATA BLOCK PER TIME BLOCK. 

INPUT MIN AND MAX FOR DEPENDENT VARIABLE 
AND AXIS TYPE SWITCH. (USE 1 FOR HDG (BASE 10) 
SCALED AXIS. USE 0 FOR NORMAL A X I S ) . 

IF lYLIN WAS NOT 0: 

INPUT MIN. AND MAX. FOR DEPENDENT VARIABLE ON Y AXIS 
AND AXIS TYPE SWITCH. (USE 1 FOR LOG (BASE 10) 
SCALED AXIS . USE 0 FOR NORMAL A X I S ) . 

INPUT NUMBER OF INTERPOLATIONS BETWEEN DATA POINTS. 
RECOMMENDED VALUE IS 2 . 
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THE PARAMETER OPTION NUMBERS ARE: 

- 6 REPRESENT THE PARAMETER AVAILABLE 
IN ARRAY POSITIONS 1 - 6 RESPECTIVELY. 

PATHLINE,SOURCELINE, AND STREAKLINE PLOTS 
REQUIRE DATA IN POSITIONS 3-6 IN F IRST DATA 
BLOCK OF EACH TIME BLOCK AS LISTED BELOW: 

HORIZONTAL MASS FLUX 
VERTICAL MASS FLUX 
TEMPERATURE 
PRESSURE 

THE FOLLOWING OPTIONS REQUIRE THAT ARRAY 
POSITIONS 5 & 6 CONTAIN TEMPERATURE AND 
PRESSURE DATA RESPECTIVELY. 
OPTIONS 1 4 , 1 5 , & 20 ALSO REQUIRE VERTICAL FLUX 
IN ARRAY POSITION 4. 
OPTION 19 ALSO REQUIRES HORIZONTAL FLUX IN 
ARRAY POSITION 3 . 
OPTIONS 12 & 2 1 ALSO REQUIRE HORIZONTAL FLUX 
AND VERTICAL FLUX IN ARRAY POSITIONS 3 & 4 
RESPECTIVELY. 

7 DENSITY 
8 ' COEFFICIENT 
9 ENTHALPY 
10 HEAT CAPACITY 
11 VISC(DSITY 
12 MASS FLUX 
13 CONDUCTIVE 
14 CONVECTIVE 
15 TOTAL HEAT 
16 ROCK HEAT 
17 FLUID HEAT 
18 TOTAL HEAT 
19 HORIZONTAL DARCY VELOCITY 
20 VERTICAL DARCY VELOCITY 
21 DARCY VELOCITY 

OF ISOBARIC THERMAL EXPANSION 

HEAT 
HEAT 
FLUX 

FLUX 
FLUX 

THE FOLLOWING OPTIONS ARE AVAILABLE ONLY I F 
FLUID RESISTIVITY DATA FILE OR PREVIOUS 
RESISTIVITY MODEL DATA FILE HAS BEEN NAMED FOR 
INPUT (SEE RESISTIVITY MODEL QUESTIONS ABOVE). 
THESE OPTIONS REQUIRE TEMPERATURE AND PRESSURE 
IN ARRAY POSITIONS 5 & 6 IN FIRST DATA BLOCK OF 
EACH TIME BLOCK: 

25 
26 
27 

RESISTIVITY 
DIELECTRIC CONSTANT 
POROSITY 
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INPUT TIME IN YEARS FOR PLOT. 

INPUT TIME SLIGHTLY LESS THAN ACTUAL TIME DESIRED 
FROM DATA FILE 

FOR STEADY STATE OPTIONS .TIME INCREASES 
FROM STARTING TIME IN YEARS UNTIL END OF FILE 
I S ENCOUNTED OR TERMINATION OF PROGRAM. 
WITH THIS YOU CAN TIME STEP THROUGH DATA FILE 
PLOTTING STEADY STATE OPTIONS (IPLOT = 1 , 5) . 

FOR TIME DEPENDENT OPTIONS PLOT WILL BE FROM 
TMIN TO TIME GIVEN HERE. 

END OF FILE ENCOUNTERED 
FINAL TIME WILL BE USED 

MESSAGE IS OUTPUT WHEN TIME GIVEN EXCEEDS THE 
FINAL TIME IN THE DATA F I L E . 
A CARRIAGE RETURN WILL ALLOW THE PLOT TO BE DRAWN. 
IF DATA FILE HAS HORE THAN ONE DATA BLOCK PER TIME 
BLOCK,FINAL TIME IS NOT USED. PROGRAM STOPS. 

INPUT DOMAIN SECTIONS FOR PROFILES 

FOR VERTICAL SECTION PROFILE: 

POSITION CURSOR AT MAXIMUM Y VALUE 
(MAXIMUM DEPTH FOR PROFILE) 

AND TYPE IN ANY CHARACTER EXCEPT CARRIAGE RETURN. 

POSITION CURSOR AT X COORDINATE FOR VERTICAL SECTION 
(POINT ON DOMAIN ON X DIRECTION FOR VERTICAL 
PROFILE) AND TYPE IN ANY CHARACTER EXCEPT CARRIAGE 
RETURN. 

FOR HORIZONTAL SECTION PROFILE: 

POSITION CURSOR AT MAXIMUM X VALUE 'MAXIMUM DISTANCE 
FROM LEFT EDGE OF DOMAIN FOR HORIZONTAL PROFILE) AND 
TYPE IN ANY CHARACTER EXCEPT CARRIAGE RETURN. 

POSITION CURSOR AT Y COORDINATE FOR HORIZONTAL SECTION 
(POINT ON DOMAIN ON Y DIRECTION FOR HORIZONTAL 

SECTION) AND INPUT ANY CHARACTER EXCEPT CARRIAGE RETURN. 

OPTIONS AFTER PLOT IS DRAWN 

PROGRAM WAITS FOR A CARRIAGE RETURN OR OPTION 
SELECTION FOR ENLARGEMENT, RESCALE, OR NEW T I C S . 
AT THIS TIME A HARD COPY CAN BE GENERATED. 
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CONTOUR PLOT, WHOLE DOMAIN: 

INPUT CARRIAGE RETURN TO ERASE AND CHOOSE GO, STAY, 
OR QUIT (SEE BELOW) . 

INPUT "T" TO REDRAW PLOT WITH DIFFERENT TIC MARKS 
ON DOMAIN BOUNDRY (SEE NEW TIC OPTION BELOW) . 

INPUT "B" TO ENLARGE A PORTION OF THE PLOT 
(SEE ENLARGEMENT OPTION BELOW) . 

CONTOUR PLOT, SPLIT DOMAIN: 

AFTER LEFT HAND SIDE OF PLOT IS DRAWN 
INPUT A CARRIAGE RETURN TO GO ON WITH THE 
RIGHT HAND SIDE OF THE PLOT. 

AFTER RIGHT HAND SIDE OF PLOT IS DRAWN A CARRIAGE 
RETURN ERASES THE SCREEN AND PRESENTS 
USER WITH OPTIONS (GO, STAY, QUIT) . RESCALE AND 
ENLARGEMENT OPTIONS ARE NOT AVAILABLE. 

PATHLINE PLOT, DOMAIN PLOT: 

IF IYDEP=0, A CARRIAGE RETURN WILL ERASE SCREEN AND 
PRESENT USER WITH OPTIONS (GO, STAY, QUIT ) . 
IF lYDEP NON ZERO, CARRIAGE RETURN WILL ERASE AND 
DRAW DEPENDENT PLOT. 

INPUT "T" TO SET NEW TIC MARK INTERVAL FOR DOMAIN 
BOUNDRY (SEE NEW TIC OPTION BELOW) 

INPUT "B" TO ENLARGE A PORTION OF THE PLOT (SEE 
ENLARGEMENl' OPTION BELOW.) 

PATHLINE PLOT, DEPENDENT PLOT: 

INPUT CARRIAGE RETURN TO ERASE AND CHOOSE OPTIONS 
(GO, STAY, Q U I T ) . 

INPUT "R" TO RESCALE AXIS (SEE RESCALE OPTION BELOW) 

STREAKLINE OR SOURCELINE PLOT, DOMAIN PLOT: 

INPUT CARRIAGE RETURN TO ERASE AND CHOOSE (GO, STAY, QUIT) 

INPUT "T" TO REDRAW PLOT WITH DIFFERENT TIC MARKS ON 
DOMAIN BOUNDRY(SEE NEW TIC OPTION BELOW). 

INPUT "B" TO ENLARGE A PORTION OF THE PLOT (SEE 
ENLARGEMENT OPTION BELOW) . 
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EULER OR PROFILE PLOT, DEPENDENT PLOT: 

INPUT CARRIACS RETURN TO ERASE AND CHOOSE (GO, STAY, QUIT) 

INPUT "R" TO RESCALE AXIS (SEE RESCALE OPTION BELOW) . 

(GO, STAY, OR QUIT) OPTION 

GO- WILL PROCEED TO NEXT TIME 
STAY CONTINUE AT PRESENT TIME WITH STEADY 

STATE PLOTTING 
QUIT TERMINATION OF PROGRAM 

RESCALE OPTION 

USED ONLY FOR IPLOT = 2 , 4 , OR 5 
ASKS USER FOR NEW MIN AND MAX FOR EACH AXIS. 

ENLARGEMENT OPTION 

USED ONLY FOR IPLOT = 1 , 2 , 3 , OR 6 
I F B IS CHOSEN THE CROSSHAIRS WILL APPEAR. TO 
ENLARGE AN AREA POSITION THE CROSSHAIR AT THE 
LOWER LEFT HAND CORNER OF THE DESIRED AREA AND INPUT 
A CAPTIAL P. THEN MOVE TO THE UPPER RIGHT HAND CORNER 
OF THE AREA AND INPUT CAPITAL P AGAIN. A BOX WILL BE 
DRAWN AROUND THE AREA FOR ENLARGEMENT. 
•ONCE THE BOX I S DRAWN, THE TERMINAL WILL WAIT 
FOR A CARRIAGE RETURN, AT THIS TIME A HARD COPY 
CAN BE GENERATED. AFTER THE CARRIAGE RETURN, THE USER 
IS ASKED TO INPUT TIC INTERVAL FOR THE DOMAIN. 
THIS INTERVAL I S TEMPORARY AND AFFECTS THE 
ENLARGEMENT ONLY. INPUT A CARRIAGE RETURN AFTER 
NEW TIC INTERVAL TO GO ON WITH PLOT. 

NEW TIC OPTION 

USER IS ASKED TO SPECIFY A NEW TIC INTERVAL FOR 
DOMAIN BOUNDRY. THIS PERMANENT-LY RESETS TIC 
INTERVAL SPECIFIED EARLIER. 

ERROR MESSAGES ARE FEW AND SELF "EXPLANATORY. 
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