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INTRODUCTION

Knowledge of the electrical structure of the crust is important for both

scientific and practical purposes. First, the electrical structure is likely

the result of the tectonic history of a region and therefore reflects tectonic

structures. Because our knowledge of both the electrical structure and the tec-

tonic structure is incomplete, an increase in coverage in one data set can be

used to fill gaps in our knowledge of the other data set. Second, the presence

of a resistive layer at depth bounded above and below by rock of higher conduc-

tivity (which is likely for the eastern United States) might provide a wave-

guide useful for lithospheric electromagnetic wave propagation (see, e.g.,

Wheeler, 1961; IEEE, 1963; deBettencourt, 1966). The concept of using litho-

spheric waveguides an an integral part of hardened communications systems has

obvious military applications. Third, departures from average conductivity

for a region are useful in prospecting for minerals, oil ana gas, and geothermal

resources.
"he electrical properties of the crust can be measured directly in the

field or estimated for in situ conditions from suitable measurements made in

the laboratory.S Each approach has both advantages and disadvantage . Field

measurements made from the surface of the earth are relatively expens ye, must

penetrate a conductive layer and then 'see' a resistive layer (that may\differ

by several orders of magnitude in conductivity), and are often affected Oig-

nificantly by large lateral changes in the conductivity of shallow rocks.

In addition, because the rocks through which the electromagnetic waves prop ate

cannot be characterized adequately, the measurements made at one locality ca

seldom be extrapolated reliably to other geologic regions. By contrast, mea ure-

ments made in the laboratory are relatively inexpensive, can be made rap y,

and the samples can be characterized with standard techniques. Un ortunately,
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removal of rocks from their in situ location often changes significantly the

characteristics of the rock that control the electrical conductivity; modelling

those characteristics has been uncertain in the past. Thus, the problems that

are inherent in the use of data measured in the laboratory to infer electrical

properties of rocks in situ in the earth's crust are (1) preventing sample

bias, (2) duplicating the condition of rock in situ and at depth (including pres-

sure, temperature, and several other variables), and (3) modelling the properties

of the pore fluids.

>'In this paper, we report new data obtained in the laboratory for several

representative samples from the eastern United States. We believe that we have

modelled properly all characteristics of the samples that affect significantly

the electrical properties. We use the data to estimate a standard electrical

model for the upper crust of the eastern United States.

."Or,
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ELECTRICAL LOSSES IN ROCKS

Electrical losses in rocks over the frequency range 100-50,000 Hertz are

dominated by three mechanisms: (1) electrolytic conduction through fluids

) that are present in mlcrocracks, (2) interfacial polarization, and (3) thermally

activated mechanisms. Each of these mechanisms is dominant in a different

section of the upper crust. At shallow depths, where the microcracks are

physically open, interconnected, and filled with electrolytes, the conductivity

is high and conduction occurs mainly through the electrolytes. At intermediate

depths, where the open microcracks are greatly reduced in both number and volume,

the chief electrical loss mechanism is that of interfacial polarization. At

depths where temperatures exceed approximately 3000C, thermally activated mechan-

isms dominate.

Electrolytic Conduction

Most rocks that occur at (or near) the surface of the earth contain abundant

open, healed, and sealed microcracks. A typical example is shown in figure 1.

The open microcracks are readily observed with the scanning electron microscope

(Simmons and Richter, 1976; Richter and Simmons, 1977) and their effects on

physical properties are well-known (for examples, see Birch, 1960, 1961; Brace,

1965; Morlier, 1971; Feves et al., 1977). Formerly open microcracks, seen as

surfaces of fluid inclusions, or as thin volumes that are partially or completely

filled with new mineral growths, occur ubiquitously (Simmons and Richter, 1976;

Richter and Simmons, 1977). In the earth, the open cracks, filled with elec-

trolytes, provide the paths for large conduction. The sealed and healed micro-

cracks, on the other hand, do not contribute to the conductivity through electro-

lytic conduction.

The open microcracks In laboratory samples can be closed readily with the

application of hydrostatic pressure - a technique that has been used extensively

.-.
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Figure 1. Typical microcracks in igneous and metamorphic rocks. This micro-
graph was obtained with a scanning electron microscope using backscattered elec-
trons. The mineral grains are readily distinguished by contrasts in mean atomic
number, revealed by differing brightness in this micrograph. From highest to
lowest Z, brightest to darkest, the minerals are garnet, feldspar, amphibole.
Abundant microcracks can be seen at this magnification; they are all completely
sealed with 'new' mineral growths. In other rocks open microcracks have similar
appearances but do not contain sealing minerals.

kI
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to determine the effect of pressure on various physical properties of rocks

(Birch, 1960, 1961; Brace, 1965; Simons et al., 1974; Siegfried and Simmons,

(* j S 1978, for example). If the microcracks that are present in the rocks in situ

behaved exactly as the microcracks in laboratory samples, then the application

of pressures in the laboratory would provide the basis for an exact analogue

experiment. However, the abundance of healed and sealed microcracks in all

rocks provides evidence that the microcracks in the earth when closed mechanical-

ly also become 'closed chemically'. They fill either with the same mineral as

the host grain (and are termed healed) or a different mineral from the host (and

are termed sealed). The chemically closed microcracks differ significantly from

the open and mechanically closed microcracks in their effects on certain proper-

ties (for example, electrical conductivity and hydraulic permeability). The

mechanically closed cracks have two surfaces (and therefore surface conduction).

Because the opposite sides never match perfectly, thin films of interconnected

electrolytes are present throughout the rock. Therefore, the laboratory experi-

ment in which microcracks are closed mechanically only is not a satisfactory

analogue for the measurement of electrical properties of rocks in the earth.

An indirect means must be used to obtain satisfactory estimates of the varia-

tion of electrical conductivity with depth in the earth.

In figure 2, we show a typical curve of the pressures at which cracks

close mechanically in the laboratory. The curve was derived from precise

strain measurements as a function of pressure. The technique, termed differen-

tial strain analysis, is described by Simmons et al. (1974) and Siegfried and

Simmons (1978). It has been used to measure the closure properties of cracks

in approximately 200 samples. The curve in figure 2 indicates the volume of

cracks, at pressure P=O, that will close mechanically between P and P+dP.

Most cracks in basement-type rocks are closed by a pressure of 200 to 300 bars;

-- - -- ... .. .-. . '" "5 -
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Figure 2. Crack closure spectra in three orthogonal directions for the Westerly
granite. The abscissa is the crack closure pressure in units of kilobars and
the ordinate is v(P) = p(d2e/dp2) in units of per megabar where is the dif-
ference in strain between the sample and fused silica. Note that v(P) dP is
the porosity at zero pressure due to cracks closing between pressure P and
P + dP. The total area under the three curves is the total crack porosity.
The interpretation of these curves is that the area under each curve between
pressures P and P + dP is the strain (at P = 0) of all cracks that will close

mechanically between pressures P and P + dP. (After Feves et al., 1977.)

I

iv__ _



7

all cracks are closed by a pressure of approximately 1 kilobar. Therefore,

the cracks in rocks would be mechanically closed at depths corresponding to

approximately 3 to 5 km. The exact depth depends upon the rock type, nat re

of cracks in the rock, and the pore pressure present in the rock in situ. The

data used to obtain the curve of figure 2 can also be used to obtain the

crack porosity that is present in the rock at pressure. If we convert pressure

to depth according to the relation P = 267 H, where H is depth in kilometers

and P is pressure in bars, then we obtain the typical curve for crack porosity

as a function of depth shown in figure 3. The proper interpretation of this

curve is that it shows the volume of cracks present at a given depth in the earth

on the basis of laboratory experiments. Many of the cracks would become com-

pletely and chemically closed in a geologically short interval of time (say a

few years to perhaps a few hundred years). Therefore, the curve shown in fig-

ure 3 represents the maximum crack porosity that one would expect to obtain

in situ.

In figure 4, we show an empirical relation between the electrical conduc-

tivity of rocks and the crack porosity. This curve is based on two sets of data.

The first set, reported by Feves et al. (1977), was obtained by measuring the

electrical conductivity and crack porosity of a suite of samples in which the
only independent variable was crack porosity. Samples of Frederick (MD) diabase

were heated to different temperatures in order to produce varying volumes of

If microcracks in the samples (see Simmons and Cooper, 1978). The second set of

data was obtained by measuring both conductivity and crack porosity of natural

cracks on a suite of igneous and metamorphic rocks. Both mineralogy and crack

porosity were independent parameters and varied over significant ranges in this

suite of samples. The first set of data shows considerably less scatter than

the second set. In addition, we have shown two data points for the natural
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Figure 3. Variation of crack porosity with depth for Westerly granite. This
curve, derived from the same data as the curve in figure 2, represents the
crack porosity for a sample in situ. It is obtained with the implicit assump-
tion that no chemical sealing occurs in the cracks and the 'granite' curve
therefore represents an upper bound on the crack porosity for rock in situ.
Most other igneous and metamorphic rocks have smaller crack porosity at each
depth.

I.
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Figure 4. Electrical conductivity as a function of crack porosity. This
conductivity is due to electrolytic conduction in the microcracks. A solu-
tion of O.lN NaCl filled the cracks at the time of measurement. The circles
are the original data of Feves et al. (1977); the triangles represent new
data obtained on naturally occurring microcracks. The line is the original
curve of Feves et al.
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occurring cracks, but have neglected them in deriving the equation for the line.

We suggest that the functional relation shown in figure 4 used with the curve

for the distribution of crack porosity with depth, shown in figure 3, provides

a realistic estimate of the upper bound on electrical conductivity as a function

of depth for the rock in the earth's crust that is due solely to electrolytic

conduction through the microcracks. The resulting variation of conductivity

with depth is shown in figure 5.

Interfacial polarization

Interfacial polarization is the process of accumulation of charge at

boundaries between regions of differing dielectric properties. It is always

present in composite samples. In the case of rocks, the losses due to inter-

facial polarization are usually smaller than the losses due to electrolytic con-

duction and to thermally activated loss mechanisms. However, if the conduction

by electrolytes is small and the temperature is below 3000C, then the losses due

to interfacial polarization dominate. In Table 1, we give the relative dielec-

tric constant and the electrical conductivity at two frequencies (100 and

50,000 Hertz) for a set of 5 igneous and metamorphic rocks that are represen-

tative of a larger set (reported by Simmons et al., 1980). The dielectric

losses at these frequencies for rocks with no microcracks and at temperatures

below 300% are chiefly due to interfacial polarization. The conductivities

are of order of l "9 and 10-7 mho/m at the frequencies of 100 and 50,000 Hertz,

respectively.

Effect of temperature

Several authors, including Olhoeft (1980), have measured the electrical

conductivity of rocks as a function of temperature. In figure 6, we show

typical results for a granite (Olhoeft, 1980). At a temperature of 200*C,

the conductivity is below the conductivity associated with interfacial polari-

V.
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Figure 5. Electrical conductivity (due to electrolytic conduction in micro-
cracks) as a function of depth for Westerly granite. This curve was obtained
directly from the curves given in figures 3 and 4. The conductivities of
other igneous and metamorphic rocks are lower by 1 to 3 orders of magnitude
at each depth.

i
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Figure 6. Conductivity as a function of temperature for a sample of
granite. (After Olhoeft, 1980.)
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zatlon (as measured by Simmons et al., 1980). At 3000C, Olhoeft's values are

comparable to the values shown in Table 1. We conclude that the thermal effects

begin to dominate the electrical conduction in rocks at a temperature of approxi-

mately 3000C.

The thermal gradient in the eastern United States has been measured in a

few hundred locations. The results of Birch et al. (1968), Diment et al. (1965),

Sass et al. (1976), and Combs and Simmons (1973) are typical of the larger data

set. The gradient for most of the area is between 15 and 25°C/km. We can use

these gradients and figure 6 to obtain the variation of electrical conductivity

with depth in the earth where the conductivity is due to thermally activated

mechanisms.

I1
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STANDARD CRUSTAL MODEL

We can obtain a standard crustal model for the eastern United States if

we assume (1) microcracks become closed chemically as well as mechanically in

the earth's crust, (2) the mechanical behavior of microcracks in the laboratory

(figure 2) is exactly analogous to the mechanical behavior of microcracks in

rocks in situ, (3) the relation between electrical conductivity for electrolytes

in microcracks and the crack porosity obtained in the laboratory (figure 4) is

exactly analogous to the relation between electrical conductivity due to electro-

lytes in microcracks in rocks in situ, (4) the functional relationship between

electrical conductivity and temperature as obtained in the laboratory (figure 6)

is identical to the relationship that exists for rocks in situ, (5) the effects

of interfacial polarization measured in the laboratory (Table 1) are exactly

analogous to the effects of interfacial polarization in rocks in situ. We use

fiqure 5 to obtain the variation of electrical conductivity due to electrolytes

in microcracks and the relationship shown in figure 6 for the thermal effects.

In figure 7, we show the resulting proposed standard model for the variation

of electrical conductivity with depth in the eastern United States. The con-

ductivity decreases rapidly with depth from the surface due to the chemical

closure of microcracks and the resulting decrease in electrolytic conduction

paths. At a depth of 2 to 5 km, the conductivity associated with interfacial

polarization becomes the dominant conductivity. The exact depth is dependent

on rock type, geographic location, and so on. The effects of interfacial

polarization remain approximately constant with depth and produce a conductivity

of lf-7 mho/m. At a depth of 15 to 25 km, thermal effects become significant

and the conductivity increases with depth at greater depths.



.4

!T

Figure 7. Standard curve for conductivity as a function of depth in the
eastern United States. This curve was obtained from the curve of figure 5,
a thermal gradient of 20°C/km, and the data of Table 1. This model is based
on laboratory data. The rapid decrease between surface and 4 km is due to the
decrease of porosity. The value between 4 and 16 km is controlled by inter-
facial polarization. The rise in conductivity at depths greater than 16 km
is caused by thermal mechanisms.
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