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ABSTRACT

Laboratory experiments traced the effect of temperature
variations on the electrical resistivity and dielectric
constant of rocks in the range from + 22 to - L0°C., Six
sandstone cores of three differenp porosities were measured
while saturated with 0,02, 0.1, 0.2, and 0.5 molar sodium
chloride solutions. The resistance and capacitance of the
cores were measured.at nine temperatures with a conductance-
capacitance bridge. For each temperature, the frequency of
the applied voltage was varied from 200 to 100,000 cps.
Above the freezing point, the change in resistivity of the
cores with éemperature was due mainly to the change in
resistivity of the solution. As the water started to freesze,
the rate of increase in resistivity was larger in a rock
saturated with a less concentrated solution or in a rock of
medium porosity. Below - 10°C, the salinity of the solution

being nearly the same in all the samples, the resistivity

iii




depended almost entirely on the amount of unfrozen solution.
The resistivity continued to increase uniformly with decreas<
ing temperature unless the remaining solution became

saturated and crystallized. The dielectric constant, due
mostly to interfacial polarization, varied with temperature
in about the same manner as the reciprocal of the resistivity.
The change in resistivity with frequency was more pronounced
at low temperatures and was almost nonexistent above the
freezing point, whereas the largest variation of dielectric

constant with frequency took place at room temperature.
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INTRODUCTION

The electrical properties of rocks and soils have been
measured in the field and in the laboratory by several
investigators (Smith-Rose, 1934; Keller and Licastro, 1959).
Their results show that the electrical resistivity and
dielectric constant are much affected by the amount of water
in the pores and the concentration of ions in solution. If
all the "free" water in a rock were removed by evaporation,
the resistivity of the rock may increase by a factor of 105,
and, at the same time, the dielectric constant may decrease
by a factor of 104° Consequently; when the water freezes in
the pores of a rock, very large variations in the electrical
properties may also be expected. A knowledge of these
electrical properties of frozen rocks is necessary if geo-
electrical methods are to be applied efficiently in areas

of permafrost. According to Muller (1947), approximately

one-fifth of the entire land surface of the earth is underlain
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by permafrost, most of which is still unexplored.

Very little information has been published on the
electrical properties of rocks below 0°C. Higegs (1930)
studied the relation between the resistivity and temperature
for a loam, in the range from + 20 to - 15°C. Smith-Rose
(1934) measured the dielectric constant and electrical
resistivity of a soil sample at a frequency of 1,200 keps,
varying the temperature from + 30 to - 3°C., Nesterova and
Nesterov (1947) measured the electrical resistivity of rock
samples, partially saturated with sodium chloride solutions,
from + 20 to - 20°C. Ananyan (1958) measured the electrical
resistivity of fine-grained rocks, for various moisture
contents, in the range from + 20 to - ,0°C, In most cases,
the resistivity was found to increase slightly with decreas-
ing temperature down to OOC; at this point, the resistivity
increased by a factor of 10 to 100 in a range of only a few
degrees, after which it continued to increase steadily with
a further decrease in temperature. The only measurement
made of the dielectric constant showed that the effect of
temperature was negligible except at the freezing point
where the dielectric constant decreased sharply from 45 to 13,

The purpose of the present research was to study the

effect of three factors on the electrical properties of

frozen rocks: the porosity of the rock, the concentration
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of the electrolyte, and the frequency of the applied voltage.
Sandstone cores, of three different porosities, were saturated
with 0,02, 0.1, 0.2, and 0.5 molar sodium chloride solutions.
The resistivity and dielectric constant of the cores were

measured at nine temperatures in the range from + 22 to = AOOC

and for voltages of various frequencies in the audio range.
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EXPERIMENTAL WORK

The resistance and capacitance across the sandstone
cores were measured by comparing the sample in one arm of a
capacitance-conductance bridge with a resistor and capacitor
in parallel in the opposite arm. These measurements were
taken at nine temperatures between - 40 and + 22°C. For
each temperature, the frequency of the applied voltage was
varied from 200 to 100,000 cycles per second.

The following sections describe the preparation of the
samples, the laboratory apparatus and equipment used to
record the data, and the procedure followed; in the last
section, the calculated results are presented in tables and

graphs.

Preparation of Samples

Sandstone of the Fountain formation (Pennsylvanian)

was used in all the experiments as sample material. Three
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blocks of sandstone, each of different porosity but similar
in composition, were obtained from an outcrop in the Golden
area. From these blocks, several disk-shaped samples were
cut with a rotary drill and a diamond saw. The disks had a
uniform diameter of 32 mm and varied in thickness from eight
to ten mm.

The porosity of the samples was determined by allowing
the cores to dry in an oven fer 24 hours, after which they
were weighed on a precision balance. The cores were then
saturated with distilled water in a vacuum dessicator and
weighed again, first in air and, then, suspended in water.
The effective porosity was found by dividing the volume of
water that could be forced into the pores of the rock by
the volume of water displaced by the sample.

Next, the resistance acrcss the cores saturated with
distilled water was measured at a frequency of 1,000 cps
and at room temperature, with a General Radio Z-Y Bridge,
type No. 1603-A, serial No., 335,

From these preliminary measurements, 42 samples were
selected; the ones that showed an anomalous porosity or
resistivity were rejected. The cores were then dried a
second time, and to prevent evaporation of the water while

the measurements were being taken, their cylindrical surface

was coated with an insulating, water-repellent lacquer,
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Finally, the samples were divided into six groups and
saturated with sodium chloride solutions of different con-
centration. The resistivity of the solutions was measured
with a conductance cell. The porosity, resistivity, and
type of solution for each group of samples are given in

table 1.

Apparatus and Equipment

A General Radio Capacitance Bridge, type No. 716-C,
serial No. 1819, was used to measure the capacitance and
resistance across the samples. A schematic diagram of the
bridge and accessories is shown in figure 2.

The bridge consists §f two equal, shielded ratio arms
Q-S and R-S and a variable precision capacitor C. A decade
resistance box Rn is inserted in parallel with Cno The
capacitor Cp and resistor Rp are inserted in the opposite
arm to balance the effect of Cp and Ry. An oscillator (0SC),
generating a voltage of known frequency, is connected between
the points Q-R; and the voltage between the terminals S-T is
detected on the screen of a cathode-ray oscillograph (CRO),

If the oscillator is also connected to the horizontal
plates of the oscilloscope, a Lissajous figure (an ellipse

in this case) is displayed on the screen. When the arms

Q-T and R-T are equal in phase and amplitude, the bridge is
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Figure 2

Schematic diagram of bridge arrangement.
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balanced and the voltage between the terminals S-T is zero;
in this case, the vertical component on the screen is zero
and the figure becomes a horizontal straight line.

A Statham temperature chamber, Model TC-2B, operated
with solid CO,, was used to bring the samples to thevdesired
temperatures and maintain them there. The chamber consists
of an insulated box divided into two compartments: one con-
tains a six-cell electrode tray, space for approximately
20 1b of dry ice, a thermostat and a thermometer; the other
compartment contains a blower and an electric-resistance
heater. The blower provides a continuous circulation of the
carbon dioxide vapors in the chamber, and the heater, con-
trolled by the thermostat, maintains a constant temperature
with an accuracy of gl 1.1°c,

The six electrodes, used as sample holders, shown in
figure 3, are two-terminal, solid-silver electrodes: the
upper electrode is a circular disk, 51 mm in diameter,
pressed firmly on the sample by means of a spring; the lower
one is a rectangular plate grounded to the temperature

chamber.

Procedure

The measurements were taken at -40, =30, -20, -11, -5,

0, +3, +11, and +22°C, In a preliminary series of experiments,
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Figure 3

Electrodes used as sample holders

L

Figure 4

Temperature test chamber

’i
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the resistance and capacitance of six samples were measured

at - 40 and - 20°C, after which the samples were put back

into their respective solution. When the same measurements
were repeated a few days later, a wide discrepancy was noticed
in the results: the resistivity was lower, and the dielectric
constant higher in the second measurements. It was assumed
that the expansion of water upon freezing somewhat affected
the’structure of the rock, by breaking some of the pores,

and at the same time increased the effective porosity of the
rock. A different set of samples was used for each tempera-~
ture to overéome this effect, except above 0°C (+ 3, + 11,

+ 22°C); at these temperatures, the measurements were taken

on the same six samples.

Before the samples were inserted in the temperature
chamber, their flat surfaces were covered with silver paint
to provide a good electrical contact between the samples and
the rigid electrodes of the cell. The tray containing the
electrodes was then sealed in the chamber and about one hour
was allowed for the cell and the samples to reach an equili-
brium temperature. For each set of experiments, a thermistor
thermometer, more accurate than the one in the chamber, was
used to measure the temperature at a short distance from the
sample; in all cases, the readings from both thermometers

did not differ by more than 1°C.

-—&—————
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A substitution method was used to measure the resistance
and capacitance of the samples on the bridge. With the
oscillator adjusted to the desired frequency, and the high
lead from the bridge to the sample disconnected, a first
balance was obtained by adjusting C, and R, until a perfect
null was displayed on the osdilloscopeo The bridge was then
connected to the sample and rebalanced by decreasing R, and
increasing Cp. The unknown capacitance (C4) and resistance

(Rx) of the samples were given by the relations:

Cx = Cpp - Cpy
R. = Rnl ’ an
x Rnl = an

where the indices 1 and 2 indicate the initial and final
values of C, and Ry, respectively. The same procedure was
followed for each sample at frequencies of 200, 500, 1,000,
2,000, 5,000, 10,000, 20,000, 50,000, and 100,000 cps.

Results
Values of the electrical resistivity and dielectric
constant, calculated for each sample, are tabulated in the

appendix. The most important features of these results are

jllustrated in figures 5 to 12, Figure 5 shows the electrical
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resistivity of the samples as a function of temperature,
for different electrolyte concentrations and different
porosities, at a frequency of 50,000 cps. The influence of
frequency on the resistivity is indicated in figures 6, 7,
and 8, Figures 9 to 12 show the variations of dielectric

constant with frequency at different temperatures,
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Electrical resistivity as a function of temperature
at a frequency of 50,000 cps.
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Dielectric constant as a function of frequency at - 40°cC,
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DISCUSSICN

The changes in electrical resistivity and dielectric
constant of the sandstone cores, for variations in tempera-
ture and frequency, are summarized under the first two head-
ings of this chapter. The last section is an analysis of

the errors in the data and the validity of the results.

Electrical Resistivity

As shown in figure 5, the electrical resistivity of
all the samples follows the same trend with the decrease in
temperature:‘ the resistivity first increases uniformly
until the water in the pores starts to freeze; at this
point, a sharp increase in resistivity occurs in a range of
five or six degrees, after which it continues to increase
uniformly but at a much greater rate than it had above the
freezing point. This general pattern is consistent with

previous measurements made by Higgs (1930), Smith-Rose (1934),
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and Ananyan (1958). Above 0YC and below - 10°C, the rate

of change in resistivity is approximately the same for all
the samples, except 6, and, seemingly, the porosity of the
rock or the salinity of the saturating solution has little

or no effect in this case.

Because of the sodium chloride in solution, the water

in the pores of the rock starts to freeze slightly below

0°C. Data on the freezing points of the solutions, obtained
from Hall and Sherrill (1928), are given in table II., In
most of the samples, the large increase in resistivity occurs
between 0°C and - 10°¢c. The amount of increase in this
temperature range appears to depend on the porosity of the
rock and also on the salinity of the solution. Electrolytes
with a higher concentration in salts tend to diminish the
amount of increase and flatten out the curve (samples 3, 4,
5, and 6). In samples saturated with the same electrolyte
(1, 2, and 4), the largest increase occurs in the sample of
medium porosity (sample 2), and the smallest increase in
sample 1, which has a lower porosity than the other two.

The change in resistivity with frequency is illustrated
in figures 6, 7, and 8. In most cases, the resistivity de-
creases with an increase in frequency. This frequency

dependence of the resistivity, more pronounced at lower

temperatures, is practically nonexistent above - 5°C; it is
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also more pronounced in rocks saturated with a solution of

lower salinity and in rocks having a lower porosity.

TABLE II
sapple | Melagiy | Freemepont |
’ solution (°C) eo
1 0.1 - 0.35 11.0
2 0.1 - 0,35 22.3
3 0.02 - 0.07 1ho5
b 0.1 - 0.35 11,5
> 0.2 - 0.68 9.2
6 0.5 - 1.69 bo
Figure 13

Increase in resistivity from O to - 10°C.

Dielectric Constant

The ﬁery large values of the dielectric constant,
‘especially when measured at low frequencies, are rather the
rule for a material having a solid-liquid interface.
Smith-Rose (1934) measured a dielectric constant of 25,000
at 200 cps and 95 at 100,000 cps across a soil sample with
a 25 percent moisture content. Keller and Licastro (1959)

measured dielectric constants as high as 100,000 at 200 cps

across natural-state sandstone cores.
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One of the most significant features appears to be the
rapid decrease of the dielectric constant with an increase
in frequency, as shown in figures 9 to 12, But, unlike the
resistivity, the rate of change with frequency is the
largest at room temperature and flattens out as the tempera-
ture is lowered.

Variations with temperature are also indicated on the
same curves: the dielectric constant decreases approximately
linearly with a decrease in temperature except in the range
from + 3 to - 5°C, where there is a pronounced discontinuity.

For any temperature, the dielectric constant increases
with an increase in the salinity of the solution and also

with an increase in the porosity of the samples,

Errors and Reliability of the Measurements

Errors in the results may be due to three sources:
1. 1inaccuracy of the instruments,
2. inaccuracy in recording the data,
3. variations in the samples.

Because the resistivity and dielectric constant of the
frozen rocks vary tremendously with temperature, probably
the largest error in the measurements comes from the small
cyclic changes of temperature in the test chamber. The

deviations from an average temperature can be as large as
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1°1°C, which is the accuracy of the thermostatic control.

The accumulation of ions at the electrodes while the
measurements are being taken causes a polarization also
known as Melectrode polarization."™ This polarization largely
contributes to thé capacitance across the sample, especially
above the freezing point.

The stray capacitances which were always present in the
measuring circuit were neglected, partly because of the
difficulty to evaluate them,; partly because they were con-
sidered small in the frequency range in which the experiments
were conducted. Such capacitances would include the edge
capacitance of the electrodes, and the change in reactance
of the decade resistance box when the bridge is rebalanced
with the sample in the circuit.
| The frequency of the oscillator was measured with a
calibrated oscilloscope. Up to 50,000 cps, the waveform
displayed on the oscilloscope and the setting of the dial
of the generator had a one to one correspondence; at 50,000
and 100,000 cps, the deviation between the two amounted to
approximately four percent,

Additional errors have been recorded in measuring the
temperature inside the test chamber and also in measuring

the dimensions of the samples.

In each of the groups, the samples were assumed to
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have the same physical porperties and, consequently, the
resistivity and dielectric constant of each group should be
continuous functions of temperature. However, small varia-
tions in the structure and composition of the samples are
always present; the solution in the pores of the rock may
freeze in a different manner for different temperatures;
and most important of all, the growth of ice crystals with
the decrease in temperature affects the structure of the
sample (the porosity for example) in a different way for
different temperatures.

As can be seen from the above considerations, the
measurement of the dielectric constant is much more diffi-
cult than that of the resistivity. Consequently, the
reliability of the dielectric-=constant measurements is
probably not very high because of such factors as electrode
polarization, stray capacitances,; and small differences

among the samples,
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INTERPRETATION

The freezing process in a rock, combined with the
effects of freezing on the electrical properties, is a com-
plex phenomenon. Because of the many variables involved and
some unknown factors, a qualitative approach rather than
quantitative has been used to evaluate the experimental

results.

Ice Formation in a Rock

Although the freezing of water in a soil has been a
research subject for the past fifty years, some of the
processes involved are still obscure or unknown. Experi-
mental evidence shows that ice in a soil starts to form at
slightly'below OOC, and freezing continues at a more or less

5 constant tempgrature until a degree of water saturation is
reached where the rate of freezing becomes very small for

large decreases in temperature (Parker, 1921; Bodman and

A e e i
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bay, 1943; Cannell and Walter, 1959). The freezing-point

depression and the fraction of nonfrozen water seem to de-
pend on at least two factors: the pressure exerted on the
solution and the salinity of the solution.

Part of the pressure is due to forces of adsorption at
the interface solid-solution. These forces, mainlyAelectri«
cal, are particularly pronounced in clay-water systems
because of the exchangeable cations lining the surface of
the clay particles. The thickness of the adsorbed water
layers and the magnitude of the adsorption forces depend on
the nature of the solid and of the solution (Low, 1958),
The pressure is assumed to be the greatest at the interface
and to decrease logarithmically with increasing distance
from the solid.

Winterkorn (1943) reports an adsorption_pressure of
25,000 kg per sq cm for methyl alcohol in fuller's earth,
According to the same author (p. 111), "the adsorption
pressure for water would be at least equal to, if not
considerably higher than, that calculated for methyl
alcohol." The phase diagram for water-ice, in figure 14,
shows that pure water can still be in the liquid state at
- 22%, However, there is general agreement that the
adsorbed water on the clay particles does not have the

Physical characteristics of liquid water; and, consequently,

29
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the effect of the adsorption Pressure on the freezing point
is not too clear,

The volume expansion of water, when it freezes, causes
an added pressure on the unfrczen solution. Because the
pressure is proportional to the volume of ice formed, it
will be greater in rocks saturated with a more diluted
solution, as will be shown later.

The ions in solution alsc pPlay an important role in
the freezing-point depression of water. Figure 15 shows
the freezing point of a sodium chloride solution as a func-
tion of concentration, at a pressure of one atmosphere., If
the initial concentfation of the solution is known, the
volume of solution remaining at a given temperature can be
found from the relation:

Vi M,
Vz = MZ (1)

where:
V, and V, are respectively the initial and final
volumes of the solution.
M, and M; are respectively the initial and final

molarities of the solution,

At - 21.1°C, the solution becomes saturated and crystallizes

to form the eutectic mixture NaCl°2H20 and ice,
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It is assumed that the concentration of the solution
is approximately the same over the entire volume of the
pore and that the solution the farthest from the solid
interface is under the least pressure. Then, as the freez-

ing point of the solution is reached, small ice crystals

———

start to form in the center of the pores and larger capil-
laries. As each small volume of water crystallizes, it
rejects the ions and other impurities it originally con-
tained, in such a way that the remaining solution becomes
more concentrated as the temperature decreases. The rate

of freezing, very large at first, decreases exponentially

with the increase in salinity and pressure of the solution.
As the temperature further decreases, the ice crystals keep
growing only very slowly, until the eutectic point of the

solution is reached.

Electrical Resistivitx

The nature and mechanisms of electrical conduction in

sandstone cores have been discussed extensively by Keller

i I ————————

(1959). The passage of an electrical current through a
rock is due to the migration of ionic charges under the
influence of an electric field, and the current density is
proportional to the number of cations moving in the direc-

tion of the field and to the number of anions moving in the

—
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| opposite direction. Therefore, the resistivity is inversely

; proportional to the number of ionic charges available and

| the ease with which these charges can travel through the

( rock. Often, the electrical resistivity of a rock is con-

i trolled mainly by three factors:

I 1. the amount of solution in the pores,

| 2. the resistivity of the solution,

g 3. the size of the pores and interconnecting

| channels and their relative disposition.

? An empirical relation, known as Archie's law, expresses the

é resistivity of a saturated rock as a function of those three

factors:

| A (2)

where:

. is the resistivity of the rock,
! RNis the resistivity of the solution,

¢)is the effective porosity.

The parameters ¢ and n depend on the geometrical arrangement
of the openings; their approximate values for the various
samples are:

samples 1 and 2 ., . . .. . . ¢c=0.,5 n=1,8

samples 3, 4, 5, and 6 . . . . ¢ =0,7, n = 2.0

—
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Above the freezing point, the change in resistivity of
the rock seems to depend entirely on the change in resistivity
of the solution: the lowering of temperature decreases the

mobility of the ions, and the result is an increase in the

resistivity of the solution. The ratio %‘ » also called
the "formation factor,"” has been calculateg for each sample
at + 22, + 11, and + 3°C. The values for the resistivity
of the solutions were obtained by interpolation from graphs

(Schlumberger, 1955). The results are shown in table IIT.

TABLE III

Sample Formation factor
No. + 229 + 119 .+ 39
L 113,7 118.5 122.7
2 45.3 43.5 bl 2
3 9.6 10.0 9.7
b 17.2 17.0 17.0
5 20,0 21.2 20,6
6 21.3 22.3 22.2
Figure 16

Formation factor of the samples above the freezing point.

When the temperature reaches the freezing point, the

formation of ice in the rock causes:




|
!
(
|
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1. a decrease in the amount of solution,

2. a decrease in the mobility of the ions in solution,

3. an increase in the concentration of the solution,

4. a change in the pore structure of the rock.,

Partly because of the different salinities of the satu-
rating solution, water in the pores starts to freeze at
slightly different temperatures. As the temperature is
lowered, the remaining liquid becomes more concentrated in
salts until a point is reached where the solution in all the
samples is approximately of the same concentration. At this
temperature, the samples would differ mainly in the amount
of ice formed and the amount of solution remaining.

The apparent porosity of the samples (volume of unfrozen
solution per unit volume of solid) has been calculated at
- 10009 using equations 1 and 2. At this temperature, the
sodium chloride solution has a molarity of 2.8 and a
resistivity of 0.11 ohm-meter. In equation 2, the parameters
¢ and n have been replaced by the values computed at + 22°C,
although the effect of temperature on the parameters is not
known. The results are given in table IV.

The larger value, obtained from equation 2, probably
indicates a slower rate of freezing caused by the pressure
exerted on the solution. The pressure caused by the expan-

sion of water would be most effective in rocks saturated
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with a solution of lower salinity. Effect of adsorption
pressure on the freezing-point depression could be signifi-
cant in a "tight" rock or when the amount of solution
remaining in the pores is very small.

The curves in figure 5 show that below - 20°C the rate
of increase in resistivity is larger in sample 6 than in the
other five. This anomalous behavior is, presumably, due to
the fact that, because of a smaller pressure in the sample,
the eutectic point is reached at a higher temperature.

When the frequency of the applied voltage is increased,
the ions in the samples oscillate more rapidly and their
energy is increased proportionally. As the temperature de-
creases, the ions can move only with increasing difficulty,
and a larger number of them become immobilized and are
unavailable for conduction at low frequencies. However,
the extra energy provided by the increase in frequency is
sufficient to dislodge some of the ions and, consequently,

to increase the conductivity.

Dielectric Constant

The very large values of dielectric constant seem to be
caused mainly by interfacial (or space-charge) polarization.
This type of polarization occurs in a material when charge

carriers, moving under the influence of an electric field,




1 T 963 39

become trapped in the pores and on the interfaces or cannot
be freely discharged at the electrodes (Von Hippel, 1954).
Consequently, the dielectric constant of a porous rock
saturated with an electrolyte is not so much related to the
dielectric constant of the individual constituents as it is
to the interaction between the ions of opposite polarity

and the interaction between the solution and the solid. At
low frequencies, the dielectric constant depends mainly on
the ionic concentration and the amount of solution saturat-
ing the pores. In this respect, variations with temperature
are approximately the same for the dielectric constant as
for the conductivity. The effect due to increasing frequency
is, however, much more pronounced on the dielectric constant;
and the effect increases with temperature: above the freez-

ing point of water, the dielectric constant decreases

exponentially with frequency.
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CONCI.USIONS

The experimental results have shown that:

1.

2.

|

Above the freezing point of water, the change in
resistivity of a rock is due entirely to the change
in resistivity of the saturating solution.,

In the range from O to - 10°C, the rate of increase
in resistivity is proportional to the rate at which
ice forms in the pores. The rate of increase is
larger (a) in rocks saturated with a less concen-
trated solution, (b) in rocks of medium porosity.
Below - 10°C, the resistivity, which depends mainly
on the amount of unfrozen solution, increases uni-
formly with decreasing temperature, unless the
solution becomes saturated and crystallizes.

The dielectric constant changes with temperature

in approximately the same manner as the conductivity.

L0
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5. Variations in the electrical properties of rocks
with small changes in temperature are much greater
below than above the freezing point. This fact
might be important if geoelectrical methods are
applied in areas of permafrost, where inhomo-
geneities in ground temperature are rather common.

Although the absolute value of the electrical resisti-
vity and dielectric constant varies greatly, even in a given
rock type, the electrical properties of.other saturated
rocks should show similar changes with temperature. However,
the accuracy of the results could be increased considerably
by improved measuring techniques.

The amount of unfrozen solution in the pores of a rock,
the effects of pressure on the freezing point depression,
the eutectic point of an electroiyte under pressure are only
a few of the many unanswered questions that deserve more
attention in future research. A better knowledge of these

factors would certainly help to determine the electrical

properties of frozen rocks.
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