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ABSTRACT

Intrinsic rock resistivity, calculated by Archie's Law, has 
been numerically modeled as a function of space and time for two, two- . 
dimensional crustal environments. The effects of variations in poros
ity and pore-fluid resistivity (with temperature and pressure) have . 
been included in Archie's Law. The two crustal environments investi
gated are characterized by pluton emplacement within the upper 10 km of 
the crust. Both crustal models, were numerically modeled from the time 
of pluton emplacement to 2 x 10^ years after emplacement. The calcula
tions indicate that the host-rock resistivity distribution is primarily 
controlled by the mode of dispersion of thermal energy away from the 
pluton. Comparisons between model results and field observations in 
geothermal areas indicate that (1) low near-surface resistivity cannot 
be entirely accounted for by hot circulating saline water, and (2) ob
servations of high thermal gradients associated with low resistivity 
anomalies do not assure the existence of a high energy geothermal source 
at shallow crustal depths.



INTRODUCTION

The nature of the earth’s upper crust has been the focus of many 
areas of research within the past decade. Data on the upper crust, rang
ing from gravity to geochemical surveys, have been collected, and analy
ses of these data are abundant in the scientific literature. The present 
study is exploratory in nature, aimed at achieving an understanding of 
the electrical properties of the earth’s upper crust.

The electrical nature of the earth’s crust has recently received 
much attention from two areas of research. The first is the possibility 
of a lithostatic electromagnetic wave guide, which is directly dependent 
on the existence of a continuous zone of highly resistant rocks within 
the crust (Heacock, 1971). The second area of research is directed to
ward the evaluation of low crustal resistivity as a diagnostic feature 
of geothermal areas. Although these research areas seem widely divergent, 
the causative agents affecting rock resistivity in both of these areas 
are the same: water content, porosity, temperature, mineralogy, and
pore-fluid properties. The present study is an attempt, on the basis of 
computer modeling, to analyze the relationships between the variables 
which determine intrinsic resistivity in the upper 10 km of the crust. 
Implicit in these resistivity models is the modeling of thermally in
duced fluid circulation within the crust, as described in Norton and 
Knight (in press). Limitations imposed upon these computer models, due 
to insufficient data regarding permeability and total porosity, prohibit 
the resistivity models from precisely predicting the resistivity



structure in the subsurface. However» these models can provide a basis 
for establishing geologic bounds on crustal resistivity, as well as a 
focal point for future crustal studies.

Previous Work
The transient aspect of the evolution.of host-rock resistivities 

around a thermal source within the crust has not been discussed in the 
literature. In order to simulate this resistivity distribution, the 
computation of thermal energy dispersion around a thermal source within 
the crust must first be accomplished. The most extensive numerical 
analysis of a cooling pluton within the crust is given by Norton and 
Knight (in press). The models presented in their study are used in the 
present investigation.

^Observational data on. crustal resistivities, which represent an 
instant in geologic time, can be divided into two types. The first type 
is the. large-scale resistivity surveys, which effectively examine deep 
crustal and upper mantle resistivities. These studies are usually per
formed away from areas of active volcanism. The second type is the re
sistivity surveys which are used for exploration purposes in geothermal 
areas.

The most noteworthy large-scale surveys are those by Keller 
(1971); Keller, Anderson; and Pritchard (1966); Porath (1971); Jackson 
(1966); and Brace (1971). All the above surveys revealed a 10 to 15 km 
thick surface zone, where resistivity increased with depth. The surface 
zone was underlain by a zone in which resistivity decreased with depth.



This zone extended into the mantle. Keller et al. (1966) attempted to 
correlate resistivity zones with seismic zones, although no clear corre
lation was accomplished. Porath (1971) observed three distinct zones:
(1) a surface zone consisting, of moderately low resistivities due to the 
presence of pore fluids, (2) an intermediate zone where resistivity in
creased, probably due to the decrease in porosity and pore-fluid content, 
and (3) at mantle depths, resistivities once again decrease as semicon
duction in silicate minerals becomes important. A comparison of three 
different heat flow regions in the United States by Brace (1971) also 
produced similar results. Typical values quoted in the literature for 
upper crustal resistivities range from 10^-10^ ohm-m (Brace, 1971).

There is a vast amount of information in the literature on re
sistivity surveys in geothermal areas. Most, if not.all, resistivity 
surveys in geothermal areas reveal a well-defined correlation between 
hydrothermal alteration and low resistivity. Low resistivity layers of 
3-20 ohm-m have been observed in numerous areas in Japan (Sato, 1970).
The Tatum Volcanic region in Taiwan shows a low resistivity layer (15-20 
ohm-m) which correlates with layers of high temperature and hydrothermal 
alteration (Cheng, 1970)» Resistivity lows at depths of 100-250 m are 
observed at Broadlands, New Zealand (Risk, MacDonald, and Dawson, 1970). 
Results from resistivity surveys conducted at Yellowstone National Park 
also showed anomalously low near-surface resistivities (Zohdy, Anderson, 
and Muffler', 1973). At Yellowstone a fairly uniform layer of 2-6.5 
ohm-m occurs at an average depth of 50 feet and extends to approximately 
250 feet. Zohdy et al. attribute the low resistivity values to hot water
and to the presence of pyrite and clay minerals.
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It is apparent from the observational data that geothermal areas 

are characterized by near-surface low resistivity (<50 ohm-m), as a re
sult of circulating hot fluids and conductive minerals. On the other 
hand, areas between active centers of volcanism are characterized by 
near-surface values ranging between 10^-10  ̂ohm-m.

Objectives, Scope, and Methodology
Heretofore no known study on the transient nature of intrinsic 

resistivity of host rocks around a cooling pluton has. been attempted.
This investigation is concerned with the following question: Given a set
of geologic initial conditions, what is the evolution of host-rock re
sistivity around a thermal source with time and space, and is this 
thermally-induced resistivity distribution consistent with field obser
vations? The method of analysis of this problem is through the use of 
computer simulation of geologic processes involved in the thermal decay 
of a pluton within the upper crust. The computer models afford for vari
ations in permeability and porosity, heat sources, rock and fluid proper
ties, including variation in pore-fluid resistivity as a function of 
temperature, pressure, and concentration, as well as the time dependence 
of these models in a two-dimensional domain. Coupled with the numerical 
approximations of the governing equations (Norton and Knight, in press), 
an interactive graphics system has been developed in order to present 
the. model results in a coherent fashion. The interactive graphics system 
allows a user to time step through a •given model, stopping at specified 
times to analyze the steady-state solutions of the governing equations.
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Combining the numerical approximation techniques and the inter

active graphics system, two heuristic models will be analyzed in order 
to compute the evolution of host-rock resistivities with time. The pro
cesses contributing to dispersion of thermal energy away from a pluton 
with time are the major, contributors to the distribution of host-rock 
resistivity. Comparisons of these models with active geothermal areas 
and with crustal sections between active areas of volcanism are the pri
mary goals of this research endeavor.



ELECTRICAL CONDUCTION IN ROCKS

The purpose of this chapter is to review the basic principles of 
electrical conduction in rocks, and to review the experimental and the
oretical data in the literature relating.to the electrical phenomena in 
rocks. This is not intended to be a comprehensive study of the elec
trical conduction process. However, this chapter will cover most of the 
important parameters involved in the understanding of electrical conduc
tion of crustal rocks. An adequate understanding.of the parameters in
volved in the conduction process is needed before resistivity modeling of 
the crust is attempted and the results of these models properly 
interpreted.

Physical Principles 
Before embarking on a general discussion of the electrical phe

nomena in rocks, the basic definitions of resistivity, conductivity, and 
types of electrical conductors will be presented.

The conductivity of a.material is defined through Ohm’s Law, 
which states

J = oE (1)

—— / 3where: J = current density measured in amp/m
E = electric field strength measured in volt/m, and
a - electrical conductivity measured in ohm-^m-^.

6



In isotropic materials, a is independent of E and is constant for a given 
temperature and pressure.

Suppose that we consider a conducting rod of length, &, and cross 
sectional area, A. The current density through the rod is simply

J - I/A = OE (2)

where I is the current„ Let V be the potential difference across the rod
V ' • ' ; . - , ‘.so that E = /5,9 and equation (2) becomes

I = 2|v. (3)

The resistances R, for any .given section of rod is given by R = /I.
Substituting the expression for R into equation (3), we may write the re
sistance of the rod as

R = _!. (4)
oA

The resistivity, p, is defined as the inverse of a, or

P = ^/l;. . (5)

The resistivity of a material is thus measured in ohm-m. In isotropic 
materials9 p and a are reciprocals. However, on a microscopic scale, a 
basic physical difference exists. The conductivity is the flow mobility 
of charged particles, whereas the resistivity is the opposition to flow 
of charged particles.



Electrical. Conductivity lit Solids 
Electrical conductors may be divided into three broad categories: 

(1) metallic, (2) electronic semiconductors, and. (3) solid electrolytes. 
The high conductivity associated with metals results from the larger num
ber of mobile electrons and the relatively small amount.of energy required 
to move electrons from one atom to another. Imperfections in the crys
talline structure of metals hinders the movement of electrons and, there
by, causes a decrease in conductivity. Also interfering with electron 
mobility are the thermal vibrations of metallic ions. These thermal vi
brations result in a negative temperature coefficient of conductivity. 
Metallic conductors are usually characterized by conductivities 
> 10^ ohm~^m ^ (at T - 0°C).

Conduction in semiconductors is also by electron motion, but due 
to a decrease in mobile electrons, conductivity is much lower than in 
metallic conductors. Thermal agitation, results in an increased free 
electron density and yields an increase in conductivity. Semiconductors 
are characterized by a positive temperature coefficient of conductivity 
for at least part of the temperature, scale. Semiconductors usually have 
conductivities which range between 10 ^-10~^ ohm~^m

The major difference between solid electrolytes and the pre
ceding types of conductors is that conduction in electrolytes is due to 
the movement of ions. Inherent imperfections in solid electrolytic 
crystalline structures (viz. holes) cause a small number of vacancies to 
be present throughout the lattice. As thermal energy increases, ions 
have a tendency to "jump" into available vacancies at random. When an
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electric field is applied to the lattice, the electric field exerts a 
bias to the random jumping of ions into vacancies, which constitutes the 
current flow. Solid electrolytes have conductivities < 10~"̂  ohm~^m~^".

Examples of metallic conductors in nature are native metals, such 
as gold and silver. Sulfide ore minerals usually fall into the category 
of semiconductors, while most rock-forming minerals are solid electrolytes.

.Water Resistivity 
The pervasiveness of a stable fluid phase within the upper crust 

has received support from many areas of research. Observational data on 
crustal seismic velocities (Landisman, Mueller, and Mitchell, 1971;
Mitchell and Landisman, 1971) and continental resistivity surveys (Keller, 
1971; Porath, 1971; Jackson, 1966) correlate well with laboratory seismic 
velocity and resistivity data on fluid-saturated crustal rocks (Simmons 
and Nur, 1968, 1969; Brace, 1971; Brace, Orange, and Madden, 1965; Brace 
and Orange, 1968a, 1968b). Results from computer simulation of pluton 
intrusion into the crust indicate that large areas of the crust might be 
characterized by thermally-driven fluid circulation (Norton and Knight, 
in press). World-wide occurrences of geothermal areas also indicate an 
abundance of fluid water at depth.

Table 1 shows average fluid resistivity data for a broad range 
of geologic environments. The range of values is from .061 ohm-m to
11.0 ohm-*-m. It is evident from these data that water resistivity is 
many orders of magnitude lower than resistivities for many rock-forming 
minerals. As a consequence of the low resistivity of water, the electrical
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Table 1. Average Values of Connate Water.Resistivity.

Geologic Environment Average Resistivity (ohm-m)
Igneous rocks, Europe 7.6
Igneous rocks» South Africa x 11.0
Metamorphic rocks. South Africa 7.6
Metamorphic rocks, Australian Precambrian 3.6
Pleistocene to Recent Sedimentary rocks 
from Europe 3.9
Pleistocene to Recent Sedimentary rocks 
from Australia 3.2
Tertiary Sedimentary rocks from Europe 1.4
Tertiary Sedimentary rocks from Australia 3.2
Mesozoic Sedimentary rocks from Europe 2.5
Paleozoic Sedimentary rocks from Europe .93
Chloride waters from oil fields 1.2
Bicarbonate waters from oil fields .98
Morrison Formation (Jurassic), Colorado-Utah 1.8
Cisco Series, North Texas .061
Des Moines Series (Pennsylvanian), Central 
Oklahoma .062
^Taken from Keller and Frischknecht (1966).
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conductivity of the upper crust might be dominated by the fluid phase 
rather than by conduction through mineral grains themselves. For this 
reason, the composition and distribution of subsurface solutions for the 
temperatures and pressures prevailing in the upper crust must be inves
tigated in order to adequately understand crustal resistivity.

The most extensive experimental work on the electrical conduc
tivity of aqueous electrolytic solutions was published by Quist, Franck, 
Jolley, and Marshall (1963), and Quist and Marshall (1968, 1969). Previ
ous to this, Gunning and Gordon (1942) and Chambers (1958) tabulated data 
concerning the behavior of NaCl and KC1 solutions. For reasons to be 
explained later, only data covering NaCl solutions collated from the 
above sources will be used in the present study. The data on NaCl solu
tions span the temperature range of 25°C to 675°C and the pressure range 
1 bar to 1000 bars.

Conduction in an aqueous electrolyte is a consequence of aqueous 
ion mobilities. The conductance is simply the sum of the different ionic 
mobilities present in the solution. In equation form, the conductance,
A, is

■ a - iiMiii-■ <6)

where: ui = mobility of i1"*1 ion,
nj_ - number of i ^  ions, and

I'lle^ = charge of i ion.
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The mobility of various ions present in subsurface fluids at 25°C is on 
the order of 10 ^m^/sec-v (Keller and Frischknecht5 1966).

Figure 1 shows the resistivity of various salt solutions as a 
function of concentration. One can clearly see the close grouping of 
the various salts, owing to the similar ionic mobilities. Geochemical 
analysis of subsurface waters, especially in geothermal areas, indicates 
a predominance of Na** and Gl~ ions (Lindal, 1970; Wong, 1970; Kramer, 
1969; White, 1964). It is a reasonable simplification to use NaOl solu
tions instead of a more representative sample for subsurface waters for 
two reasons:

1) They usually contain five to ten times more Na** and Cl™* ions 
than other constituents.

2) The resistivity of the different salt solutions at constant 
concentration does not vary by more than a few percent.

. Figure 2 shows the effect of temperature and pressure on the re
sistivity of a .01 molal NaCl solution. Resistivity is seen to decrease 
almost independent of pressure until approximately 300°C. The dominant 
pressure effect is to shift the resistivity minimum to higher tempera
tures with increasing pressure. In order to understand this behavior, 
the physical properties of the H^O system must first be investigated, 
specifically, viscosity, density, and dielectric constant.

The principle mode of conduction in aqueous solutions is through 
the movement of ions. At constant concentration, as solvent viscosity 
decreases, the ions are freer to move, therefore decreasing resistivity.



13

Figure
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1. Relationship between Resistivity and Concentration 
for various Salt Solutions at a Temperature of 18°C 
(Keller, Anderson, and Pritchard, 1966).
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Decreasing solvent density causes an increase in resistivity due to the 
reduction in ions per unit volume. The dielectric constant, which deter
mines the force of attraction between two charged particles, also plays 
a dominant role in the resistivity of water. A low dielectric constant 
results in a stronger electrostatic force between charged particles, 
promoting less dissociation into ions. Figure 3 shows viscosity, den
sity, and dielectric constant as a function of temperature at a pressure 
of 500 bars. It is evident from these data that the rapid decrease in 
viscosity with increasing temperature is the dominant cause for the ini
tial decrease in resistivity tO' 300°C. Above 300°C, the density decrease, 
coupled with the lowering of the dielectric constant, counteracts the 
viscosity effect and causes the resistivity to increase. Figure 4 shows 
the effect of increased concentration. As expected, resistivity is di
rectly related to concentration, owing to the variation in ion densityI
(Quist and Marshall, 1968).

Referring to Figure 2 again, between 0°C and 200°C, the resis
tivity of water decreases by more than a factor of 5. This resistivity 
decrease will result in a low resistivity layer due to water between the 
200°C and 300°C isotherms in the crust. In active geothermal systems, 
temperatures between 200°C and 300°C are present within a kilometer of 
the surface (Sato, 1970; Grindley, 1970; Smith, 1970). In normal geo
logic environments, the 200°C isotherm might not be reached until depths 
of 6 km (Brace, 1971). Therefore, in active geothermal systems, a de
crease in resistivity due to hot water might cause anomalously low near- 
surface resistivity.
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Rock Resistivity 

The factors which directly affect the intrinsic resistivities of 
crystal rocks are:

1) fluid content»
2) porosity,
3) salinity,
4) temperature,
5) pressure,
6) mineral conduction, and
7) clay content.

The first five factors listed above are the most important parameters 
which influence average crustal resistivities, whereas the last two (min
eral conduction and clay content) might become dominant in special geo
logic, environments. In the previous section the resistivity of water 

. - i
was discussed, and porosity will be discussed in the next chapter. Most
of the data concerning temperature and pressure effects on rock resis
tivities are derived from laboratory measurements. Mineral conduction 
and clay content will also be briefly reviewed.

Experimental determinations of resistivities over a wide range 
of crustal rock types has been published by Brace, Walsh, and Frangos, 
1968; Brace et al., 1965';. Brace and Orange, 1968a,.,1968b; and Parkhomenko,

Q Q1967. Dry rock resistivities are usually on the order of 10 -10 ohm-m. 
However, when saturated with saline water, these same rocks exhibit re
sistivities which are three to four orders of magnitude lower (Keller, 
1971; Brace et al., 1965). Dry rock conduction will not become important
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until lower crust and upper mantle depths are attained (Keller, 1971; 
Brace, 1971). Studies on saturated rocks are, therefore, of prime im
portance, especially when one considers geothermal areas where large 
volume of fluid might be present.

Increased temperatures will produce a lowering of bulk rock re
sistivities in saturated rocks (Brace, 1971). This decrease in resistiv
ity is due to the behavior of the pore fluids (see previous section).
As lower crustal temperatures are reached, where fluids are apparently 
not present, semiconduction in minerals becomes important in lowering 
resistivity. The pressure effect is more complicated, resulting from the 
closure of conduction pathways. Figures 5 and 6 show the effect of tem
perature and pressure on typical crystalline, rock resistivities.

In general, increasing hydrostatic confining pressure yields in
creased resistivity due to the closure of cracks. According to Brace 
(1971), cracking induced by thermal expansion of pore fluids is negli
gible as long as pressure and temperature increase together. However, in 
typical geothermal areas, the intrusion of a hot igneous body into the 
upper crust will cause a high temperature anomaly to propagate toward 
the surface (Horton and Knight, in press). In this case, temperature 
increases while confining pressure remains constant, and the thermal 
stresses due to pore-fluid, expansion must be taken into consideration 
(Knapp and. Knight, in prep.).

The presence of conducting minerals, such as pyrite, pyrrhotite, 
and graphite will appreciably alter the electrical nature of a rock.
Keller (1971) points out that the presence, of conductive minerals might
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Figure 5. Resistivity of Some Crystalline Rocks as 
a Function of Temperature (Brace and 
Orange, 1968b).
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Solutions as a Function of Pressure at a Temperature of 20°C 
(Brace and Orange, 1968b).
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reduce a rock's resistivity by more than three orders of magnitude.
Keller also points out that the distribution of conducting minerals is 
an important parameter. Disseminated or vein type, deposits might have a 
negligible influence on the intrinsic resistivity of a rock, due to the 
discontinuous pathways of the conducting minerals. Pyrite and other sul
fide minerals have been found in many geothermal systems in varying 
amounts (Browne and Ellis, 1970; Zohdy et al., 1973).. The influence of 
these conducting minerals may have a profound influence on the intrinsic 
resistivities, and must be taken into account before any adequate inter
pretation of crustal resistivity is presented.

The amount of clay content in the pore structure of rocks will 
also tend to decrease resistivity through the mechanism of cation ex
change capacity. Cation exchange capacity is a process which adds ions 
to the normal ionic concentration in a fluid-filled pore. All minerals 
exhibit Cation exchange capacity, but such minerals as kaolinite, mont- 
morillonite, and chlorite have significant exchange capacities (Keller, 
1971). Cation exchange capacity occurs due to an electrical charge im
balance in the crystal of a clay mineral. Cations are absorbed from 
solution to attain electrical neutrality. However, the finite size of 
the absorbed cations results in the formation of a double layer of cations 
on the crystalline surface of the clay mineral. The fixed layer forms 
adjacent to the crystalline surface. In the second layer (diffuse layer) 
ions, are mobile and, thus, contribute more ions to the normal ionic con
centration in the pore fluid; In very dilute saline solutions cation 
exchange capacity will contribute a significant increase in electrical
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conduction. However, increasing the. salinity of the pore fluid will re
sult in a lessening influence of exchange capacities of clay minerals 
(Ward and Fraser, 1967). Clay minerals are also present in geothermal 
areas (Browne and Ellis, 1970.; Zohdy et al., 1973), and their influence 
should not be overlooked.

In summary, the bulk rock resistivity may be evaluated from the 
following empirical relationship

pR = f(T,P,*,Cex,Cm,s,Pw) (7)

where: T = temperature,
P =* pressure,
<j> = porosity, .
Cex = cation exchange capacity,
Cm = conducting minerals,
s = salinity, and
Pw = water resistivity.

In the models presented in this study, p^ is seen to vary according to 
f (T,P,<}>,pw ,s) The influence of conducting minerals (Ĉ ) and clay min
erals (Cex) can only be inferred from discrepancies between model results 
and observation.

Archie1s Law
An.empirical relationship known as Archie's Law relates the bulk- 

1 rock resistivity to pore-fluid resistivity (Archie, 1942) . The relation
ship is
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PR = a^ ' m   ̂ ' (8)

' where: = bulk-rock resistivity,
Pw = pore-fluid resistivity 
<p = porosity,
m = cementation factor, and 
a = fit parameter.

Values for m vary between 1.3 for loosely consolidated materials to 2.2 
for well cemented rocks (Keller, 1971). Brace and Orange (1968a, 1968b) 
obtained m = 2.0 for crystalline rocks, and this value is used in this 
study. The parameter, a, is close to unity and is used to fit a group of 
data to equation (8). In this study, a is taken as 1. When the relation
ships of the previous section are incorporated, equation (8) may be 
written as

pR = VTJYs). (9)
$2(T)

wherein p now varies with temperature, pressure, and silinity while R
porosity, $, varies.with temperature.

A theoretical treatment of Archie’s Law has also been attempted 
by analysis of electrical network models (Greenberg and Brace, 1969; 
Shankland and Waff, 1974). The results agree quite well with experi
mental. data, resulting in a value of 2 for the cementation factor, m.



POROSITY

The proportionality constant which relates the pore-fluid resis
tivity to the intrinsic rock resistivity in Archie1s Law is normally taken 
as the total porosity of the rock. The distribution of porosity in space 
and time is of prime importance in modeling the resistivity of crustal 
rocks o The purpose of this chapter is to discuss the nature of porosity 
and its variation in pluton environments as a function of temperature and 
time. .

Total Porosity
The total porosity of a rock is defined as the ratio of pore vol

ume to total rock volume. Nearly all rocks have some porosity, although 
the range in porosity is extremely broad. Some sedimentary and volcanic 
rocks have total porosities from 10 to 50%, while some crystalline rocks 
have total porosities <1% (Walsh and Brace, 1966)• Using the formula
tion of Norton and Knapp (in prep.), total porosity, cj)̂, may be repre
sented as .

<I>T = <f>F + <i>D + 9r  (10)

where <j>p is flow porosity represented by through-going cracks and frac
tures . Diffusion porosity, (jy, is represented by less continuous and
more tortuous pathways. Residual porosity, <p , is represented by dis-R
continuous, isolated pores.

' 25
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Through-going cracks and fractures which constitute flow porosity

1are directly related.to rock permeability. A first order approximation 
analyzed by Norton and Knapp (in prep.) for rock permeability, k, is

k = (11)

where n is the number of parallel fractures per unit length and d is the 
aperture size of a single fracture. Flow porosity is defined as the prod
uct of the number of parallel fractures and the aperture size

<f>F = nd (12)

Substitution of equation (12) into equation (11) yields the following re- 
lationship between flow porosity and permeability

k = M 2 (13)
12

' -2 -8 The maximum range in <j> is from 10 to 5 x 10 (Norton and Knapp, inr
prep.).

Diffusion porosity is defined by pores in which the transport of 
aqueous components by fluid flow is insignificant with respect to diffu- 
sional transport. Diffusion pores would consist of small aperture and
discontinuous fractures, usually bounded by flow porosity channels. Ex
perimental observations Show on the order of 10~^-10~^ (Norton and 
Knapp, in prep.).

1. Rock permeability refers to permeability to fluid flow, and 
this definition is used throughout this study.
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It is apparent from the preceding discussion that flow and diffu

sion porosity represent a small fraction of the total porosity observed 
in fractured media at surface conductions. The remaining fraction of 
total porosity is in the form of residual porosity. Residual porosity 
apparently accounts for more than 90% of the total porosity observed 
(Norton andKnapp, in prep.).

Porosity and Resistivity
Archie's Law is an. empirical relationship. Inconsistencies in 

this law exist when attempting to. correlate porosity to electrical con
duction pathways in a quantitative way. The concept of total porosity as 
the sum of <j)y, and ^  and the relationships these porosity types have 
to conduction pathways will be used for the analysis of the inconsisten
cies. The focal point of this analysis is a thought experiment in which 
a rock is considered as an electrical circuit and the porosity types are 
equated to circuit elements.

The use of total porosity, ^  in Archie's Law, seems to be an
oversimplification;. therefore, it would be useful to determine the effect
which each individual type of. porosity has on the electrical resistance
of a rock. Each porosity type, in essence, contributes a different type
of pathway for fluid flow or electrical current. A rock to which an
electric current is applied may be thought of as an electrical circuit.
The three porosity types offer a different amount of resistance to the
electric current flow. Therefore, <j> , <j> , and <j> may be equated toE D R
electrical circuit elements. Flow and diffusion porosity contain
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interconnected passageways which traverse the rock. '<j>̂ and <f> may be
considered resistors of varying resistance. Residual porosity, <j> , owingR
to its discontinuous nature within a rock, should allow no current flow 
and can be modeled as an open switch» Figure 7 shows the circuit model 
of porosity. Applying these concepts to equation (9), Archie’s Law may 
be rewritten with the substitution of equation (10) for as

PR = —  .... -2 (14)
( <f>R  +  <!>F  +  <I>D )

Three limiting cases of equation (14) may be defined as
1) Flow resistivity: ((j,̂ = = 0)

2) Diffusion resistivity: Pw <̂j>p̂ (<(»■ = (f)̂ = 0)

3) Residual resistivity: Pw//<j)  ̂ (d = <*)n = 0).K. F v

The total bulk-rock resistivity, P , is not a simple summation of theR
above three cases. This analysis of porosity type and resistivity is 
simply being used to set some limits on P^, when a rock contains only one 
type of pore structure. Table 2 gives the minimum and maximum values for 
p£, given appropriate bounds on <f>y, and (j)̂. Plow and diffusion po
rosity are shown to produce high bulk-rock resistivity, while residual 
porosity results in low bulk-rock resistivity. Brace and Orange (1968a)
have measured P on a number of crystalline rock types as a function of R
pressure. Brace's results indicate values for P on the order of
2 5 R10 -10 ohm-m at a pressure of 400 bars and a temperature of 20°C.

Brace's values for P^ are on the same Order as "residual resistivity" inK
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Figure 7. Electrical Circuit Model of Porosity. —  <j>p, <j)D, and <J)R are 
flow, diffusion, and residual porosity, respectively.
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Table 2. Minimum and Maximum Values of p .̂

Porosity
Type

Maximum
Porositya

Minimum
Porosity

b
PRMinimum (ohm-m). PR z Maximum (ohm-m)

V 10-2 5 x 10-8 8.33 x 103 3.33 x l O 14

"  *61 '
10-3 . 10"4 8.33 x lO5 8.33 x 107

h: .45 .009 4.11 1.028 x 104

h .5 .01 3.33 8.33 x 103
^Porosity values taken from Norton and Knapp (in prep.). 
Values for were determined using. Archie's Law where

p = ,833 ohm-m at
T - 20°C and P = 400 bars
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Table 2. The data presented in Table 2 would indicate that <j> is the
dominant contributor, to bulk-rock resistivity. However, residual poros
ity is modeled as an open circuit, while flow and diffusion porosity are 
modeled as resistors. If residual porosity is the dominant contributor 
to electric current flow, this model would indicate that more current 
flows through, open circuits ('f’g) than through resistors of finite resis
tance (cj>p and <f>£)) • Since this is a logical contradiction, a fundamental 
question arises as to whether the actual quantity measured as porosity 
is the same quantity which controls electrical current flow. For example, 
the two schematic diagrams in Figure 8 might represent two hypothetical 
cases in. rock porosity. In Figure 8a, total rock porosity is very high, 
due to the high residual porosity. Current flow in this rock would be 
confined to <j)̂. The rock in Figure 8b exhibits very low total porosity, 
but flow and diffusion porosity are greater, than in Figure 8a. Current 
flow in case (b) should be greater than in case (a) due. to the increase 
in <j>j, and and, therefore, case, (b) should have a lower resistivity. 
According to Archie’s Law, case (a) would have the lower resistivity.
This implies that current can flow more freely through the rock structure 
in case (a) than in case (b). This example illustrates that the theoret
ical basis of Archie's Law is not presently understood. Porosity must 
surely be related to electrical current flow. However, the effective 
electrical, porosity for rocks has yet to be discovered.

Porosity Model
The horizontal and vertical distribution of porosity in the crust 

with space and time is a poorly known quantity. The effect of pressure
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Figure 8. Hypothetical Examples of Distribution of <j>F, <j>D, and <j)R 
within a Rock.
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on porosity is indirectly determined from laboratory measurements on 
crystalline rock resistivities (Brace et al., 1965; Brace and Orange, 
1968a, 1968b; Brace et al., 1968; Brace, 1971). The temperature variation 
of porosity is not found in the literature. Brace (1971) assumes that 
thermal stresses associated with residual pore-fluid expansion are neg
ligible as long as confining pressure is increasing at a greater rate 
than thermal expansion. However, Brace fails to define the geothermal 
gradients at which the above assumption is valid. The significance of 
thermal stresses in pores arid their relationship to confining pressure 
becomes apparent, when the concept of effective pressure is introduced. 
Effective pressure is the summation of two opposing pressures. The con
fining, or lithostatic pressure (P ) at depth, d, results from the weight 
of the overlying rocks. The. pore-fluid pressure (Pf) at the.same depth, 
d, results from the density of the. pore fluid. The difference between 
Pc and Pj defines the effective pressure, P^, and

pe - Fc - Pf • <15>

A recent study on the variation of effective pressure with depth in the 
crust has been presented by Knapp and Knight (in prep.). The authors 
show that, in many geologic environments the effect of pore—fluid expan
sion, causing an increase in P^, cannot be neglected. Increasing Pg will 
cause the effective pressure to decrease. Because of the low tensile 
strength Of rocks, when effective pressure is reduced to zero the rock 
will fracture.(Knapp and. Knight, in prep.). Thus, an increase in poros
ity is expected at zero effective pressure.
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Knapp and Knight (in prep.) have calculated the quantity which

defines the rate at which pressure varies with temperature at constant
volume for the E^O system. Values obtained for.this coefficient are be-

otween 10 bars/ C to 25 bars/ G for all crustal conditions to 30 km depth. 
The positive coefficient indicates that as temperature is increased the 
pore-fluid pressure will increase. In an isolated pore at constant con
fining pressure, as. the temperature is increased, the pressure inside the 
pore will increase until the pore-fluid pressure equals the confining 
pressure. At this point, the rock will fracture, causing an increase in 
pore volume (porosity). Further increases in temperature will result in 
further increases in pore volume. The final, configuration of the pores 
after a breaking event does not imply that all the residual porosity is 
converted into through-going cracks and fractures. Although the increase 
in 4^ and (|y due to a breaking event is important for fluid flow consid
erations, the intrinsic, resistivity is assumed in this study to vary with 
the total porosity, and the relative changes in <j> , <#>n, and <f>„ are not 
considered.

Archie's Law predicts that the intrinsic rock resistivity has a 
(porosity)  ̂dependence. The pprosity-temperature variation within the 
upper few kilometers of the crust due to a thermal heat source at depth 
will be derived following the concept of Knapp and Knight (in prep.).
The significance of this porosity increase becomes apparent in geothermal 
areas, where near-surface temperatures might increase by 200OC. Coupled 
with the porosity increase with temperature is the pore-fluid resistivity 
decrease with temperature. Together these effects will result in a



dramatic decrease in intrinsic resistivity in the areas of maximum tem
perature increase.

The total derivative of volume at constant composition for the 
rock-pore region in Figure 9 is

dV = (ir)pT + (f)dP (16)

where V = and is rock volume while is pore volume. The co
efficients of isobaric thermal expansion (a) and isothermal compressi
bility (6) are defined as

a = I fil)
v v t J

6 = ̂  (If)

(17a)

(17b)

Substitution of equations (17a-b) into equation (16) defines the total 
volume change in terms of a and 6:

dV = V a dT - V 6 dP (18)

The total isobaric thermal expansion coefficient (a) may be defined in 
terms of its components, and V^:
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PORE-ROCK REGION

Figure 9. Pore-Rock Region. —  V is volume of rock, and V„ is volume 
of pore.
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Comparable expressions to equations (17a,b) may be written for , the
thermal expansion of the pore fluid, and , the thermal expansion of the 
rock. The coefficients, and a^, can be substituted into equation (19)
to yield

ct = JL (V a. + V a ) (21)V f f r r

A similar expression to equation (21) can be derived for the total iso
thermal compressibility, 6:

g = _1 (vf gf  + vr er ) (22)

When equations (22) and (21) are substituted into equation (18), the 
total volume change becomes

dV = (Vfaf + Vrar)dT - (Vf3f + V ^ d P  (23)

However, when the rock initially fractures as a consequence of pore-fluid 
expansion, an infinitesimal change in pressure will yield further frac- 
turing. Therefore, dP = 0 and equation (23) may be simplified to

dV = (Vfaf + Vrar)dT (24)

Typical values for , for common silicate minerals, over a temperature 
range of 0-800°C, are on the order of 10 ^/°C (Clark, 1966). The thermal 
expansion coefficient for pure water, over the same temperature span, is 
on the order of 10 ^/°C. As long as pore volume, V^, is .01 or greater 
(total porosities >1%), >> and equation (24) becomes
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dV = VfctfdT (25)

The total volume change according to equation (25) occurs as a result 
of pore volume change, with rock volume remaining essentially constant. 
Substitution of equation (20), with dV"r = 0, into equation (25) yields

dVf = VfafdT (26)

Rearranging equation (26) yields an integral equation relating pore vol
ume and temperature

vf
dvfV ) ctf(T)dT (27)

6 f
vf

In equation (27), V° is the initial pore volume and is the temperature 
at which the rock initially breaks. Integrating equation (17) gives the 
pore volume as a function of temperature above T"Bk

vf = V°exp[ T  cxf(T)dT] (28)
Tb

A more general expression for equation (28), to allow for temperatures 
below T^, can be written by using a unit step function. The unit step 
function is defined as

0 T < T,
h(T - T ) = (29)

1 T > T,— b
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When equation (29) is introduced into the integral of equation (28), the 
pore volume-temperature function for all T is

vf = V°exp[ f h(T - Tb)af(T)dr] (30)
Tb

The initial porosity, c})°, is defined as

^  ^ (31)
Vr + Vf VO

and

V° = Vr + V° (32)

oSolving equations (31) and (32) for and results in the following 
expressions

Vr = (1 - 4>°)V° (33a)

vf = *°V° (33b)

Substitution of equation (30) into equation (31) defines the porosity 
temperature function

T
V°exp[ fh(l - Tb)af(T)dT]

o T,5------------------- (34)

Vr + V°exp[ J h(T - Tb)of(T)dT]
Tb
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Initially, the temperature is below , and equation (34) reduces to equa
tion (31). As T becomes greater than T̂ , the porosity, <j)°, is no longer
constant and equation (34) becomes

T
Vfexp[ J  h(T - Tb)af(T)dT]

T,
4>t = ----------------   0 5 )

T
rr + Vfexp[ J h(T - Tb)af(T)dT]

T,
T

Letting F(T) = exp[  ̂ h(T - Tb)a^(T)dl], and substituting equations
Tb

(33a,b) into equation (35), the porosity-temperature function in terms 
of the initial porosity becomes

<f> = _______  (36)

(1 - 4>°) + <f>°F(T)

For the purposes of this study, equation (36) defines increaeses in the 
effective electrical porosity. That is, all porosity increases due to 
thermal effects are assumed to contribute to increased electrical cur
rent flow in rocks. Therefore, equation (36) may now be directly sub
stituted into Archie’s Law to account for the variability of porosity 
with space and time in the host rocks around a cooling pluton.

Numerical Approximation of 
Porosity-Temperature Function

The integral in F(T) may be approximated by using Simpson’s
Rule:



Equation (36) may be discretized for numerical computation with the in 
elusion of equation (37)

^iexP -Ti+1 - Ti -|
t.+1 = [ 2 "(afCTj) + g f(T1+1))3 (38)

1 ■ ♦i + tjexp^i+l : Ti(cif(ii) + af(T1+1)]

where is the new porosity at Ti+ »̂ and (J)̂ is the old porosity at T̂ .
The breaking temperature, T̂ , may be defined as

T, = T + AT (39)d A

where T̂  is the ambient temperature and AT is the temperature increment
added to T  ̂in order to reduce effective pressure to zero. AT will de
pend directly on the geothermal gradient (Knapp and Knight, in prep.).
The maximum value for AT (AT ) along a geothermal gradient of 20°C/kmmax
is 20°C (R. Knapp, personal communication, 1976). For shallower geo
thermal gradients, ^Tmax > 20°C and for steeper geothermal gradients 
ATmax < 20°C. In the present study, a geothermal gradient of 20°C/km is
chosen, and AT = 20°C will be used.max

Figure 10 shows the porosity-temperature function defined by 
equation (38) at 1 and 2 km below the earth's surface. The nature of 
these curves is as follows: Given an initial breaking temperature, T̂ ,
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Figure 10. Porosity as a Function of Temperature Defined by Equation (38). —  The 1 km 
(2 km) curve represents the porosity increase starting from an initial tem
perature defined by A(B). A-A* and B-B’ represent porosity increases due 
to a T-T̂ =200°C, where T-T̂  are the integration limits in equation (38). £
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at point A, a temperature increase of T-T̂  = 200°C will produce a poros
ity increase to point A’. Increasing to point B on the 2 km depth
curve, the same temperature increase of T-T, = 200°C will result in ab
final porosity of B’. For initial breaking temperatures, < 120°C, the
porosity increase is very slight for small changes in temperatures
(T-T̂  < 100°C). In this study, Archie’s Law is assumed to be an adequate
first order approximation for rock resistivity; therefore, the important

1 2parameter in predicting resistivity is /<j>T, so that a very small increase 
in porosity will result in a significant decrease in pR. Figure 11 shows 
the dependence for a = 60°C (1 km depth curve in Figure 10). For
the same T-T̂  = 200°C in Figure 10, is decreased by 30%. Therefore,
the effect of the porosity increase is enough to reduce the intrinsic 
resistivity by 30%.
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Figure 11. /cj)T as a Function of Temperature. —  A-A’ represents 
decrease in due to a T-T̂ =200°C.



COMPUTER MODELS

Intrinsic rock resis.tivityy calculated by Archie's Law, varies 
directly with pore-fluid resistivity and inversely with porosity. The 
behavior of fluid resistivity over the range of temperatures and pres
sures prevailing in the upper 10 km of the crust has been discussed 
previously. The porosity increase in response to a thermal perturbation 
was derived and is defined by equation (38). However, the porosity- 
temperature function may only be applied when there is an increase in 
initial temperature. For an instant in geologic time, temperatures at 
a particular depth along geothermal gradients do not vary and equation 
(38) would be of little use. In a prior study. Brace (1971) modeled 
crustal resistivity to 40 km, using a combination of water resistivity 
data, geothermal gradient data, and porosity data. However, Brace *s 
models did not include the transient aspect of crustal resistivity due 
to the transport of thermal energy away from a heat source. This heat 
source might be a pluton emplaced at shallow crustal depths, as might 
be the case in active geothermal areas. The heat source might also be 
the result of a regional heat flux from the mantle into the crust. Fluid 
resistivity and the porosity increase due to increasing temperature are 
primarily functions of temperature. Therefore, intrinsic rock resistiv
ity will be controlled by the crustal distribution of temperance. A 
necessary first step in the analysis of the time dependence of resistivity 

within the crust is the modeling of the special and temporal distribution 
of temperature resulting from crustal heat sources.
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Using Archie’s Law, intrinsic host-rock resistivity has been nu
merically modeled for two, two-dimensional crustal environments, Pore- 
fluid resistivities as a function of temperature and pressure, and 
composition and variations in electrical porosity as a function of tem
perature have been computed for two crustal environments characterized 
by pluton emplacement within the upper 10 km of the surface. In the 
first model the crustal system cools by pure conductive heat transfer, 
whereas the second model cools dominantly by convective heat transfer.
The conductive and convective dominated systems have been numerically 
modeled according to a set of partial differential equations described 
in Norton and Knight (in press). The primary purpose of this chapter is 
to describe the crustal resistivity models. The governing partial dif
ferential equations and their numerical approximations will also be, 
discussed.

Governing Equations 
Implicit in the intrinsic resistivity models is the two- 

dimensional numerical analysis of a cooling pluton within the upper 
crust. The most extensive attempt at numerical modeling of cooling plu- 
tons is described in Norton and Knight (in press). These models treat 
the two-dimensional Cross section of the crust as a fluid-saturated per
meable media. The models afford for variation in permeability and poros
ity, heat sources, fluid and rock properties, as well as the time 
dependence of a cooling pluton. The thermal anomaly produced by pluton 
emplacement is dispersed by means of conductive and convective heat 

transfer processes. A complete description of the governing equations,
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their physical significance, and numerical approximations is given in 
Norton and Knight (in press).

The partial differential equations which adequately describe the 
heat transfer and fluid flow processes occurring within the upper crust 
are

(C p + a)13L + qV C T = V- (K VT) tom 91 f to

V'q" = 0

V2¥ +1 r + 11 3K 1 = 9pK *- 3y . 3y 3z 3z -1 3y

Table 3 is a list of the above variables and their definitions. Equa
tions 40 to 42 form a set of three equations with three unknowns. The 
unknowns are the dependent variables: temperature (T), fluid flux (q),
and stream function (¥). The numberical approximations to these equa
tions, using finite differences, are solved by the alternating-direction 
implicit method (Norton and Knight, in press).

The fluid properties for these models were approximated by the 1 
Ĥ O system. The fluid transport properties, except fluid viscosity, 
were computed from equations of state given by Keenan, Keyes, Hill, and 
Moore (1969) and Helgeson and Kirkham (1974). Fluid viscosity data were 
computed from equations modified from Burges, Latto, and Ray (1966).
Fluid resistivity data were obtained from tables modified from Quist and 
Marshall (1968), Gunning and Gordon (1942), and Chambers (1958). Rock 
properties (e.g., heat capacity, density, heat of crystallization,, radio
active decay Constants, hydrolysis reactions, etc.) were estimated from

(40)

(41)

(42)
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Table 3. Definition of Variables and Constants Appearing in Governing

Equations for Heat Transfer Process Associated with Thermal
’  Perturbations in the Crust.

VARIABLE . DEFINITION UNITS
. Gm heat capacity at constant pres

sure of the media
cal g-i oc-l

pm density of media -3gr-cm
a volumetric heat source cal cm~̂  0C-1

Cf isobaric heat capacity of 
fluid

cal g-1 0C~1

Km thermal conductivity of media cal cm "** sec-̂  °C“‘*'

q fluid flux vector -2 -1g cm sec
T temperature °C
¥ stream function -1 -1g cm sec

P fluid density -3gr cm
K(=H)K

viscosity (u) 
permeability (K)

2, cm /sec
cm̂

g gravitational force vector -2cm sec
V



table values for igneous and sedimentary rocks (Clark, 1966) . Rock per
meability was estimated from analytical equations and experimental data 
(Norton and Knight, in press). Rock porosity data was estimated from 
equation (38), which relates initial porosity to temperature increase 
and experimental data (Norton and Knapp, in prep-)» These models examine 
ranges in parameters since intrinsic rock permeability and porosity val
ues are not available, Therefore, the results probably do not have exact 
natural analogues -

Coupled with the numerical solution of the governing partial dif
ferential equations, an interactive graphics system was developed in 
order to present the model results in a coherent fashion. The interac
tive. graphics system allows the user to time step through a given model, 
stopping at specified times to analyze the steady-state solutions of 
equations 40-42. Through, the use of this graphics system, two heuristic 
models. Pi and P3, taken from Norton and Knight (in press), have been
used to numerically model host-rock resistivity as a function of space

—17 2and time. Model PI is characterized by low permeability (10~ cm )
which inhibits convective heat transfer. In model P3 the permeability
of the host rocks was increased to 10 cml This results in a
convective-dominated heat transfer process within the host rocks. The

-14 2P3 pluton is impermeable (10 cm ) and therefore cools conductively. 
Both models have initial porosities of .01. However, the porosity is 
allowed to vary as a function of temperature, according to equation (38) . 
The pore fluid is assumed to be saline water with a concentration of .01 
molal, and gradients in fluid composition are not explicitly accounted 
for in the computations.



Conductive Model
—17Model PI is characterized.by a constant permeability of 10

2cm . This low permeability inhibits fluid flow within the host rocks, 
and thereby results in a pure conductive cooling history„ The cross- 
section of the PI pluton is rectangular in shape with a width of 4 km 
and a height of 4.5 km. The PI pluton is emplaced at a depth of 4,5 km 
and the emplacement temperature is 870°C. The initial thermal gradient 
in the host rocks is 20°C/km. The boundary conditions which must be 
specified in order to solve the governing equations involve thermal and 
fluid flux conditions. Thermal boundary conditions are required for the 
solution of equation (40), while fluid flux conditions are necessary for 
solution of equation (42). The initial and boundary conditions for 
model PI are shown in Figure 12. The conductive temperature boundary 
condition requires that temperature is constant with time along a boun
dary. This condition is applied to the top boundary of the model (earth' 
surface). The insulating boundary condition requires that heat flux 
through a boundary be zero. This boundary condition is maintained along 
the left, right, and bottom boundaries of the PI model. The fluid flux 
boundary condition of no flow prohibits fluid flow across a boundary.
This boundary condition is applied to all four boundaries. Also shown 
in Figure 12 are locations of vertical sections (dash lines) and loca
tions of points where the time variation of resistivity and porosity 
will be calculated (circles).

The thermal history of the PI pluton and its surrounding host 
rocks is shown in Figure 13. The temperature distribution in model PI 
is characterized by broad isotherms which are convex upward. The
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Figure 12. Two-dimensional Cross-section of Model PI Describing
Initial and Boundary Conditions. —  Pluton is shown as 
rectangular body in center of figure. Dash lines denote 
locations where vertical profiles will be calculated and 
circles represent fixed points where the time variations 
in porosity and resistivity will be calculated. Also 
shown are K, permeability, T = 20°C/km, initial thermal 
gradient and T = 870°C, the initial pluton temperature.
The origin corresponds to upper left hand corner. The top 
boundary is taken to be the earth’s surface. The model is 
symmetric about the pluton’s midpoint in the horizontal 
direction.
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Figure 13. Steady-state Temperature (°C) Distribution at (a) 50,000 
Years and (b) 200,000 Years in Model PI.



isotherms also tend to be subparallel to. the top and sides of the pluton. 
During the initial 50,000 years the temperature maximum migrates upward 
from the top of the pluton at a rate of 2 cm/yr. The rate of upward mi
gration of the temperature maxima decreases to .5 cm/yr by 200,000 years 
(Norton and Knight, in press)v The special and temporal distribution of 
isotherms will directly influence the pore-fluid resistivity and the 
porosity of the host rocks, Before emplacement of the El pluton at 4.5 
km depth, the initial temperature at this depth was 110°C (defined by 
the 20°C/km geothermal gradient). At 200,000 years after pluton em
placement, the 200°C isotherm is at approximately 3.5 km depth (Figure 
13b). This means that points between the top of the pluton and the 
200°C isotherm are now above 200°C and temperatures within this zone 
have increased by at least 90°C. The significance of this 200°C iso
therm and the zone between this isotherm and the top of the pluton be
comes apparent when changes in pore-fluid resistivity and porosity are 
analyzed. The pore-fluid resistivity will reach a minimum at tempera
tures between 200°C-300oC (Figure 4). The porosity increase defined by 
equation (38) will be approximately 10% for temperature increases of 
100o-200°C. Therefore, the zone between the 200°C isotherm and the top 
of the pluton in the El. system will be characterized by maximum porosity 
increase and the maximum decrease in pore-fluid resistivity. Thus, the 
maximum porosity increase will occur where the temperature increase is 
a maximum and, if this temperature maxima is between.200°-300oC, the 
pore-fluid resistivity will also be a minimum. Before presenting the 
results of the host-rock resistivity distribution in the El model, the
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spatial and temporal, distribution of porosity in this model will be 
discussed. .

The porosity variation with depth for model PI is shown in Fig
ures 14 and 15. The vertical lines along which these depth profiles 
were calculated are shown, in Figure 12. The maximum increase in porosity 
occurs at 50,000 years (Figure 14). This porosity increase is approxi
mately 20% and is located directly over the pluton. At 200,000 years 
(Figure 15), the maximum increase in porosity is again directly over the 
pluton. However, due to thermal decay of the PI system, the porosity 
maxima has decreased by 10% from its value at 50,000 years. Even at
200,000 years after pluton emplacement, there is no porosity variation 
with depth until depths of 1.5-2 km. This observation is more evident 
when the time variation of porosity is calculated at fixed points 4,
2.5, and .5 km above the top of the pluton. These points are shown by 
circles in Figure 12, and the resulting porosity variation is illus
trated in Figure 16. The only major variation in porosity occurs during 
the initial 40,000 years, where a 20% porosity increase occurs at .5 km 
above the pluton (curve 3). However, for the time duration of the model, 
no appreciable change in porosity occurs at depths <2 km (curves 1 and 2) . 
As illustrated in Figure 13, the upper 2 km in the PI system is charac
terized by very little variation from the normal geothermal gradient.
Thus, there is no significant change in porosity within this zone.

The distribution of isotherms in space and. time, which directly 
affects the pore-fluid resistivity and the porosity, will determine the 
host-rock resistivity distribution. Figures 17 and 18 contrast the
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Figure 14. Vertical Porosity Gradients in Model PI at 50,000 Years-. —  
Vertical profiles are located 4.5 km (1), and 1 km (2) from 
side contact of pluton and through center (3) of pluton.
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Figure 17. ' Steady-state (a) Resistivity Distribution (ohm-cm) and
(b) Temperature (°C) Distribution in Host Rocks of Model 
PI at 50,000 Years.
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Figure 18. Steady-state (a) Resistivity Distribution (ohm-cm) and
(b) Temperature (°C) Distribution in Host Rocks of Model 
PI at 200,000 Years.
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resistivity isopleths and isotherms at 50,000 and 200,000 years, respec
tively. The resistivity isopleths parallel the isotherms, being broad, 
convex upward, and subparallel to the sides and top of the pluton. Fig
ure 19 shows the displacement in the resistivity isopleths between 50,000 
and 200,000 years. The rate of upward migration of the resistivity iso
pleths is a maximum directly, over the pluton. The calculated maximum 
rate of .6 cm/yr decreases to .3 cm/yr at 3 km above the pluton. This 
rate of upward migration of decreasing resistivity is coincident with 
the upward migration of the temperature maxima. The decrease in dis
placement. of the resistivity isopleths with distance, above the pluton is 
also coincident with slow upward transport of thermal energy away from 
the pluton (Norton and Knight, in press).

Resistivity was calculated as a function of depth along lines 1,
2, and 3 of Figure 12, and the resulting resistivity profiles are shown 
in Figures 20 and 21. Figure 20 shows the variation of resistivity with 
depth in the host rocks at 50,000 years. The resistivity gradients

1(curves 2 and 3) are coincident with the background resistivity gradient 
(curve 1) until a depth of 1.5 km. At 4 km depth directly over the plu
ton, calculated resistivity values are approximately an order of magni
tude less than values calculated from the background resistivity gradient. 
The resistivity gradients at 200,000 years (Figure 21) are almost iden
tical to the gradients at 50,000 years. However, at 200,000 years the 
gradients are coincident until a depth of .5 km, as compared to 1.5 km

1, Background resistivity gradient due to normal geothermal 
.gradient.
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Figure 19. Displacement of Resistivity Isopleths between 50,000 Years 
(Dash Lines) and 200,000 Years (Solid Lines).
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Figure 20. Resistivity (ohm-cm) as a Function of Depth in Model PI at
50,000 Years. —  Locations of vertical profiles are the same 
as in Figure 14.
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Figure 21. Resistivity (ohm-cm) as a Function of Depth in Model PI at
200,000 Years. —  Locations of vertical profiles are the 
same as in Figure 14.
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at 50,000 years. At both times resistivity slowly decreases with depth.
The resistivity minima occurs directly over the pluton at a depth of
4 km. This resistivity minima is coincident with the porosity maxima
(Figures 14 and 15) and the pore-fluid resistivity minima associated with
the 200°C isotherm. The maximum host-rock resistivity decrease is by a
factor of 10, as compared with surface values. The maximum range in host-

6 7rock resistivity is from 10 -10 ohm-cm.
The time variation in resistivity is shown in Figure 22 for 

fixed points 4, 2.5, and .5 km above the pluton. The only noticeable 
variation in resistivity occurs directly over the pluton (curve 3), 
where a decrease by a factor of 5 occurs within the initial 40,000 years. 
This resistivity decrease correlates with the rapid increase in porosity 
directly over the pluton (Figure 16), as well as with the temperature 
maxima over the pluton (Norton and Knight, in press). It is also appar
ent from Figure 22 that very little variation in host-rock resistivity 
occurs at depths <2 km by 200,000 years, when emplacement of a pluton at 
depths >4.5 km is into impermeable host rocks.

Calculations of temperature, porosity, fluid resistivity, and 
host-rock resistivity for the 51 system indicate that the host-rock re
sistivity distribution is controlled by the distribution of isotherms. 
Maximum.decreases in host-rock resistivities occur between the 200°C 
isotherm and the top of the pluton. This is the direct result of the 
porosity maxima and the pore-fluid resistivity minima mlthin this zone. 
Also, the negligible, variation of host-rock resistivity at depths <2 km 
is coincident with the negligible temperature increase in this
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above Top of Pluton.
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near-surface region. The very small effect of pluton emplacement into 
impermeable host rocks on near—surface resistivities is the result of 
slow conductive thermal energy transport away from the pluton.

Convective Model
Model P3 is illustrated in Figure 23 and is characterized by

host-rock permeability of 10 cmr and a pluton permeability of 10 ^
2cm . The high'host-rock permeability in the P3 system allows fluid cir

culation, and the resultant convective heat transport processes dominate 
over conductive cooling processes within the host rocks. The low perme
ability of the pluton results in a.conductive cooling of the pluton.
The P3 pluton is identical to the PI pluton with respect to shape and 
emplacement depth, except, that the P3 pluton has a higher initial temper
ature of 960°C. The initial thermal gradient in the host rocks and the 
boundary conditions are also identical to those in model PI. The only 
major difference between these two models is the higher host-rock perme
ability of 10 cm̂  in P3 as compared to 10 cm in PI. The initial 
and boundary conditions are illustrated in Figure 23. Also shown in 
Figure 23 are dash lines which denote locations where vertical profiles 
will be calculated and circles which represent fixed points where the 
time variation in resistivity and porosity are calculated.

As shown in Figure 24, fluid circulation within the host rocks 
of the P3 system results in a temperature distribution more convex up
ward than in the conductive case. As compared to model PI, the iso
therms in model P3 are also displaced closer to the top boundary of the 
system (earth's surface). Also, the isotherms calculated in model P3
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Figure 24. Steady-state Temperature (°C) Distribution at (a) 50,000 
Years and (b) 190,000 Years in Model P3.



' ' " 69 
are displaced inward toward the side contacts of the pluton with respect 
to isotherms in model PI at comparable times. The fluid flux within the 
host rocks contributes to the plumose distribution of isotherms observed 
at 190,000 years after pluton emplacement (Figure 24b). This results in 
regions of uniform temperature which are much broader than the thermal 
source (Norton and Knight» in press). At 190,000 years, the 200°C iso
therm in model P3 is at approximately .5 km depth, as compared to 3.5 km 
depth in the conductive case. The same, relationships between the tem
perature distribution and the porosity maxima and pore-fluid resistivity
minima observed in the PI model will also exist in the P3 system. How-oever, the anomalous region between the 200 C isotherm and the top of the 
P3 pluton extends from .5 km to 4.5 km depth, as compared to 3.5 km to 
4.5 km depth in model PI. Therefore, the maximum increase in initial 
temperatures occurs directly over the pluton at depths <2 km, as evi
denced by the location of the 200°C isotherm in Figure 24b. Also, con
stant temperatures between .5 km and the top of the P3 pluton will . 
result in constant pore-fluid resistivity and constant porosity between 
these depths. Before examining the host-rock resistivity distribution 
in the P3 model, the porosity variation in model P3 will be presented.

The porosity variation with depth is shown in Figures 25 and 26. 
The vertical lines along which these depth profiles were calculated are 
shown in Figure 23. The porosity variation, with depth at 50,000 years 
(Figure 25) is comparable to the porosity variation in model PI. How
ever , in model P3 the porosity increases are slightly larger and occur 
at shallower depths than in model PI. At 190,000 years after pluton 
emplacement (Figure 26), porosities in host rocks at depths <2 km
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directly over the pluton (curve 3) have significantly increased. This 
porosity increase is approximately 20% from initial values and persists 
uniformly to 4 km depth. The porosity profile calculated 1 km from the" 
side contact of the pluton (curve 2) follows the same general pattern as 
the profile calculated directly over the pluton (curve 3). Although the 
values of the porosity maxima for both the conductive and convective 
model are similar, the depth at which this maxima is reached is differ
ent. The porosity maxima in model PI was not reached until 4 km depth, 
whereas the porosity maxima in the P3 model is reached at .5 km, at an 
elapsed time Of 190,000 years. To further contrast the porosity vari
ation between these two models, the time variation in porosity was cal
culated at fixed points 4, 2.5, and .5 km above the top of the P3 
pluton. These points are shown as circles, in Figure 23, and the re
sulting porosity variations are illustrated in Figure 27. It is imme
diately evident that the time variation in porosity is more complex in 
the P3 system than in the PI system. The major contributor to this 
complexity in porosity is the thermal transportive properties of the 
circulating fluids. The first porosity maxima occurring .5 km above the 
P3 pluton (curve 3) is comparable to the porosity maxima calculated 
above the PI pluton. The second porosity maxima occurring above, the P3 
pluton at 100,000 years corresponds to the maxima in the thermal coeffi
cient of expansion (â ) Of the pore fluid between 200o-300oC. At depths 
<2 km, a 20% increase in porosity occurs at 100,000 years (curves 1 and 
2). Following the porosity maxima at 100,000 years, porosity slowly de
cays at all three points above the pluton until the end of the model at
190,000 years. However, due to the rapid transport of thermal energy to
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the surface in model P3, a porosity maxima is observed at depths <2 km. 
This porosity variation for model P3 is very different from the porosity 
variations calculated for the conductive case (Figure 16).

The spatial and temporal distribution of temperature in the P3 
system will directly determine the host-rock resistivity distribution. 
Figures 28 and 29 illustrate the resistivity isopleths and isotherms at
50,000 and 190,000 years, respectively. As in the PI system, the resis
tivity isopleths parallel the isotherms. However, due to the temperature 
distribution in the P3 model, a plumose pattern of resistivity is devel
oped by 190,000 years after pluton emplacement. Figure 30 illustrates 
the displacement in the resistivity isopleths between 50,000 and 190,000 
years. By 190,000 years, the lateral extent of the isopleth displace
ment at 1 km depth spans the entire width of the P3 system (rv22 km) .

Resistivity was calculated as a function of depth along lines 1, 
2, and 3 of Figure 23, and the resulting resistivity profiles are shown 
in Figures 31 and 32. The variation in resistivity with depth at 50,000 
years is shown in Figure 31. The resistivity gradients at 50,000 years 
are comparable to those calculated in the PI model (Figure 20). How
ever, the maximum decrease in resistivity occurs directly over the plu
ton at a depth of 3 km. The resistivity gradients calculated for the P3 
model are coincident until approximately 1 km depth, as compared to 1.5 
km in the PI model. The maximum disparity between the conductive and 
convective, models occurs at 190,000 years (Figure 31). The maximum de
crease in resistivity occurs at .5 km depth for the profile directly 
over the pluton (curve 3) and for the. profile at 1 km from the side
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Figure 28. Steady-state (a) Resistivity Distribution (ohm-cm) and • 
(b) Temperature (°C) Distribution in Host Rocks of Model 
P3 at 50,000 Years.
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Figure 29. Steady-state (a) Resistivity Distribution (ohm-cm) and
(b) Temperature (°C) Distribution in Host Rocks of Model 
P3 at 190,000 Years.
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contact of the pluton (curve 2). At depths between .5 km and 4 km re
sistivity is nearly constant within the host rocks around the P3 pluton. 
This zone of constant low resistivity is coincident with the zone of 
constant maximum porosity and constant temperature ( 200°C) around the 
pluton (Norton and Knight, in press). Although the maximum decrease in 
host-rock resistivity (10 fold) and the range in host-rock resistivity 
(10̂ -10̂  ohm-cm) for the P3 model are identical to the calculated values 
in model PI, the spatial distributions of the resistivity minima in the 
two models are very different.

The time variation of resistivity is. shown in Figure 33 for 
fixed points 4, 2.5, and .5 km above the top of the P3 pluton. The time 
variation of resistivity is directly affected by the porosity, tempera
ture, and pore-fluid resistivity changes occurring over the pluton. At 
.5 km above the pluton (curve 3) a resistivity minima occurs at 20,000 
years. This minima is analogous to the resistivity minima, at 40,000 
years, calculated at the same depth in model PI. The shorter time dura
tion required to attain this minima in the P3 system is due to the 
higher emplacement temperature of the P3 pluton, as well as the faster 
transport of thermal energy by convection above the pluton. At 100,000 
years the decrease in resistivity at point 2 (curve 2) exceeds the re
sistivity decrease at point 3 (curve 3), resulting from the rapid in
crease in porosity at point 2 (Figure 24) as compared to the smaller 
increase in porosity between the two porosity maximas at point 3 (Figure 
24). However, by 110,000 years, the resistivities calculated at points 
2 and 3 are nearly equal, and this equality represents the. zone of con
stant resistivity above the P3 pluton (Figure 24a). The convective
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transport of thermal energy away from the P3 pluton results in an order 
of magnitude decrease in resistivity at depths <2 km by 100,000 years 
after pluton emplacement.

In summary, the calculations indicate that the dispersion of 
thermal energy away from a pluton will directly affect fluid resistivi
ties, and host-rock porosities and resistivities. When plutons cool in 
impermeable host rocks, resistivity variation at depths <2 km is barely 
discernible by 200,000 years after pluton emplacement. However, when 
fluid circulation within the host rocks, becomes the dominant agent of 
thermal energy transport, significant decreases in resistivity at depths 
<•5 km are calculated. This decrease in resistivity persists uniformly 
in a vertical zone, extending from .5 km to approximately 4 km above the 
pluton by 190,000 years after pluton emplacement. In both models, the 
maximum decrease in resistivity does not exceed a factor of 10, as com
pared to surface values. Also, the range in host-rock resistivity for 
both models is from 10̂ -10̂  ohm-cm.



DISCUSSION AND CONCLUSIONS

Two heuristic models, PI and P3» have been analyzed with respect 
to the evolution of fluid resistivity and host-rock porosities and re
sistivities caused by an igneous thermal source at shallow crustal 
depths. The results of these Calculations include two major conclusions:

1) Except in anomalously high salinity and high porosity environ
ments, the influence of hot circulating saline fluids alone is 
not sufficient to generate the low resistivity values observed 
in geothermal areas,

2) The combination of high near-surface thermal gradients, low re
sistivity anomalies, and surface thermal affects do not assure 
the existence of a high energy geothermal source at depth.

These concluding remarks will first discuss the effect which varying 
salinity and porosity have on the magnitude of host-rdck resistivities 
(Pg). Second, hypothetical examples will be discussed which show how 
erroneous conclusions may be obtained by interpreting low resistivity 
and high heat flux as diagnostic features of high energy geothermal 
sources.

The range in magnitude for pg in both computer models PI and P3 
is identical. However, the resistivity distribution for these two models 
is very different.. This difference in resistivity distribution is the 
result of the different thermal regimes in the models. The magnitude of 
Pg is determined by the pore-fluid resistivity and initial host-rock

83 ■
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porosity, while the temperature distribution determines the distribution 
of p̂ . To determine the change in magnitude of . , due to varying pore- 
fluid salinity and host-rock porosities, a series of computer models 
were calculated with different initial values of porosity and pore-fluid 
salinity. This series of computer models will be used as a basis for 
analyzing resistivity in four geologic environments: (!) sedimentary
basins, (2) old geothermal systems, (3) young geothermal systems, and 
(4) mature geothermal systems.

Two concentrations of NaGl,. .01 and .1 molal and two initial 
porosities, .01 and .1, were used to generate four different computer 
models. Each model used the thermal regime of model PI. The results 
of these computations are shown in Table 4 and are displayed graphically 
in Figure 34. The curves illustrated in Figure 34 are an idealized order 
of magnitude approximation to the actual effects which salinity and po
rosity have on bulk-rock resistivity. Two assumptions have been used in 
generating the curves in Figure 34

1) On an.order of magnitude basis, the following relationship 
exists between, water resistivity and Nad concentration in the 
temperature range 100o-300°C and pressure range 1 to 1000 bars:

pw(ohm-meters) = V(molality of NaCl) (43)

2) Concentration of NaCl varies linearly with water resistivity 
over the temperature and pressure range defined in 1).
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Table 4. Results of Varying Salinity and Porosity in Model PI.
NaCl

Initial Concentration PRmin < PR < PRmax (ohm-m)Porosity (molal)
.1 .i 10 < PR < 100
.1 .01 io3 < PR < 104
.01 .1 102. PE < 103

HO .01 104 < PR < 105
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Using Archie’s Law, salinity and porosity were varied in such a 

way as to keep the bulk-rock resistivity constant, thereby producing the 
resistivity isoplaths in Figure 34, As indicated by the 10 ohm-m curve, 
high salinity and/or high porosity is required to maintain a resistivity 
value of 10 ohm-m,. Also shown in Figure 34 are three areas corresponding 
to (1) geothermal areas, (2) crustal areas away from active centers of 
volcanism, and (3) computer modals PI and P3, The relative positions of 
areas 1 and 2 are based on results from resistivity surveys in geothermal 
areas and resistivity surveys in areas removed from active centers of 
volcanism. It must be remembered that the numerical resistivity models 
calculated in this study are based on the effects which circulating hot 
saline waters have on intrinsic rock resistivity. As indicated by the 
model calculations, to produce the observed resistivities in geothermal 
areas (<10 ohm-m), high salinity pore fluids and/or high porosity host 
rocks must occur for large vertical and horizontal zones within the geo
thermal system.

The total dissolved solid content of natural fluids may range 
from 1 molal observed in the Imperial Valley geothermal area (Meidav and 
Furgerson, 1972) to ,02 molal observed at Broadlands, New Zealand (Browne 
and Ellis, 1970)« Porosities rarely exceed ,1 in most geothermal sys
tems, The discrepancies between the numerical resistivity models and 
field resistivity observations in geothermal systems may be accounted 
for by the influence of conducting.minerals, As discussed previously, 
sulfide minerals and clay minerals can reduce intrinsic rock resistivity 
by two to four orders of magnitude. If one uses a conservative estimate
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of a factor of 10 decrease in host-rock resistivities resulting from 
conducting minerals $ a geologically reasonable range in porosity and 
salinity can produce the anomalously low resistivity values observed in . 
geothermal areas. Therefore, except in anomalously high salinity and 
high porosity environments the influence of hot circulating saline fluid 
alone is not sufficient to generate the low resistivity values observed 
in geothermal areas.

Considerable interest has been given to exploration techniques 
that might be useful in detecting high energy geothermal systems. The 
two most commonly used techniques measure heat flow and electrical re
sistivity. High heat flow in combination with anomalously low resistiv
ity data has. been"used as a justification for drilling of exploratory 
wells. Therefore, the implications of the model calculations in this 
study will be analyzed with respect to four different geologic environ
ments. Emphasis will be primarily on the. non-uniqueness problem en
countered when attempting to correlate high thermal gradients, low 
near-surface resistivity, and surface thermal effects with high energy 
geothermal sources at moderate depth. The first environment to be con
sidered is a typical sedimentary basin found in the basin and range 
province of the western United States. Concentrated brines associated 
with evaporite deposits in these basins can produce a lateral density 
gradient which causes fluid: circulation. High porosity is also charac
teristic of the sedimentary fill of these basins. Coupled with the high 
saliiiity and high porosity, exothermal hydration reactions are common in 
these deposits. These hydration reactions can produce a local thermal
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anomaly which might be sufficient to cause high surface heat flux and 
surface thermal springs. This particular environment is inferred in the 
Safford Basin, southeastern Arizona (Norton,. Gerlach, DeCook, and Sumner, 
1975). Therefore, the high salinity and high porosity in these sedimen
tary basins can generate anomalously low near-surface resistivity, while 
hydration.reactions can.give rise to abnormally high surface conductive 
heat flux and Surface thermal effects. However, deducing the presence 
of a high energy, productive geothermal source at depth with these data 
can lead to erroneous conclusions in this particular environment.

A second example of a geologic environment which can lead to er
roneous. conclusions about its geothermal productivity is a geothermal 
system which has almost decayed to the regional background temperatures. 
This situation could be.examined by continuing the computer models be- 
yong 500,000 years. Also, this particular geologic environment is 
thought to be observed at Marysville, Montana (McSpadden, 1975). In this 
instance, the last amount of thermal energy from a buried heat source 
continues to cause near-surface thermal gradients to be high. Conducting 
minerals will undoubtedly have been formed, above the pluton, and thermal 
springs will still be prevalent on the surface. In this environment low 
resistivity Would be associated with the conducting minerals and in part 
with the remnant thermal circulating saline fluids. Once again, deducing 
the presence of a high energy, productive geothermal source at depth with 
these data would lead to the wrong interpretation.

A similar geologic environment to the decayed geothermal system 
is a geothermal system in its early stages. Although no observations of
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this type of environment are known, inferrences based on the computer 
models may be used. The transport of thermal energy away from a pluton 
is rapid with respect to the mass flux to the surface. This means that 
hot Saline fluids will dominate changes in host-rock resistivities be
cause not enough time has elapsed to produce significant quantities of 
hydrothermal alteration minerals. High heat flux and surface thermal 
effects will probably be formed relatively early, in the life cycle of a 
geothermal system. However, the associated resistivity anomaly resulting 
from increased temperatures results in high resistivity values (10̂ -10̂  
ohm-cm) which are generally unfavorable for detection by surface methods. 
Therefore, this environment is characterized by high flux, thermal sur
face effects, but no substantial low resistivity anomaly, even though 
there is a possibility of high energy source at depth.

The final example is one of an active, mature geothermal system, 
examples of which are abundant world-wide. High heat flux, thermal sur
face effects, and observable low resistivities can be associated in this/ . .

environment with a productive thermal source at depth. However, the low 
resistivity anomaly is probably caused by the presence of conductive 
minerals which are coincident with hot thermal fluids. These results 
are also observed in the decayed geothermal system. One can easily see 
the non-uniqueness problem, for in one instance a high energy source is 
present and in the other a very low energy source is present.

The four geologic environments presented serve to illustrate the 
problems which can be encountered when attempting to interpret near
surface resistivity anomalies. Also, a combination of heat flux
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measurements, surface thermal effects, and low resistivity, can be charac
teristic of both productive high energy geothermal systems as well as 
unproductive, low energy geothermal environments. These observations are 
also manifested in the fact that electrical methods are used in pros
pecting for both sulfide mineral deposits and thermal energy.
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