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ABSTRACT

A study of induced polarization exhibited by core
‘samples containing disseminated metallic sulphides was
made with respect to variation of wéter saturation in
these cores. The cores tested exhibited three ways in
which polarizébility vary with decrease of water satura-
tion, designated type 1, type 11, and type 111. This
variation may be due to the differences in the properties
of the cores, such as metallic sulphide content, poroéity,
and the way the metallic sulphide particles are disseminat-
ed. If the core is represented by a simple resistor-capa-
citor circuit, the polarizability appears to be proportion-
al to the product of resistance and capacitance, and on
" this basis a discussion of the variation of polarizability
with water saturation is presented.
In addition, the relation between induced polariza-
tion and charging current and excitation time was studied.

The results of these studies show that there is a uniform
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increase of induced polarization with increase of current

and excitetion time, which are in accordance with the

results obtained by previous workers.
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INTRODUCTION

The object of this thesis is to investigate the eff-
ect of water saturation on induced polarization potential
observed in core samples. Induced polarization is a phe-
nomenon whereby a transient voltage 1is observed when an
applied current is interrﬁpted° The magnitudc of induced
polarization can be expressed by the area under the tran-
sient-voltage curve in terms of millivolt-seconds. Induced
polarization is exhibited by many meterials, among which
are, metallic ores and grarhite grains embedded in some
kind of rock such as granite, sandstone, or limestone,
sandstones in which the sand grains are coated with a thin
film of clay particles, and some limestones (Henkel and Van
Nostrand, 1957, P 359)0' Pure quartz sandstones will give

rise to only slight induced polarization. There seem to

be numerous factors that effect induced polarization not

all of which are known.

Conrad Schlumberger (1930), was the first worker to

_
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observe induced polarization in the field. Bleil (1953,

p. 641) stated that induced polarization is generated in-
stantaneously at the interface between different conducting
media where there is a change in mode of conduction from
ionic to electronic or vice versa. This statement was

also supported by Henkel and Van Nostrand (1957, p. 359),
who also stated that induced polarization is a surface phe-
nomenon, the polarization of the metal depending largely on
the nature of its surface. A clean surface does not polar-
ize nearly as much as the one that is covered with corro-
sion. The induced polarization also depends on composition.
Vacquier et al (1957, p. 661) and Henkel and Van Nostrand
showed by laboratory experiments that I.P. is proportional
to the magnitude and duration of the charging current.

A typical record of induced polarization and potential
drop across a core sample observed in the laboratory is
shown in Figure 1. The ratio of the magnitude of induced
polarization in millivolt-seconds to the potential drop
across the core sample is defined as polarizability by
Vacquier et al (1957, p. 665). The polarizability will be

the quantity used to éxpress the relationship between

induced polarization and water saturation in this thesis.
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EXPERIMENTAL WORK

Experimental work was conducted on ten core samples,
four of which contained iron pyrite with small amounts of
chalcopyrite embedded in either quartz monzonite porphyry
or granodiorite porphyry; the rest contained iron pyrite in
limestone. The core samples were first saturated with
water, and then desaturated stage by stage. At each stage
of desaturation, the induced polarization was measured for
a series of excitation times. For each core, the induced
polarization was also measured with variation of charging

current.

Saturation of Cores

The core samples to be investigated were dried in an
oven at about 250 C for about 9 to 10 hours to drive out
any water originally contained in the cores. They were
then weighed on & chemical balance. After weighing, they

were saturated by placing in a beaker of water under a bell

e
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Jar which was connected to a vacuum pump and evacuating
the air from the cores. After saturation, the core
samples were weighed again to give the amount of water
contained in these cores.

To preserve the core samples at a constant water
saturation, they were placed on a porcelain platform in a
dessicator-type jar filled with water to a level a 1little
below the platform, and the 1id was sealed with grease,
Thié way the humidity of the core would not vary more
than two percent,

To vary the water saturation, the core samples were
left at room temperature and room humidity from several
minutes to several hours. The cores could lose up to AO%
of the water content depeﬁding on the time exposed to the
air. After each limited drving period, the cores were
reweighed to determine the water content remaining. The
induced polarization was measured at each stage of desatu-
ration. The desaturation was very fast for the first 30
minutes, after which it proceeded more slowly. Many hours
are required to reduce the water content by 10% when the
core is below LO% water saturation.

The remaining 4,0% of the moisture was removed by
heating the core slowly in an oven from several minutes

to several hours. To keep the water content constant

—
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after each desaturation, the core samples were placed in
the controlled-humidity jar. Only when it was necessary
to determine the amount of water in the core and to mea-
sure the induced polarization was the core removed from the

jar.

Description of Sample Holder and Electrodes

The sample holder is shown in Pigure 3. The electrodes
consist of two nearly semicircular copper plates and a thin
copper strip 1/10 inch wide mounted on a circular wooden
plate as shown in Pigure 2. The copper strip was separat-
ed from the two semicircular copper plates by a 1/10-inch
gap of insulating material. The two nearly semicircular
plates serve as current electrodes end the strip serves as
a potential electrode.

Two electrode assemblies of the type shown in Figure
2 were used; one was fixed whereas the other was mounted
with a screw arrangement so that it could be moved forwarad
and backwardvto fit the length of the core, as shown in
Figure 3. When the induced polarization was measured, the
corse sample was placed tightly in contact with these
electrodes with blotting paper moistened with distilled

water placed between the core and the electrode surfaces.

Measurement of Induced Polarization

For the measurement of induced polarization, the

_—
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Potentisl electrode

1777

od
Current
electrode Insulating
Material
(Bakelite)
.. Copper

Fig. 2.
Diagram of electrode used for the measurement of

induced polarization,
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Fig. 3.

Sample holder for the measurement of

induced polarization,
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apparatus as shown in the circuit diagram was Set up.
Direct current, in the form of pulses, was applied to

the core. The polarity of each alternate pulse was re-
versed by the use of a double-pole double-throw switch,
The voltage source was a set of dry-cell batteries,

The voltage applied to the system was 10 volts except
when the induced polarization was measured as a func-
tion of current. For these measurements the voltage was
varied between 1 and 60 volts by use of a variable resig-
tor Rle Alternating current-pulses were used so that a
cumulative polarization at the slectrodes would not be
'producedo By working with the average of the positive and
nezative signals, it was possible to eliminate any natural
potential difference between the electrodes (Henkel and
Van Nostrand, 1957, p. 357). Three andesite core samples
saturated with water were tested for I.P.. Even though
the andesite core samples will not exhibit I.P., if
electrode polarization is pronounced, a transient voltage

g{ should appear. But no transient voltage was observed,

Therefore electrode polarization must be very small

and negligible for the electrodes ussd in this experi-
ment. Henkel and Ven Nostrand (1957, p. 357) in

their laboratory experiments had tried nonpolarizing

-

—
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electrodes but stated that they gave the same results as
the copper electrodes which were more convenient to use,
The separation between potential and current electrodes
used in their experiment, however, is much larger than the
separation used in this experiment,

The resistance R, has a value of 1500 ohms, The
timer (Heathklt Enlarger Timer Model BT=1) operated an AC
115-volt, double-pole double=throw relay so that the
excitation time could be varied from 1 second to 60 seconds.
The transient vwoltage~decay curve was separated from the
steady-state voltage record by use of one of the poles of
the double=pole double-throw relay., The potential elec—
trodes were connected to the relay so that, when the cur-
rent was flowing through the core, the I.P. channel of the
recorder was sﬁort clrcuitedy and when the current was not
flowing through the c¢ircuit, this channsl was connected
to the potential electrodes., In this way, the recorder re—
gistered only the voltage—decay curve and not the potential
drop across the core. The potential drop across the core
was recorded on a separate channel, as shown in Figure 1,

The recorder used was a dual—channel Sanborn recorder;
the recorder was calibrated by using a known voltage input
or by the internal calibration system standard to Sanborn

recorders. Shielding of the core sample holder and the
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relay was essential to eliminate 60-cycle pickup. Shield-

ing was achieved by placing the sample holder and the relay

in a wooden box lined with aluminum foil, and then ground-
ing the aluminum linings.

A set of measurements was made by setting the timer,
switching the double-pole double-throw switch, to one side
and switching the timer on. The recorder was operated at
a paper speed of 2.0 mm per second during this procedure.
After the induced polarization was recorded, the polarity
of the current and pickup electrode was reversed with the
D.P.D.T. switch, and the measurement was repeated. This
procedure gave an induced polarization record opposite in
direction to the preceding one, The average of the magni-
tudes of the two was used in the interpretation. It was
found that there was a difference of about 15% in the ob-
served values of induced polarization.

As the magnitude of the induced polarization was
expressed by the area under the ﬁoltage—decay curve, the
area was determined by counting the millimeter squares
under this curve. To save time and labor, an electrical
analog integrator can be used to determine the area under
the voltage-decay curve.

The resistance of the core was calculated from the

value of the steady-state potential drop across the core

|
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and the current. The resistivity was calculated by using
the resistance and the georetry of the core. It is cus-
tomary to express the relation between water saturation

and resistivity in terms of resistivity index, which is the
ratio of the resistivity of the core partially saturated to
resistivity of that same core at 100% saturation. Resis-

tivity indices for the cores were determined,

Result
Data for each core sample are presented at the and
of the thesis., For each core sample, five graphs are
plotted as follows:
1. Induced polarization in millivolt-seconds as a
function of current in millismperes.
2. Polafizability in millivolt-seconds per volt as
a function of current in milliamperes,
3. Polarizability in millivolt-seconds rer volt as
a function of excitation time in seconds, for various stages
of water saturations.
4. Resistivity index as a function of water saturation.
5. Polarizability in millivolt-seconds per volt as
a function of water saturation, for s series of excitation
times,
Only examples of graphs plotted are presented. On the graphs
presented here, circles, crosses, triangles, and squares

are used to represent data observed for saparate cores.,

—
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The first curve for each core as shown in Figures
5(a), 5(b), and 5(¢c), shows that induced polarization
varies linearly with the current. The second curve for
each core as shown in Figures 6(a), 6(b), and 6(c) shows
that polarizability increases very slightly with the in-
crease of current. Polarizability, instead of IoPo, was
plotted as a function of excitation time and water satura-
tion,.

The third curve for each core shows the relation—
ship between polarizability and excitation time for various
degrees of water saturation, as shown in Figure 7. The
relationship between resistivity index and water saturation
for each core plotted on a logarithmic coordinate does not
have the linear form which is generally accepted, The
curve plotted here agrees with the results obtained by
Licastro and Keller (1952, p. 19), According to Archie
(1958, p. 51) and many other investigators, the resistivity
index should increase as the water saturation decreases in

the following manners

Wnere I is the resistivity index,

Sw is the water saturation, and

n is the saturation index,
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The above equation does not describe the data obtained in
this work. An equation which better describes the data
obtained in this work was given by Licastro and Keller

(1952, p. 19):

T = Sw-nl SW;> Sw& .

b~
|

Where nj is the water saturation exponent for water satura-
tion above ch
n, is the saturation exponent for water saturation
below ch
swc is the saturation where the rate of increase of
resistivity changes
b is a multiplying factor which enters the equation
below ch
The limits within which these four parameters vary are
given below:
ny 1.5 to 2.3
n, Lob to 5.3

b .025 to 042

ch 47 to W54 for quartz monzonite porphyry
or granodiorite porphyry

Swe .25 to 36 for limestones.

The value of ch obtained for limestone is very close to
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the value given by Licastro and Keller (1952, p. 19) for
Bradford Sand.

The relationship between polarizability and water
saturation is shown by the fifth set of curves for each
core. A series of polarizability values for various ex-
citation times were plotted as a function of water satura-
tion. _Three types of relationship between polarizability
and water saturation are evident from these curves, The
three types are designated as type 1, type 11, and type 111,
as shown in Figures 9(a), 9(b), and 9(c). For type 1, there
is a maximum value of polarizability within the range of
25 to 200 millivolt-seconds/volt for an excitation time of
20 seconds. They were obtained on Bear Creek samples which
contain iron pyrite with small amounts of chalcopyrite
disseminated in eiﬁher guartz monzonite porphyry or grano-
diorite porphyry. Type 1l curve shows a maximum value of
polarizability of 300 to 700 millivolt-seconds/volt for
the same excitation time, and were obtained on Climax
- gsamples 0.14, 0,15, and 0.16, which contain iron pyrite
disseminated in limestone. Type 111 curve shows a maxi-
mum value of polarizability within 2500 to 14,000 millivolt-
seconds/volt for the same excitation time and were obtained

on Climax samples 0.13, 0.18, and 0.20, which contain vein-

lets of iron pyrite embedded in limestone.
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| RELATIONSHIP BETWEEN
| POLARIZABILITY AND
‘ WATER SATURATION

The threé types of curves relating polarizability to
water content are exhibited by core samples with different
; physical and chemical properties, It is likely that the
| shape of the polarizability versus water-content curve is
3 related to differeﬁces in physical and chemical properties
| of the core samples, A description and a comparison of the

properties of the core samples are given below,

Properties of Core Samples

Since the explanation of the different types of re-
lationship between polarizability and water saturation
probably lies in the differences in the properties of the

 core samples, it is appropriate at this point to describe

the properties of the different cores,.

Bear Creek samples; which exhibited type 1 curves,
contain iron pyrite, with small amounts of chalcopyrite

disseminated in either quartz monzonite porphyry or grano-—

%
|
!
|
|
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diorite porphyry. The total metallic sulphide content is
estimated to be about 3 to 5%. The grain size of the me-
tallic sulphide is esﬁimatcd to be about 3 - 1 mm in dia-
meter., The water content in sanples with a volume of 75 to
100 cc is only 0.7 to 1.25 grams. Therefore the porosity
of these cores is about 0.9 to 1,5%.

Type 11 curves are exhibited by Climax samples 0.1k,
0.15, and 0.16, which contain pyrite in a limestone matrix.
The pyrites are uniformily distributed and the core seem
to‘have falrly high content of iron pyrite, probably as
much as 10%. The pyrite grain size is larger also, probably
as large as 2 mm in diameter. The porosity is also much
higher than the Bear Creek samples since the core with a
volume of 25 to 40 cc contain botwegn 2.5 to 4.3 grams of
water. Therefore the porosity is about 8 to 14%. High
porosity and high metallic sulphide content in these cores
may cause these samples to exhibit type 11 curves.

The Climax samples thet exhibit the type 111 curves
contain veinlets of pyrite 1 to 2 mm thick which extend
parallel to the length of the core, The pyrite content is
estimated to be about 15 to 20%. The water content is
approximately the same as the preceding samples. In these

cores the veinlets of metallic sulphides seem to play an

importaent role in causing the samples to exhibit type 111
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curves.
Before proceeding further with the discussion of
each type of curve, a review of the causes of induced

polarization will be presented.

Causes of Induced Polarization

The passsage of an electrical current through a rock
is accompanied by electrochemical processes, the character
and intensity of which are determined fundamentally by the
physical and chemical properties of the minerals and the
electrolyte in the rock. Induced polarization observed in
rocks after the interruption of current flow are the re-
sults of these processes. Marshal and Madden (1959, p.
797) say that

The polarizable materials are capable of maintain-

ing for a certain time, an electric current flow

after an applied field is turned off, Actually what
is observed is a voltage gradient...cccccocccss . NOTEY
is stored in the medium when the current is passed
through, and usually at least some of this energy

is released by maintaining electric current flow

after the driving force is turned off. The five

ordinary forms of energy storage are, electric,
magnetic, mechanical, thermal, and chemical.
The physical-chemical processes which take place in a rock
consisting of a complex aggregation of particles, differ-
ing both in mineralogic composition and physical properties

in producing induced polarization, may be divided into:

1. metal-electrolyte interface polarization

33




T-899 34

2. membrane polarization

3. electro-osmotic polarization

The metal-electrolyte interface polarization occurs
at the boundary when there is a change in the mode of con-
duction from ionic to electronic or vice versa, when elec-
tric current passes through a rock containing metallic
particles and electrolyte. This phenomenon is the same
phenomenon that occurs at'a polarized electrode (Brant,
1952; Bleil, 1953, p. 664; Marshal and Madden, 1959, p. 790;
Dakhnov, 1952, p. 46). At the metal-electrolyte interface
according to Marshal and Madden (1959, p. 790):

Chemical or electrochemical barriers exist which the

current carriers nmust overcome in order to allow

current flow to pass across the electrode-~liquid

interface. Forcing a net current flow to take place

across this interface entalls an added voltage drop

above and beyond that needed to overcome the ohmic

losses in the solution and in the electrode. This

additional voltage is called the overvoltage.

The picture that is used to explain the induc-
ed polarization effects in mineralized rocks involves

the ionic current flow in the rock polarizing the
metal particles within the rock. ccoccseososossco

Qualitatively...., these effects behave somewhat as
" the ordinary dielectric property of the materials.
The energy stored at the metal-electrolyte interface is
analogous to that stored when a capacitor is charged.
Membrane polarization occurs due to selective ions

diffusion through a membrane such as clay-bearing rocks

when the current passes through such rock. (Vacquier et

al, 1957, p. 674-676; Marshal and Madden, 1959, p. 894=807).




T-899 35

According to Vacquier et al.(.957, p. 674=675),
The conduction over the clay ......... affects the
concentration of the eXchangeable cation of the
double layer. ......... When the current is shut off,
the exchangeable ions slowly redistribute themselves
along the clay.
This redistribution of the ions give rise to induced
polarization. The membrane polarization is usually smaller
in magnitude then the metal-electrolyte interface polari-
zation, but may still be significant in many cases. In
the prospecting for metallic ores by the induced polari-
zation method, the membrane polarization may mask the
metal-electrolyte interface polarization, so that the
method is not practicable in some places where the metallic
ores occur in sedimentary rocks which exhibit membrane
polarization.
When a voltage is aprlied to a rock containing an
electrolyte, the liquid phase moves with the electric field.
- This motion is called electro-osmosis, and according to
Dakhnov (1952, p. 46),
When the current is interrupted, equilibrium will
be re-established through the formation of a stream-
ing potential. This streaming potential will be the
induced polarization which is measured for a par-
ticular rock.
According to Marshal and Madden (1959, p. 803) and Vacquier
et ale (1957, p. 676), the electro-osmotic effects are re-

latively unimportant in causing induced polarization.

i ‘
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Induced polarization in the core samples I have in-
vestigated is probably of the metal-electrolyte interface
type. A sample exhibiting this type of induced polarization
may be considered as containing in effect a large number
of condensers. Such a core could be represented by a cir-
cuit consisting of a resistor and a capacitor as shown in
FPigure 10. When the current is passing through the core,
the capacitor will be charged. When the current is inter-
rupted, the capacitor will discharge through the resistor.
The induced polarization potential is analogous to the
potential of a discharging capacitor. For a simple resis-
tor-capacitor circuit, the discharging voltage will Dbe

given by the equation
V = Vo o~ t/RC

where V is the instantaneous voltage,
? Vo is the voltage across the capacitor when the
capacitor starts to discharge at t = O,
t is the time,
R is the resistance, and

C is the capacitance.,

The discharge voltage is controlled by the parameters R
and C. The magnitude of the induced polarization is given

by the area under the voltage-decay curve and
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| fV at = vofe”’"‘/RC at

{ g/
§ The discharge current 1 = V, e t/RC, and hence
R
Jvat=Rr[1 at.
But }fidt:Q

where Q is the total charge on the capacitor, so that

jv dt = RQ

The magnitude of induced polarization will therefore be
proportional to RQ. If the magnitude of induced polari-
zation is divided by the potential drop across the core, the
resulting ratio is polarizability, which will be propor-
tional to RC, since Q/V, is the capacitance C.

For a core sample, the resistance will be that of the
core, the capacitance will be the interfacial capacitance
at the metal-electrolyte boundaries, and V, will be the
potential differencé across the core. We can extend our
proportional relation to resistivity and dielectric con=-
stant. Bulshevich (1956, p. 504) had shown in his paper,
that the polarizability is proportional to the product of

resistivity and dielectric constant. With this hypothesis
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of induced polarization, let us proceed to discuss the
different types of polarizability curves that are exhibited

by the cores when the water saturation is varied.

Types of Curves

There are three types of relationship between polari=-
zability and water saturation obtained on the core samples.
The observation of the different types of curves may be re-
lated to the differences in the properties of the core
samples. In the following sections discussions for each

type of curve are presented.

Type 1 Curves: All Bear Creek samples exhibited

this type of polarizability curve with variation of water
saturation. If polarizability is proportional to RC, as
assumed in the preceding sections, the polarizability
should increase due to increase of resistance of the core
when the water saturation is decreased. But a decrease of
polarizability was observed. Therefore the decrease of C
must be larger than the considerable ilncrease of R. Since
the metallic sulphide content is low and sparsely dissemi~
nated and since the porosity is low in these cores, removal
of any amount of water will reduce the surface areas of the
metal-electrolyte interfaces, and thus in turn reduce the

capacitance noticeably.

At 38 to 42% water saturation, the polarizability is

—
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zero. At this saturation all the water that was in contact
Wwith the sparsely disseminated metallic sulphides must
have been removed. Since there is no available metal-
electrolyte interface, the capacitance will be zero. It
was also noticed that the resistivity index increased with
a greater rate after about L7 to 54% water saturation,
indicating that the water remaining in the core must be in
diséontinuous globules (Licastro and Keller, 1952, p. 20),

The low value of polarizability exhibited by these
cores can be explained by the fact that these cores had
low porosity and low metallic sulphide content,

Type 11 Curves: The ma jor difference between the

type 1 and type 1l curves is that instead of the polari-
zability decreasing with decrease of water saturation, the
polarizablility increases to a maximum point at about 70 to
80% water saturation, and then from that point it decreases
with decrease of water saturation. The increase of magni-
tude of induced polarization appears to be due to the
longer time the voltage-decay curve takes to drop to zero
level, l.e. the time constant of the voltage-decay curve
increases with decrease of water saturation down to 70 to
50% water saturation.

It is interesting to note that a result similar to

type 11 curves was obtained by a Russian investigator,
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Rokityanskiy (1957, p. 222), in his laboratory investiga-

4

tion of induced polarization on sandstones containing

<x

small amounts of clay. He found that the induced polari-
zation increases with decrease in saturation to a certain

point, and then beyond that point the induced polarization

/‘?60"

decreases, Saturation is defined by Rokityanskiy as the
ratio of the weight of water contained in a partially or
fully saturated core to the weight of the same core when

it is dried. The behavior of induced. polarization with

-

saturation was explained in a later paper by Rokityanskiy
(1959, p. 1055). The induced polarization observed by
Rokityanskiy is caused by membrane polarization phenomenon.
The increase qf polarizability with decreasing water
saturation, shows that C must remain fairly constant or
decrease very slowly at high water saturations. This is
conceivable since the metallic sulphide content and poro-
sity of these core samples are much higher than that of the
preceding core samples, removal of some amount of water
will not noticeably decrease the surface areas of the
metal-electrolyte interfaces. The increase of polariza-
bility must be due to the increase of resistance with de~-
crease of water saturation, if the polarizability is pro-

portional to RC.

After the maximum point a decrease of polarizability
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is observed with decrease of water saturation. Below the
maximum point, removal of water from the core will effect
the available metal-slectrolyte Interfaces, and thus C
must be decreasing rapidly, as indicated by the decrease
of polarizability.

In this case since the cores contain more metallic
sulphide and have higher porosity than the preceding cores,
the surface areas of the avallable metal-electrolyte inter-
faces are not reduced appreciably until nearly all the
water in the core 1is removed as shown by the observation
of polarizability even at very low water saturations and
only when the core 1s dry does the polarizability become
zero. The higher intensity of the polarizability exhibit-
ed by these cores is due to the fact thét they contain
more metallic sulphide particles and have higher porosity,

Dakhnov (1952, pe. L6) had pointed out that when
pyrite 1is dispersed in carbonate rock, there will be both
metal—electrolyte interface polarization and membrane
polarization. No distinction could be made between the
two causes of polarization in the resulting induced polari-
zatlon that 1s observed. Membrane polarization in these
cores may influence the variation of polarizability with
decrease of water saturation. There is no literature on

induced polarization exhibited by limestones. Until more
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work is done on induced polarization exhibited by different
types of rocks, discussion of the effects of induced polari-
zation generated by membrane polarization phenomenon and
other causes in these cores is impossible.

Type 111 Curves: In this.case instead of polari-

zabllity decreasing to zero when the cores are completely
dry, it decreases to a minimum point at about 30 to 45%
water saturation, and then it increases with further re-
duction of the water content. The Climax samples that
exhibited this type of relationship contain veinlets of
pyrite about 1 to 2 mm thick parallel to the length of the
core.

Since the cores in this case exhibited variation of
polarizability with water saturation down to 30 to 45%
water saturation similar to those of type 11 curves, the
R and C in these cores must vary similarly to those of
the cores that exhibited type 11 curves above the minimum
point. On the basis of the assumption that polarizability
is proportional to RC, the relation between the observation
of high intensity of polarizability when the cores are dry,
and the parameters R and C, is not very clear. When the
cores are dry, there is only electronic conduction present

(i.e. due to the presence of veinlets of pyrite), and

therefore these cores should not exhibit induced polari-
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zation. A large number of this type of cores should be
investigated before we could confirm the observatibn of
this type of relation between the polarizability and water
saturation.

In this case the very high intensity of the polari-
zability observed at high water saturations, may be due to
the presence of veinlets in these cores and due to the

higher metallic sulphide content. Membrane polarization

may also influence the polarizability that was observed.

Ll
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SUMMARY AND CONCLUSIONS

An investigation of the effect of varying the wabtsr
saturation in core samples on the polarizability exhibited
by these cores was made. FPolarizability is the ratio of
induced polarization observed to the potential drop across
the core. The 10 cores that were studied show 3 types of
relationships between polarizabillity and water saturation,
designated as type 1, type 11, and type 111 curves, These
3 types of polarizability versus water-—saturation curves
were exhibited by 3 groups of cores with distinct differ-
ences in physical properties, and it is likely that the
above 3 types of curves are related to the physical prop-
erties of the cores.

Type 1 curves, exhibited by cores containing iron
pyrite with very small amounts of chalcopyrite sparsely
disseminated in tight porphyry rock,; show & decrease of
polarizability with decrease of water saturation. At 38

to 42 Y water saturation, the polarizability is zero.

Ls
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Type 11 curves, exhibited by cores containing iron
pyrite disseminated in porous limestone, show an increase
of polarlizability with decrease of water saturation down
to 70 or 80% water saturation, at which point the polari%
zability is maximum. Below thisiwater saturation, the
polarizability decreases with decrease of water saturation
and 1s zero only when the cores are dry,

Type 111 curves, exhibited by cores containing vein-
lets of iron pyrite parallel to the length of core embedded
in porous limestone, show a similar increase of polari-
zability with decrease of water saturation, and a maximum
value at 70 to 80% water saturation. Below this satura-
tion, the polarizability decreases as in the type 1l
curves, but reaches a minimum at 30 to 5% water satura-
tion. Below this water saturationg the polarizability
increases with further decrease of water saturation. When
these cores are dry the polarizability is very high; in
some cases exceeding the previous maximum.

An atvempt 1is made to relate polarizability with the
product of resistance and capacitance of the core, by
representing the core with a simple resistor-capacitor
clrcuit. The variation of polarizability with decrease

of water saturation cannot be fully reconciled with this

simple model.
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Additional investigations were made on induced polari-
zation exhibited by these 10 cores with the variation of
charging current and excitetion time. The induced polari-
zation increases linearly with the increase of current.
Polarizability, which is expected to be constant with the
variation of current, shows a slight increase with the
increase of current. Polarizability versus excitation
time plotted on & logarithmic coordinate shows a linear
relationship. This linearity is falrly consistent for a
core, even when the water saturation of that core is
changed.

It is recognized that too few cores were examined to
draw more than tentative conclusions; however, such con-
clusions are of interest,

If‘type 1 curves are typically representative of
samples in which metalllc sulphide 1s disseminated in
porphyry rock, then it 1is impossible to‘use I.P, method
for detecting porphyry metallic sulphidé debbSits in dry
regions, where the mineral deposits are likély to occur
above the water table, If type 11 and type 1li'curves
are typically representative of porous limestones contain-
ing metallic sulphides disseminated or as veinlets, then

the I.P. method will be applicable in arid and semiarid

regions where these mineral deposits may be‘eXpected to
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occur above the water table.




T-899

BIBLTIOGRAPHY

Archie, G. E., 1958, The electrical resistivity log as an
ald in determining some reservoir characteristics,
in Petroleur Trans. Repr. Ser., no. 1, Well Logging,
AIME, p. 50-54.

Baldwin, R. W., 1959, A decade of development in over-
voltage surveying: Mining Engineering, v. 11, no. 3,
p o 307_3]-[4'0

Bleil, D. F., 1953, Induced polarization - A method of
ggophysical prospecting: Geophysiecs, v. 18, p. 636-
1.

Brant, A. A., and Gilbert, E. A.,, 1952, Geophysical ex~-
ploration: U, S. Patent 2,611,004, September 16,

Bulashevich, U. P., 1956, Computed field of induced polari-
zation for ore particles of spherical shape (in
Russian): Izvestia Akadamia Nauk SSSR, Seria
Geofizicheskaya, no. 5, p. 504=-512.

Dakhnev, V. N., Latishova, M. G., and Hyapolov, V. A.,
© 1952, Well logging by means of induced polarization
(in Russian): Promislovaya Geofizika, p. L46-82,

Dole, M., 1935, Principles of experimental and Theorectical
electrochemistry: McGraw Hill Book Co. Inc., New
York, p. 481-486,

Henkel, J. H., and Van Nostrand, R. G., 1957, ZExperiments
in induced polarization: Mining Engineering, v. 9,
no. 3, p. 355=359.

L9




T-899 50

Keller, G. V., and Licastro, P. H., 1957, Dielectric
constant and electric resistivity of natural state
cores: U. S. Geol Survey Bul. 1052 - H.

Licastro, P. H., and Keller, G. V., 1952, Resistivity
measurements as a criteria for determining fluid
distribution in the Bradford sand: Producers Monthly
v. 17, no. 7, p. 17-23.

Marshall, D. J., and Madden, T. R., 1959, Induced polari-
zation, A study of its causes: Geophysics, v. 24,
no. 4, p. 790-816,

McPhar Geophsics Limited, The uses of induced polarization
in mining exploration: A pamplet published by the
company, Bond Avenue, Don Mills, Ontario, Canada.

Rokityanskiy, I. I., 1957, Laboratory investigation of
induced polarization in sedimentary rocks (in
Russian): Akad. Nauk SSSR Izv. Ser. Geofiz., no. 2
p. 217-227.

, 1959, Character of induced polari-
zation in rocks with ionie conductivity (in Russian):
Akgdo Nauk SSSR Izv. Ser, Geofiz., no. 7, p. 1055~
1060.

Schlumberger, C., 1930, Etude sur la prospection
Electrique du sous=-so 1l: Paris Gauthier-Villars.

Semenov, A., Fersthev, M., and Maltshevsky, W., 1939,
Concerning the applicability of induced polarization
to geophysical prospecting (in Russian): Tsentralnii
Nauchno dzl Geologo Razvadocjnovi Instis., Geofizikz,
no. 8, p. 76-84.

Soroka, W. W., 1954, Analog methods in computations and
simulation: McGraw-Hill Book Co. Inc., New York,

p o 75"800

Vacquier, V., Holmes, C. R., Kintzinger, P. R., and Lavergne,
M., 1957, Prospecting for ground water by induced
electrical polarization: Geophysies, v. 22, no. 3,

p. 660-687,




T-899

APPENDIX

EXPERIMENTAL DATA




A-1

TIN 6°2T 0°L2 8°¢€¢ £°26 0°6L2 0°09

TTN T° 1T T°€2 g1y ¢° gL 0°o%e 0° 0%

TN 9°g 0°LT [ANAS 9 0°LLT 0°02

1IN 62°9 0°€T ¢° 12 0°6% 0°6¢€T 0°0T

TN G°¢ ¢°8 6°¢1 0° 8¢ 0°L8 0°¢

TIN Y 1°9 1°21 0°Le 0° 9L 0°¢

TN geog AN 9°9 0°Te €°LL 0°T
1T0A/SPUCOOS=-4TCATTTTW UT A9T1TT1qBZTIBIOd SpuUcCYeg UT 9UWTL]

Xopul
ot % w602 LT meet AR T LyTATSTS0Y
U0T9BINY BS
%o TH 49° LY %8°95 | %179 W 9L %001 103EM

T-899

°S8WT] UOT3BITOXS JO SOTJes B JOJ UOT1RINGES Jo3BM JO UOTQ0UNJ B €8 AqT[TIqBZ
~1aeTod ‘uorgeJIngES I838BM JO UOTQ0UNJ B $B ¥opuUT A9TATISISOI ‘suUCTIBINGBS Joqem
JO sooJdep snoTJIBA JOJ OUWTYG UCTLBITOX® JO UOoT3oung ®8 se Aq1TIqBZTIIRTC0d ICI ®BlR(Q

Q0¢T H eoTdweS ¥esd) awed




T-899

¢°11 0°081 09

8°6 0°0¢T 0%
TIN €€ 9T 7°8 9°68 oc¢
TIN 1°¢ 18°¢ 0°L 6°0¢ 0T
TN 9°T c9°e T°G Y g
TIN 8°0 ¢g9°e G £°0e €
TIN 7°0 f0°z o9f° ¢ TL°6 T

4T0A/SPU00OS-3TOATTTIW UT £9TTTqBZTIBTO4 | Spuooeg UL ewl]

Xopul

o€ 9L°T Ge° T YA I , KqTAT)STSSY
. UOT1RBINIBS
%G 2h %G° LG %€ ° 89 %0° 8L %00T Iegepm

*SOWTY UOTQIBLTOX® JO SOTJI9S ® J0J UVOT1BINIBS JI99BM JO UOTL0UNZ ®B s L4ITIqeZ
~txeTod ‘UOTqEINgBS JI99BM JO UOTLOUNJ B s Xopul AQTATISTSOI ‘SUOTIBINGBS IP1BM
Jo seaJFep SNOTJIBA JOJ OWIY UWCT1BLTOXe JO UOILoUnI B B A3T1TIqezZTIBTOd JI0J RBYRB(

08¢T I oTdweg 3oaJ) Jveg




T-899

6° 19 09
0°Y o%
1IN f1ee 12°9 0€°g 0°92 (014
TN 1°2 ST°9 08°4 0°2e 0T
TIN 6°1 e 08°9 GT° 4T S
TIN 8°T 06°¢ ¢1°¢ T°2t €
TIN a1 09°¢ e g ¢6°9 T
1T0A/SPUOSES=-4TOATTTITIW UT £9T7TTqBZIIBTIOg Spuooeg Ul eWIL
Xepul
e 16°1 69T 2e°T T £9TATYSTSOY
T0T1BINY,BY
%G ° 8€ % e 6m %29 %0° €L %00T Jeqep

°SOUT] UCTQBYTOX® JC $9TJeS B J0J UCT1BINIBS J89BM JO UOTL0UNJ B sB A3IIIqBZ
-1TaeTod ‘UCT1BINGEBS J89BM JO TUOT10UNJ B SB XODPUT LQTATISISSJ ‘SUOTIBINGBS JIOIBM
JO seeJd¥ep SNOTIBA JICJ OWTY UOTIRITOXe Jo uwolgoung B se Lq1TrqeziLerod J0J Bye(

969T I aTduegS 3804l Jesg




T-899

gome 7°9L 09
TN T°€2 T°€L oY
TN ¢s°T 1°¢ 12°9 feze 9° L9 oc
TIN 09°1 0°¢ T6°¢ 9°1¢ ¢8° 49 0T
T et 6°T 6T ¢ G 6T G €9 4
TN 0€°T 8°1 LA 6° g1 L°29 €
TN TANE L°T ghee 8° 9T 7°9¢ T
1T0A/SPUC0®S-4TOATTTTW UT £3TTTqBZIIBTOd | SPUCDES UT SWTL
Xopul
L8°€ LLcT 60°T 90°T G0°T T £qTATYSTSOY
| uoTqeINGBg
%G ° 0N %G ° LY %0° %4 9%T° 29 %8° 1L %00T I89%8M

*geWT) UOTJBQTOX® JO SOTJIS8S B JOJ UCTIBINGBS JI89BM JO UOT30UNJ B se £37TIqBZ
-1aeTod ‘woTqBINGBS JI9JBM JO UCTOUNJ B SB XopUT L4TAT}STsSe ‘sSUOTIBINGBS JI93BM
JO seedFep SNOTJIBA JOJ WY UCT3BYTOXe Jo uolgoung e se £9T1TTqezTIeTod J0g ®BIBQ

86T & oTduef Neead Jeegd




T-899

0°¢€L2 09
2°092 oY
TIN 29°T | 0°GL | 0°6GE€T | o0°6%e | 0°81€ | H°gge | g°1¢€2 02
TN 99°T | 0°0G¢ | 0°86 0°49T | 0°2€2 | %°9zz | 2°991 0T
TIN To°z | €2 | €°2L 0°2TT | 0°09T | S°T9T | €°%6 g
TIN G9°T | 2°T€ | L°6% 8°L8 8°CTT | 2°90T | %°¢9 ¢
TN g€ T | 9°€2 | Tre¢ 2°e9 9°€8 0°09 G°¢g T
SpuooNag Ul
1T0A/SPUCOSES=3TOATTTTW UT £9TTTQRZTIRTO] BUWT]
U0T4B1TOXE
Xepul
0°99T 6°2T | 26°T 8C°T 82°T neeT €T°T T £9TATySTS0Y
£1d pe uoTqeINgBS
98Oy USAQ |%T°L |°LZ | %6°TH | #0°6G | %2 2l | %5°48 %00T I898M

°SeWT] UOTQBQTOXO JO S8TJ9S B JI0J UOT1BINGEBS JO9BM JO UOTL0UNJ B £8 A9T[IQRZ
-1IeTod ‘UOTQBINGEBS JB3EM JO UOTL0UNI B Se XopuTl A9TATISTISOI ‘SUOTIBINGBS JI69BM
JO S88aF9p SNOTJIBA JOJ OWTI] UOTABATOX® JO uUoTqoung v se £q1T11TqezIiIerod JI0J BlR(Q

T°0 eTdweg XBUIT)




A-6

T-899

1°249T c°02CT 09
8°ENT 9°86 oY
TN T°22 1°06 0°¢€62 0°022 1° L6 €°L9 0¢
TN 2°8T1 Ge°L9 0°04T 0°0¢T ¢°SL §°0¢9 0T
TN G°LT €°8% G°L9 $°89 L° 6N €°LE g
TIN L°8 9°¢e 0°0¢% €67 9° €W 9° G2 €
TIN 1°¢ 6T L°92 G° 62 9¢° 92 Ge°9T T
Spuoosg UT
1T0A/SPUCOSS-9TOATTTTW UT £3TTTQeZTIBTIO OUWTL
UOT3BlTOXH
XopuTl
1°21T A AR 1M1 9T°1 IT°1 80°T T £9TAT9STS0Y
£xq pe ToTqBINGES
~180Y UBAQ %0°TT %0° G2 %Y ° 8% %5 ° 89 %G ° 88 %00T I098M

°SOUWTY] UOT1BLTOX® JO SOTI6S B JOJ UOTIBJINGBS J01BM JO UOIQ0UNJ B $8 A1T[IqBZ
-taeT1od ‘UOT3BINGEBS JI99BM JO UOTL0UNJ B SB XOpUT L9TAILSTSed ‘SUOTQBINGBE JO9BM
Jo seeaBep snolaeA JOJ SWIY UCT3BITOX® JO ucIyouny ' s® Lq9TTiqeziaerod JoJ ByeQ

GT°0 STdwes Xewr1D




A-7

T-899

0°2983 09
0°8LE oY
TIN 9°TY e | 0°LLZ 0°89% 0°6$9 0°40¢ 02
TIN f1°9¢ 9°6T | 0°TST 0°642 0°02% 0°6€2 0T
TIN L°8T1 2°6T | 0°22T gezee G M6z ¢°902 g
TIN 1°2T 0°€T | 0°L6 G°21T 0°T8T 0°2WT €
TIN 6° L 0°IT | 0°¢¢ 1° T4 0°8¢€1 0°€TT T
spucoeg UT
1T0A/SPUCO0S-4TOATTTTH UT £9FTTqBZIIBIOL WY
UOT3BATOXH
xXepul
0°¢€ET G6°¢ AR AR L0°T €0°T T £9TATQSTSOY
£xqg uoTiBINgBG
pegeey USAQ | %€Z°TT | %5°€2 | %0°LE %G°2G %0° T8 %00T Jo98M

"S9UT] UOT3IBITOX® JO SOTJISS B JO0J WOTIBINGBS JI89BM JO TWOT30UNJ B £B A4TTIqEZ
-TaeTod ‘uoT3BANGBS J99BM JO UOTI0UNJ B SB XODPUT £1TAT)STSOI ‘SUOTIBINGBS Jo1BM
JO s90J38p SNOTJIeA JOJ OWTJ UCTIBITOX® JO UOTLOUNJI B SB £a11T9BZTaRTOod I0J BYRBRQ

9T°0C °TdWBS XBWITD)




T-899

00€€T| 0956 | 00%L | 002G | 0L%9| 0648 | 0OTHT | 0026 | 0080T | 0$0L 02
OTT6 | OWE9| 06GLSG | 09€E| 0S6€| 0529 | 0564 | OW69| 08TL | OLLS 01
0285 | 089€| oTeW| o%ze| $S6T| 0GTE | 0095 | 0S0W| 0629 | 0L%E g
SpUcCoOeg UT
3T0A/SPUCOSS-4TOATTTTW UT £3TTTqBZTIBTOd QUTL
UOT484TOXE
r Xopul
g2 | MG T |WE°T |26°T |82°T |%S°T | 6T°T |6T°T | 80°T T £47aT98T80Y
uoljeangyeg
£xQ [ 48°6T|%0°LZ| ST 9C |40 €S| %5°29 | %$9°8L[%5° 98| 6| %00T Te9EM

°SOWT] UOT}BLIOXe JO SolJes B JOJ UOT]BINGES J99BM JO UOTL0UNJ B s £1TT14BZ
~taetod ‘uUoTqBINgES JI83BM JO UOTAO0UNJ B SB XOpuUT AL1TATISTSeI ‘SUOCTIFBINGRBS Jolem
JO seeJfep SNOTJIBA JOJ 9WTQ UOTQBITOXe JC uolqoung B se Lq1T1gqBzTIeTod J0I ®BiRQ

£1°0 oTdwes XewlT)d




T-899

00T6 0zsh 09L2 8TLZ 009¢ 06€¢€ 09TE 0862 02
098¢ 0ENe 069T ArAN 061 0LLT 0891 G291 0T
0822 09T 0€8 619 2€6 068 018 L89 g
sSpuCoag UT
1T0A/SPUCO®OS=-3TOATTTTIW UT £3TTTqRZTIBTOd ouT],
UOT9B}TOXE
Xapul
01°2 18°T 62° T 91°T 21°1 UIANS 60°T 1 £9TATYSTSOY
uoTqBaINgBG
£xq ggeze | %9°0€ | %6°6M | 419 | %5°0L A %00T I998BM

*geWT] UOT]B]TOXe JO SeTJes B JOJ UOT3BINGBS JI6qeM JO UOT}oUNJ B Se ATTIqRZ
-tae1od ‘UOT9BINIBS JI69BM JO UOTJOUNJ B SB XopUT A3TAT}STSOd ‘SUOTFBINGES JI81BM
JO seedPep SNOTIBA JOJ 9WIQ UOTJBLTIOXS JO uwoljoung ® se L3TTTqeZTIRIod J0J ®18B(Q

8T°0 eTdwBg XBWIT)




A-10

T-899

[ 0°8L6T 09
0°229T oY
092 | 99T | 296T| TSHT| 08TT | 0€OT | 0°020T| 0°002T| 0°06TT 02
02TZ | GLOT | OTTZ| 186 | LZL GOOT | 0°6€L | 0°296 | 0°MLS 0T
0L%T | 099 | o€oT| LTS | T2¢ 029 | 0°86S | 0°8€Y | 07689 4
G6ET | 8 | ozoT| TN | TbE 019 | 0°%gh | 0°90% | 0°0L™ €
0¢L | 192 | 699 | €£9 | 9¢t¢E zo% | 0°902 | 0°26T | 0°L9T T
Spuooeg UL
1T0A/SpPUCOES=4TOATTTTW UT £9TTTQBZTIBTOL SWTL
UOT3BITOXH]
‘ xopul
6L°¢ | 08°T|66°T |66°T [o%°T | 8¢°T T€°T LO°T T £4TAT9STSaY
Kxd
pe UOT3BINYGBS
-qB0Y UAQ | %5°8 |$6°9T|40°2E|40°2G | ®°09 | %2 9L| %2°88 %00T I938M
*gomwTy UCTQBLTOXS JO $8TJeSs B J0J UOT3BINGES J848M JO UOTj3OUNJ B S8 hnﬂﬁﬁnam
-taeTod ‘U0T9BANGBS JI83BM - JO UCTIO0UNJ B SB XODPUT £9TATSTSHT ‘SUCTYRINGBS Jo1eM

JO S00J8ep SNOTJIEA I0J SWIG UOT1BLTOX® JC UOT3oung B sB £4TTTQEZT

02°0 °oTdweg XBWIT)

IeTod a0l ®ae(




