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PHOENIX GEOPHYSICS LIMITED

NOTES ON THE THEORY, METHOD OF FIELD OPERATION,
AND PRESENTATION OF DATA

FOR THE INDUCED POLARIZATION METHOD

Induced Pblarization as a geophysical measurement refers
to the blocking action or polarization of metallic or electronic
conductors in a medium of ionic sclution conduction.

This electro-chemical phenomenon occurs wherever
electrical current is passed through an area which contains metallic
minerals such as base metal sulphides. Normally, when current is
passed through the ground, as in resistivity measurements, all of the
coﬁduction takes place through ions present in the water content of the
rock, or soil, i.e. by ionie conduction. This is because almost all
minerals have a much higher specific resistivity than ground water,
The group of minerals commonly described as "metallic', however,
have specific resistivities mucﬁ lower than ground waters. The
induced polarization effect takes place at those interfaces where the
mode of conduction changes from ionic in the solutions filling the

interstices of the rock to-electronic in the metallic minerals present



in the rock.

The blocking action or induced polarization mentioned
above, which depends uvpon the chemical energies necessary to allow
the ions to give up or receive electrons from the metallic surface,
increases with the time that a d.c. current is allowed to flow through
the rock; f1.e. as ions pile up against the metallic interface the
resistance to current flow increases. Eventually, there is enough
polarization in the form of excess ions at the in?erfaces, to appreciably
reduce the amount of current flow through the metallic particle. This
polarization takes place at each of the infinite number of solution-metal
interfaces in a mineralized rock.

When the d.c. voltage used to create this d.c. current
flow is cut off, the Coulomb forces between the charged ions forming
the polarization cause them to return to their normal position. This
movement of charge creates a small current flow which can be
measured on the surface of the ground as a decaying potential difference,

From an alternate viewpeint it can be seen that if the
direction of the current through the system is reversed repeatedly
before the polarization occurs, the effective resistivity of the system
as a whole will change as the frequency of the switching is changed.
This is a consequence of the fact that the amount of current flowing
through each metallic interface depends upon the length of time that

current has been passing through it in one direction.



The values of the per cent frequency effect or F.E, are
a measurement of the polarization in the rock mass. However, since
the measurement of the degree of polarization is related to the apparent
resistivity of the rock mass it is found that the metal factor values or
M.F. are the most useful values in determining the amount of
polarization present in the rock mass. The MF values are obtained by
normalizing the F.E. values for varying resistivities.

The induced polarization measurement is‘perhaps the most
powerful geophysical method for the direct detection of metallic
sulphide mineralization, even when this mineralization is of very
low concentration. The lower limit of volume per cent sulphide
neceséary to produce a recognizable IP anomaly will vary with the
geometry and geologic ernvironment of the source, and the method of
executing the survey. However, sulphide mineralization of less than
one per cent by volume has been detected by the IP method under
proper geclogical conditions.

The greatest application of the IP method has been in the
search for disseminated metallic sulphides of less than 20% by volume.
However, it has also been used successfully in the search for massive
sulphides in situations where, due to source geometry, depth of source,
or low resistivity of surface 1ajer, the EM method cannot be successfully
applied. The ability to differentiate ionic conductors, such as water

filled shear zones, makes the IP method a useful tool in checking EM



anomalies which are suspected of being due to these causes.

In normal field applications the IP method does not
differentiate between the economically important metallic minerals
such as chalcopyrite, chalcocite, molybdenite, galena, etc., and the
other metallic minerals such as pyrite. The induced polarization effect
is due to the total of all electronic conducting minerals in the rock mass.
Other electronic corducting materials which can produce an IP response
are magnetite, pyrolusite, graphite, and some forms of hematite,

In the field procedure, measurements on the surface are
made in a way that allows the effects of lateral changes in the properties
of the ground to be separated from the effects of vertical changes in the
propérties. Current is applied to the ground at two points in distance
(X) apart. The potentials are measured at two points (X) feet
apart, in line with the current electrodes is an integer number (n) times
the basic distance (X}.

The measurements are made along a surﬁeyed line, with
a constant distance (nX) betwen the nearest current and potential
electrodes. In most surveys, several traverses are made with various
values of (n); i.e. () = 1,2,3,4, etc. The kind of survey required
(detailed or reconnaissance) decides the number of values of (n) used.

In plotting the results, the values of apparent resistivity,

apparent per cent frequency effect, and the apparent metal factor



measured for each set of electrode positions are plotted at the
intersection of grid lines, one from the center point of the current
electrodes and the other from the center point of the potential electrodes.
(See Figure A.) The resistivity values are plotted at the top of the data
profile, above the metal factor values. On a third line, below the metal
factor values, are plotted the values of the percent frequency effect. The
lateral displacement of a given value is determined by the location along
the survey line of the center point between the current and potential
electrodes. The distance of the value from the line is determined by the
distance (nX) between the current and potential electrodes when the
measﬁrement was made.

The separation between sender and receiver electrodes is
only one factor which détermines the depth to which the ground is being
sampled in any particular measurement. The plots then, when contoured,
are not section maps of.the electrical properties of the ground under
the survey line. The interpretation of the results from any given survey
must be carried out using the combined experience gained from field
results, model study results and the theoretical investigations. The
position of the electrodes when anomalous values are measured is
jmportant in the interpretation.

In the field procedure, the interval over which the potential
differences are measured is the same as the interval over which the

electrodes are moved after a series of potential readings has been made.



One of the advantages of the induced polarization method is that the

same equipment can be used for both detailed and reconnaissance surveys
merely by changing the distance (X) over which the electrodes are moved
each time. In the past, intervals have been used ranging from 25 feet

to 2000 feet for (X). In each case, the decision as to the distance (X)
and the values of (n) to be used is largely determined by the expected
size of the mineral‘deposit being sought, the size of the expected anomaly
and the speed with which it is desired to progress.

The diagram in Figure A demonstrates the method used
in plotting the results. Each value of the apparent resistivity, apparent
meta; factor, and apparent per cent frequency effect is plotted and :
identified by the position of the four electrodes when the measurement
was made. It can be seén that the values measured for the larger values
of {n) are plotted farther from the.line,indicatiné'that the thickness of
the layer of the earth ﬁhat is being tested is greater than for the smaller
values of (n); i.e. the depth of the measurement is increased.

The IP measurement is basically obtained by measuring the
difference in potential or voltage (AV )obtained at two operating
frequencies. The voltage is the product of the current through the ground
and the apparent resistivity of the ground. Therefore in field situations
where the current is very low due to poor electrode contact, or the
apparent resistivity is very low, or a combination of the two effects; the
value of (AV) the change in potential will be too small to be measurable.

The symbol "TL" on the data plots indicates this situationm.



In some situations spurious noise, either man made or natural,
will render it impossible to obtain a reading. The symbol "N" on the
data plots indicates a station at which it is too noisy to record a reading.
If a reading can be obtained, but for reasons of noise there is some doubt
as to its accuracy, the reading is bracketed in the data plot ( ).

In certain situations negative values of Apparent Frequency
Effect are recorded. This may be due to the geologic environment or
spurious electrical effects. The actual negative frequency effect value
recorded is indicated on the data plot, however, the symbol "NEG" is
indicated for the corresponding value of Apparent Metal Factor. In
contouring negative values the contour lines are indicated to the neérest
positive value in the immediate vicinity of the negative value.

The symbol "ﬁR" indicates that for some reason the operator
did not attempt to record a reading althoggh normal survey procedures
would suggest that one ﬁés'required..'ThiS may be due to inaccessible
topography or other similar reasons. Any symbol other than those

discussed above is unique to a particular situation and is described within

the body of the report.

PHOENTX GEOPHYSICS LIMITED.
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PHOENIX GEOPHYSICS LIMITED

REPORT ON THE
INDUCED POLARIZATION
AND RESISTIVITY SURVEY
ON THE
CHATAWAY LAKE PROPERTY
HIGHLAND VALLEY AREA, 921/7W
KAMLOOPS AND NICOLA MINING DIVISIONS B.C.
FOR

LAWRENCE MINING CORPORATION LTD.

1. INTRODUCTION

An Induced Polarization and Resistivity survey has been carried out
on the Chataway Lake Property for Lawrence Mining Corporation Ltd. The
Property is located about 20 miles north of Merritt in the Kamloops and
Nicola Mining Divisions, Province of British Celumbia. The center of the
claims is positioned at about 50021' north latitude and 120°56' west lengitude.
Vehicle access to the Chataway Lake area is available from Merritt up
the Craigmont Mine road, from the Merritt-Spences Bridge highway up Skukun

Creek, or via the Highmont Mine from the Highland Valley.
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The object of this survey was to explore for typical Highland Valley
disseminated copper-molybdenum deposits. The current survey was designed
to look deeper than previcus surveys by using relatively large 200 meter
electrode intervals, the dipole-dipole electrode array, and the expanding
dipole technique to four"N" spacings.

The survey was carried out under the supervision of Party Chief
Maurice Parent. His certificate of qualification is appended to this
report.

TField work took place during the period June 10 - August 8, 1979. A
Phoenix Geophysics Model IPV-2 Phase domain IP system was used for the

survey. The IP effect was measured as milliradians of phase shift at 0.31 Hz,

2, DESCRIPTION OF CLATIMS

The Chataway Property of Lawrence Mining Corporation Ltd., consists of

the following mining claims.

CLATM NAME LOCATION DATE
LEM 4 Nov. 10, 1978
LEM 5 Nov. 10, 1978
NOVA 1 Nov. 9, 1978
NOVA 2 Nov. 9, 1978
NOVA 3 Nov., 10, 1978
NOVA & Nov. 9, 1978
NOVA 5 Nov. 9, 1978
NOVA 6 Nov. 6, 1978
QUASAR 1
QUASAR 2
QUASAR 3
QUASAR 4

MADELANE




Figure #1 illustrates the relative location of the survey grid to

the claims.

3. PRESENTATION OF RESULTS

The Induced Polarization and Resistivity results are shown on the

following enclosed data plots.

described in the notes preceding this report.

Line No.

Electrode Interval

The results are plotted in the manner
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IP DOMAIN

(P) Phase, (F) Frequency Dwg. No.
P IP 5166-1
F IP 5166-2
P IP 5166-3
F IP 5166-4
F; IP 5166-5
P IP 5166-6
P IP 5166-7
P IP 5166-8
P IP . 5166-9
P IP 5166-10
P IP 5166-11
P IP 5166-12
F IP 5166-13
P IP 5166-14
F IP 5166-15
P IP 5166-16
F IP 5166-17



_ IP DOMAIN

Line No. Electrode Interval {P) Phase, (F} Frequency Dwg. No.

8000N 200 Meters P IP 5166-18
8000N 200 Meters F IP 5166-19
8100N 200 Meters P IP 5166-20
8200N 200 Meters P IP 5166-21
8300N 200 Meters P IP 5166-22
8400N 200 Meters P IP 5166-23
8500N 200 Meters P IP 5166-24
8600N 200 Meters P IP 5166-25
8700N 200 Meters p IP 5166-26
8800N 200 Meters P IP 5166-27
8900% 200 Meters P IP 5166-28
9000¥ - 200 Meters P IP 5166-29
92008 200 Meters P IP 5166-30
9300N 200 Meters P IP 5166-31
9400N 200 Meters P IP 5166-32
9500N 200 Meters P IP 5166-33
96008 200 Meters P IP 5166-34

Also enclosed with this report is Dwg. I.P.P. 4058, a plan map of the
Chataway Lake Grid at a scale of 1:5000. The definite, probable and possible
Induced Polarization anomalies are indicated by bars, in the manner shown
on the legend, on this plan map as well as on the data plots. These bars
represent the surface projection of the anomalous zones as interpreted from
the location of the transmitter and receiver electrodes when the anomalous

values were measured.



Since the induced polarization measurement is essentially an averaging
process, as are all potential methods, it is frequently difficult to exactly
pinpoint the source of an anomaly. Certainly, no anomaly can be located with
more accuracy than-the electrode interval length; i.e. when using 200 Meter
electrode intervals the position of a narrow sulphide body can only be
determined to lie between two stations 200 Meters apart. In order to
definitely locate, and fully evaluate, a narrow, shallow source it is neces-
sary to use shorter electrode intervals. In order to locate sources at some
depth, larger electrodé intervals must be used, with a correéponding increase
in the uncertainties of location. Therefofe, while the centre of the
indicated anomaly probably corresponds fairly well with source, the length
of the indicated anomaly along the line should not be taken to represent the
exact edges of the anomalous material.

Tﬂe €laims and Grid information shown on Dwg. I.P.P.4058 has been taken

from maps made available by the staff of Lawrence Mining Corporation Ltd.

4, DESCRIPTION OF GEOLOGY

The Chataway Lake property is underlain by the Bethsaida, Skeena,
Bethlehem and Chataway phases of the Guichon Creek batholith. The batholith
is believed to be of Upper Triassic age. The geology of the batholith is
discussed in detail by W.J, McMillan, CIM Special Volume #15. These intrusive
rocks are host to an important copper-molybdenum province which includes
two producing mines, one under development,.and several potential producers.

The Bethsaida phase is the youngest intrusive, forms the core of the
batholith, and is primarily granodiorite to quartz monzonite. It underlies
the west portion of the survey grid. The Skeena granodiorite lies immediately

east and occupies the central grid area. The Chataway phase is the oldest



intrusive underlying the property. This phase is composed of granodiorite
to quartz diorite and underlies the area of the claims east of the Skeena.
Contact zones between the phases are considered primary target areas
for better grade copper-molybdenum. The nature of the host is important with
the more siliceous rocks hosting the best grade orebodies. The Bethsaida
is generally the most siliceous followed by the Skeena. Dykes of the
Bethsaida phase intrude Skeena and probably the Chataway.
Overburden is consistent with considerable local outcrop areas. The
overburden thickness is deepest under the west section of the grid where

depths of 25 Meters to more than 125 Meters have been reported.

5. THE PHASE IP MEASUREMENT

In the past, the induced polarization measurement has been made in
either the frequency domain (variable frequency measurement) or in the time
domain (pulse-transit measurement). Geophysicists have know for some time
that equivalent measurements could be made in'the phase domain (phase-shift
measurements). The equivalence of the three measurement techniques is
outlined on pages 588 to 592 of the enclosed technical paper.

Recent research has shown that the shape of the phase vs. frequency
curve for any mineralized zone is directly dependent upon the texture of
the mineralization as well as the total concentration of metallic minerali-
zation present. Therefore, such factors as grain-size, continuity, and
metallic mineral concentration will all influence the parameters in the
Cole-Cole dispersion equation that best describe the effects measured from
any given zone of mineralization.

The time constant (T) of the disperion. is closely controlled by the

grain-size of the polarizable particles. With the total concentrations




much the same, the time-constant (T) needed to describe the IP effect
from veinlet sulphide mineralization, will be 10+2 to 10+4 times greater
than for disseminated sulphide mineralization.

The frequency exponent (c) for the dispersion seems to be influenced
by the number of grain-size populations that are present within the
mineralized zone. 1If all the polarizing mineralization present has much
the same grain-size (either veinlet [}arge] or disseminated [?mall] ) the
value (c¢) will be near the theoretical value for an ideal Warburg
Impedance {(i.e. ¢ = 0.3 to 0.5 [ideal] Y. If two very different grain-
sizes are present (say both veinlet and disseminated mineralization) the
value for (¢) will be lower, in the range from c¢ = 0.125 to ¢ = 0.30.

The enclosed theoretic curves on Figure A show how variations in the
value of (c¢) will alter the phase vs. frequency curve. Similarly changeé
would gake place in the equivalent frequency domain and time domain curves
shown in Figure 1 of the enclosed technical paper. The interpretion of
all of these complex relationships is such that there is no constant,
predictable ratio between the various parameters that can be measured in an
IP survey.

If the physical characteristics of a given zone of metallic minerali-
zation are relatively constant, then some relationships between the wvarious
parameters can be measured. However, it must be kept in mind that such
other phenomenon as inductive coupling will also affect the various types
of IP measurements differently. The phase measurements with X = 200 Meters
and 0.31 Hz will not be distorted by inductive coupling in the resistivity
environment encountered in Highland Valley.

However, the variable frequency IP measurements at 0.31 Hz and 5.0 Hz

will be distorted slightly due to very small inductive effects at 5.0 Hz.
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In the resistivity environments of the Highland Valley, they may amount

to 0.5% to 0.6% distortions in the frequency effect measured.

6. DISCUSSION OF RESULTS

The copper-molybdenum bearing sulphide deposits of Highland Valley,

B.C. are characterized by a low total metallic sulphide content. Therefore,
the electrical parameters of the sulphide zone will not be much different
from those in the surrounding intrusive rocks.

This is certainly true at Brenda and at Lornex. .There may be some
fracturing and/or alteration in the counﬁry rocks. These may increase
the porosity slightly and reduce the resistivity accordingly; however, in
general there is little, or mo, reflection of the sparse mineralization
in the resistivity data.

The true IP effects from the weakly disseminated sulphide mineralization
within the ore zones are very low iﬁ magnitude. In some situations they
can be interpreted as being anomalous only because the IP effects in the
country rocks are extremely low in magnitude. If the mineralization is
shallow, the anomalous effects will be measured for short electrode intervals
and the edges will be fairly distinct.

At the Highland Valley Property of Lawrence Mining, the surface has been
thoroughly prospected. Therefore, the phase induced polarization and
resistivity survey has been completed with X = 200 Meters; n = 1,2,3,4 to
give a depth of detection of 200 Meters, or more. Due to the expected low
true IP effect in the source, and the possible depths to the top of the
source, the apparent IP effects measured at the surface would be expected
to be quite small. The Phoenix IPV-2, Prospecting Phase IP system was

used for the survey. Although beyond the experimental stage, this system is



still quite new; however, it does have the potential of being more
sensitive than other IP methods.

With the IPV-2, weak to very weak IP anomalies have been detected,
mostly at depth, on all cof the lines surveyed. The anomalies cccur in all
phases (Bethsaida, Skeena and Chataway) of the intrusive. The weakly
anomalous IP effects measured occur in zones of moderate resistivity; this
is similar to the situation at known sulphide deposits in Highland Valley.

The broad, weak anomalies located by the reconnaissance survey may be
loosely correlated into three zones. Zone IA straddles the Base Line from
about Line 8100N to Line 9600N (and perhaps beyond); it lies within the
Chataway phase of the intrusive. Zone IB lies largely west of the Base Line
from south of Line 6780N to about Line 8000N. Zone 1B lies along the western
contact of the Chataway phase. Zone II lies to the west of Zone IB from
about ﬁine 6900N to Line 8000N. Zone II appears to extend across the
entire width of the Skeena phase of-the intrusive.

The resistivity level measured on the Highland Valley Property ranges
from less than 300 to more than 500. This is a fairly narrow range, but
in many locations the contacts are fairly definite. For instance, on
Line 7529N the values range fromgrester than 500 to the east and to the wést to less
than 300 in a narrow zone at about 4+00W. A fairly clear contact can also
be seen at 2+00W to 0+00 on Line 8200N.

If the contact is sharp. and near vertical, the resistivity interpre-
tation is straightforward. 1If the geology is more complex, the interpretation
can be more subjective. The zones of approximately equal bedrock resistivity
that have been interpreted from the data plots have been transferred to
the resistivity plan map Dwg. RP 4059, These zones can then be correlated
from line to line, as shown. In the southwest portion of the grid, there

is considerable variation in the resistivity data and faulting may be present.
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There is no obvious correlation between the zones of equal resistivity
and the mapped position of the thfee phases of the instrusive.

The background phase IP effects measured are in the range to 3.0 to
5.0 milliradians. Most of the anomalies interpreted are in the range from
8.0 to 12.0 milliradians; in a few locations these anomalous yalues are
15.0 milliradians, with the maximum being 30 milliradians. The anomalies
are all weak, and the anomalous patterns shown on the data plots are
irregular and indefinite., As shown on the plan map Dwg. L.P.P. 4058, the
outline of the anomalous zones is also irregular.

The general picture is one of weak, and variable concentrations of
metallic mineralization scattered throughout a large volume of rock.

Since the concentration is variable in a lateral sense, it is probable that
there are also variations in the vertical dimension: The reconnaissange
survey has sampled the rock volume to a depth of 150 to 200 meters and
possibly to 250 meters.

On six of the lines surveyed, the measurements made with the IPV-2
phase IP system have been repeated using a Phoenix IPV-1, variable frequency
IP system. On all of the lines, the apparent resistivity data agree quite
well. On a few of the lines, the IP results agree fairly well also
(see Line 7862N and Line 6780N).

On Line 6650N and a few of the other lines, the agreement is not good;
certainly the relative importance of anomalies, magnitudes, etc., do not
agree exactly. The imperfect matching of the two types of measurement appears
to be due to the very low magnitude of the anomalies that have been detected, as
well as the expected errors énd distortions that are present in the results.

In the reconnaissance phase IP survey with the new system, we estimate
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that our accuracy would be + 3.0 to 5.0 milliradians. The IPV-1l system is
usually operated with an accuracy of + 0.5% f.e. In addition, some
inductive coupling distortion can be expected at 5.0 Hz, in the variable
frequency measurement with 200 meter 'dipoles. These distortions of
+ 0.5% to 0.6% in the frequency effect are not large, due to the relatively
high resistivity on the Highland Valley Property. However, both the expected
error and the inductive coupling distortions are significant here, due to
the very low magnitude of the anomalies that have been located.
a) Zone IA (approximately Line 8100N tc Line 9600N;
500W to 500E)
This anomalous zone appears to lie entirely within the Chataway Phase.
The anomaly is fairly definite on Line 9200N and Line 9300N. The maximum anomalous
effects measured are in a narrow zone at 500W to 100W on Line 8500N.
b) Zone IB (approximately Line 6650N to Line B8000N;
1200W to Base Line)
This zone may be the southwestern extension of the anomalies in
Zone IA. However, there is a definite shift to the west at about Line 8000N.
The broad anomalous zone lies along the western margin of the Chataway Phase.
In some places the source of this anomaly is indicated to be shallow; however,
in most locations the maximum IP effects are measured for n'>1.
¢) Zone II (approximately Line 6650N tb Line 800CN;
1400W to 2400W)
This zone lies within the mapped zone of Skeena Phase rocks. The more
definite anomalies appear to lie at the western edge of the zonme. For this
zone, some of the more definite anomalous effects are indicated to be at

some depth (see Line 6780N, 1400W to 2000W; Line 7862N, 1600W to 2200W).
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7. CONCLUSIONS AND RECOMMENDATIONS

The reconnaissance induced polarization and resistivity survey on
the Highland Valley Property has located weak to very weak IP anomalies on
about every line surveyed. The anomalous patterns are low in magnitude and
irregular; however, they can be correlated in a general way from line to
line to suggest the widespread presence of low, variable concentrations
of metallic mineralization.

In many environments these weak anomalies would not be considered to
be of significance. However, in the Highland Valley Region they have the
same characteristics of many of the known orebodies. Therefore, it is
recommended that the anomalous zones be considered for further investigation,
and probably a drill test.

The characteristics of the IP data and the known mineralization in:
the Highland Valley Area, suggest the presence of erratic metallic minerali-
zation of low and variable total concentration. A thorough drill test will
require several drill holes to investigate fairly large volumes of rock.
Due to the probable variable nature of the mineralization, it may be
difficult to make an economic evaluation of the mineralization encountered.
Therefore, it is recommended that a small number of identical lines be

surveyed in the north-south direction over each of the zones:

100 meters
1,2,3,4,5

a) Zone IA 1Line 200W, Line 200E X
8100N to 9600N n

n

b) Zone IB Line 1000W, Line B800W,

Line 600W, Line 400W
660UN to 8100N X 200 meters

1,2,3,4

il

1f anomalies are confirmed as definite, one or more limes should be
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repeated using X = 150 meters.

c) Zone ITI Line 2100W, Line 1900W, X
Line 1700W,

6600N to B8100N

200 meters
n=1,2,3,4

if anomalies are confirmed as definite, one line should be surveyed

using X = 150 meters.

When the detailed results are available, they should be correlated with
the available geochemical and magnetic results. The anomalous effects are
very low in magnitude, and disseminated metallic magnetite in a phase of
the intrusive could be the source.

When this has been completed, a drill program can be planned.

VoMU AR d

e

Philip G. Hallof, P.Eng.
Geophysicist

Expiry Date: February 25, 1980

Dated: October 23, 1979
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ASSESSMENT DETAILS

PROPERTY: Chataway Lake Property MINING DIVISION: Kamloops & Nicola
SPONSOR.: Lawrence Mining Corp.Ltd. PROVINCE: British Columbia
LOCATION: Highland Valley Area

TYPE OF SURVEY: Induced Polarization
& Resistivity

OPERATING MAN DAYS: 59 DATE STARTED: May 26, 1979
EQUIVALENT 8 HR. MAN DAYS: 88.5 DATE FINISHED: July 31, 1979
CONSULTING MAN DAYS: 5.0 NUMBER OF STATIONS: 571

DRAFTING MAN DAYS: 24.5 NUMBER OF READINGS: 4446

TOTAL MAN DAYS: 118.0 KM OF LINE SURVEYED: 102.85 km
CONSULTANTS : -

A.W, Mullan, 310 - 885 Dunsmuir Street, Vancouver, B.C.
P.G. Hallof, 15 Barnwood Court, Don Mills, Ontario,

FIELD TECHNICIANS:

M. Parent, 222 St. John Street, St. Leonard, N.B.
G. Loiselle, 37 - 90 Rue #1, Noranda, Quebec.

DRAUGHTSMEN :

Robert C. Norris, 3000 - 106 Victoria Park Av. Willowdale, Ontario.
R. Pryde, R.R.{#1, Sharon, Ontario.

P. Anderson, 40 Landfair Crescent, Scarborough, Ontario.

B. Boden, R.R.#1, Omemee, Ontario.

LOECE e

PHOENIX GEOPHgﬁg
Xy

; ey
Geologist BRITISH ] i
X Cq S
X - UME’/./ 5
kS R
P

3
Ashton W. %’Iulzlaw. NMLQ@Q%-%

Dated: Qctober 23, 1979
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STATEMENT OF COST

Lawrence Mining Corp. Ltd.-- TP Survey
Highland Valley Area - Kamploops, B.C.

CREW: M. Parent - G. Loiselle

PERIOD: May 26 - July 31,

80.2 KM Phase Domain IP

1979

@ $290.00/KM

23.8 KM Frequency Domain IP @ $250.00/KM

2 days Detail Frequency Domain

7 days Standby

Mobilization

Dated: QOctober 23,

1979

@ $495.00/day
@ $190.00/day

PHOENIX GEQOPHYSICS LIMITED

p 0 (C—‘ 6£r-fr

Ashton W Mq&lqg,rﬂ{$g¢,ﬁBQEn3.

Geologls BRITIGH
h“‘"*
é\’VG i Nﬁf—aﬂ’

—7.9:-59

$23,258.00
5,950.00

990.00
1,330.00

500.00

$32,028.00



Expenses re Lawrence Mining Corp. Ltd.

|

Highland Valley Project

Ronald B. Stokes, P.Eng.

March 20th,1979:
April 2,3 & 4, 1979: 2 1/2
May 5.,6,7, & 8, 1979: 4
June 4th, 1979 ]
October 15 & 16, 1979: 2
November 2nd, 1979: 2/5

FIELD TECHNICIANS

C. Cherwinski

May 8 - 31, 1979: 21 1/2
June 1 - 15, 1979: 9 1/2

K. Thorpe

May 27 - 31, 1979: 4 1/2
June 1 - 15, 1979: 12 1/2

C. Enns
May 29 - 31, 1979: 3
June 1 - 15, 1979: 12 1/2

S. Olsen

May 12 - 27, 1979: 15
" 29 - 31, 1979: 3
June 1 - 15, 1979: 5

R. Danis

May 12 - 27, 1979: 15
May 29 - 31, 1979: 3
“June 1 - 15, 1979: 12
D. Tolmie

May 12 - 27, 1979: 15
May 29 - 31, 1979: 3
June 1 - 15, 1979: 12
S. Henley

May 5 - 28, 1979: 14 1/2
May 29 - 31, 1979: 3

"
]
1]
"

days

days

days

4/5 day @ $250

@ $250
@ $250
@ $250
@ $250
@ $250

D
o &
O ¢
(o))

$80
$96
$96

DD D

e $128
@ $96

L I | S T VR T I 1]

nou o oo n o n W

inon

$200.
625.

1000.
250.
500.
100.

$2064.
912.

$576.
1600.

$288.
1200.

$1200.
288.
480.

$1200.
288.
1152.

$1200.
288.
1152.

$1856.
288.

00
00

00
00

00
00

00
00

00
00
00

00
nn
20

90
00

$ 2675.00

continuad .



continued ...

S. White
May 12 - 31, 1979: 19 1/2 days @ $96 = $1872.00
June 1 - 15, 1979: 12 1/2 " @ $96 = 1200.00
B. Burtnick
June 1- 15, 1979: 13 days @ $96 = $1248;00
P. legault

= $200.00

May 12 & 13, 1979: 2 days @ $100

OTHER EXPENSES:

Telephone, long distance calls

Travel Expenses - to and from site
Photccopies & maps

Truczk rental & mileage: May - June 1979
Fiela tquipment

Secretarial time

TOTAL

$ 20,552.

64.
322.

48

00

26
90

.99
1092.
476.
96.

62
70
95

$ 25,329.

42

NOTE: Additional expenses on the line cutting and the geophysica: survey
were incurred by Lawrence Mining Corp. Ltd. that were not documented

through SEMCO's accounting.

-
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CERTIFICATE

I, Ashton W, Mullan, of the City of Vancouver, in the Province

of British Columbia, hereby certify:

1, That I am a geologist/geophysicist and a fellow of the Geological

Association of Canada, Geophysics Division, with a business address at

310 - 885 Dunsmuir Street, Vancouver, B.C.

2, That I am registered as a member of the Association of Professional

Engineers of the Provinces of Ontario and British Columbia,

3. That I hold a B.Sc. degree from McGill University.

'

4. . That I have been practising my profession as a geologist/geophysicist

for over twenty-five years.

5. I have no direct or indirect interest, nor do I exXpect to receive

any interest directly or indirectly, in the property or securities of

Lawrence Mining Corporation Ltd., or any affiliate.

6. The statements made in this report are based on a study of published

geological literature and unpublished private reports.

7. Permission is granted to use in whole or in part for assessment and

qualification requirements but not for advert151ng purposes.

Dated at Vanocouver

This 23rd day of October, 1979
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I, Philip George Hallof, of the City of Toronto, Province of

Ontario, do hereby certify that:

1. T am a geothsicist residing at 15 Barnwood Court, Don Mills,

Ontario.

2. I am a graduate of the Massachusetts Institute of Technology
with a B.Sc. Degree (1952) in Geology and Geophysics, and a Ph.D.

Degree (1957) in Geophysics.

3. I am a member of the Society of Exploration Geophysicists and

the Furopean Association of the Exploration Geophysicists.

'

4., I am a Professional Geophysicist, registered in the Province

of Ontario, the Province of British CQiumbia and the State of Arizona.

5. I have no direct or indirect interest, nor do I expect to receive

any interest directly or indirectly, in the property or securities of

Lawrence Mining Corporation Ltd., or any affiliate.

6. The statements made in this report are based on a study of

published geological literature and unpublished private reports.

7. Permission is granted to use in whole or in part for assessment

and qualification requirements but not for advertising purposes.

Dated at Toronto

This 23rd day of October, 1979

Expiry Date: February 25, 1950
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I, Maurice Parent of St. Leonard, New Brunswick,

DO HEREBY CERTIFY THAT:

1. I am a geophysical crew leader residing at St. Leonard

New Brunswick.

2. I am a graduate of Radio College of Canada, Toronto,

Ontario (Electrical Engineering).
3. I am presently employed as a geophysical crew leader

by Phoenix Geophysics Limited, 200 Yorkland Blvd.,

Willowdale, Ontario.

Dated at Toronto, Ontario

This 23rd day of October, 1979
Maurice Parent
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MINERAL DISCRIMINATION AND REMOVAL
OF INDUCTIVE COUPLING WITH MULTIFREQUENCY IP

wW. H.
w. R.

PELTON®*, §S.
SILL:, AND P.

H. WARD,

In-situ complex resistivity measurements over the
frequency range 1072 to 10> Hz have been made on
26 North American massive sulfide, graphite, mag-
netite, pyrrhotite, and porphyry copper deposits. The
results reveal significant differences between the
spectral responses of massive sulfides and graphite
and present encouragement for their differentiation in
the field. There are also differences between the
spectra of magnetite and nickeliferrous pyrrhotite
mineralization, which may prove useful in attempting
to distinguish between these two common IP sources

in nickel sulfide exploration. Lastly, there are differ- -

ences in the spectra typically arising from the eco-
nomic mineralization and the barren pyrite halo in
porphyry copper systems. It appears that all these
differences arise mainly from mineral texture, since

P. G. HALLOF*,
H. NELSON$§

laboratory studies of different specific mineral-elec-
trolyte interfaces show relatively small variations.

All of the in-situ spectra may be described by
one or two simple Cole-Cole relaxation models.
Since the frequency dependence of these models is
typically only about 0.25, and the frequency depen-
dence of inductive electromagnetic coupling is near
1.0, it is possible to recognize and to remove auto-

. matically the effects of inductive coupling from IP
" spectra.

The spectral response of small deposits or of deeply
buried deposits varies from that of the homogeneous
earth response, but these variations may be readily
determined from the same ‘‘dilution factor’” B,
= (dln pg)/(dln p,) currently used to calculate
apparent IP effects.

INTRODUCTION

During the last two decades, conventional induced
polarization and resistivity measurements have
proven extremely useful in the discovery of many
new mineral deposits. Along with this record of suc-
cess, however, have been countless failures.

In Precambrian areas such as the Canadian, Aus-
tralian, Scandinavian and, more recently, the
Brazilian shield, a principal frustration with electrical
prospecting methods has been the inability to dis-
tinguish between volcanogenic massive sulfide
mineralization and graphitic schist. These two mineral
occurrences have similar conductivities and produce
approximately the same magnitude of induced
polarization response. Gravity methods have been

somewhat useful in distinguishing between the two,
but are expensive and not particularly reliable in
areas of deeper overburden, varying bedrock topog-
raphy, or varying host rock density. As a result,
exploration in areas containing abundant graphite
has been extremely difficult and expensive, to a
degree that many of these areas are left virtually
unexplored. And yet, some of the largest known
massive sulfide deposits in the world occur in gra-
phitic areas and even along graphite horizons: the
Kidd Creek deposit near Timmins, Ontario, the
Anvil deposit in the Yukon, and the Mt. Isa deposit
in Australia are prime examples.

A second major exploration difficulty in Precam-
brian terranes arises in the search for nickel sulfides.

Manuscript received by the Editor February 1, 1977; revised manuscript received August 29, 1977.
*Phoenix Geophysics Ltd., Willowdale, Ont., M2J IR6 Canada.

{Department of Geology and Geophysics, University of Utah, Salt Lake City, UT 84112.

§Lawrence Berkeley Laboratory, University of California, Berkeley, CA 94720.
0016-8033/78/0401-0588803.00. © 1978 Society of Exploration Geophysicists. All rights reserved.
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The sulfides are usually found in ultrabasic environ-
ments associated with pyrrhotite, and consequently
produce a resistivity low, a polarizability high, and
a magnetic high. Unfortunately, horizons of increased
magnetite concentration within the ultrabasics pro-
duce similar response and it is again difficult to
distinguish between the two using conventional in-
duced polarization and resistivity equipment.

Comparable difficulties exist in applying the IP
method to porphyry copper exploration. The total
porphyry copper system is usually readily detect-
able with IP, but in a majority of cases most of the
response will be due to uneconomic pyrite mineraliza-
tion. Some success has been achieved by applying
geologic constraints and using IP as essentially a
mapping tool (Pelton and Smith, 1976), but the
location of economic mineralization within porphyry
systems still remains a major problem.

In addition to attempting to differentiate between
response caused by the barren pyrite halo and re-
sponse caused by economic copper mineralization,
there is an even more fundamental difficulty in the
use of IP methods in porphyry copper exploration:
most of the remaining undiscovered porphyry deposits
in the southwestern U. S. lie deep beneath conductive
alluvial sediments. As a result there is great difficulty
in differentiating between IP response due to miner-
alization and that due to inductive electromagnetic

(a)

MINERALIZED ROCK

AMPLITUDE

FREQUENCY (c)

PHASE (millirad)

coupling. An approximate scheme designed to re-
move inductive coupling has been suggested by
Hallof (1974) and a computer interactive scheme has
been suggested by Wynn and Zonge (1975). How-
ever, the use of these methods has been limited.
Several years ago, at the start of our research into
the application of multifrequency IP or complex
resistivity methods, we realized that there was
basically very little information available on the IP
response of various types of mineralization over a
large frequency range. The questions we raised were
fundamental: (1) what are the typical IP spectra, (2)
are there mathematical models which fit these spectra,
(3) is there a common model, (4) do any of the
model parameters show significant variation with
grain size, concentration, or mineral type, (5) what
are the differences in IP spectra over a finite-sized
mineral deposit as opposed to spectra over a homo-
geneous earth, and (6) are there any inherent differ-
ences between the spectra arising from mineralization
and those arising from inductive coupling. In this
paper we will attempt to address these fundamental
questions, and in the process perhaps demonstrate
how spectral IP measurements might be usefully
applied to practical mining exploration problems.

COLE-COLE MODEL

An exceedingly simple relaxation model which has

EQUIVALENT CIRCUIT

DECAY VOLTAGE

@ TIME

Fic. 1. (a) A small section of a mineralized rock which has both blocked and unblocked pore passages. (b) An
equivalent circuit for the mineralized rock. (c) Typical frequency domain response for the equivalent circuit.
(d) Time domain response corresponding to the frequency domain response plotted in (c).

impedance asymtotes to R,. At very high frequency,
the complex impedance becomes negligible with
respect to Ry, so that the total impedance is just R,
in parallel with R,. Between these two asymptotes
there is a dispersive region where the amplitude of
the impedance slowly decreases, and the phase angle
reaches a maximum. On a double logarithmic plot,
the phase is entirely symmetric about this maximum:
at low frequencies the phase has a slope of +¢, and
at high frequencies it has a slope of —c.

Since the impedance of the circuit is not zero at
infinitely high frequency, there must be a discon-
tinuity in the time-domain response of the circuit. If
we adopt the definition for chargeability m proposed
by Seigel (1959) as being the ratio of voltage imme-
diately after, to the voltage immediately before cessa-
tion of an infinitely long charging current, we may
write the expression for the impedance of the equiva-
lent circuit as

Z(w)=Ro[1 —m(l —1—+—(1“M—);>] 1)
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F16. 2. Amplitude and phase curves for a Cole-Cole
relaxation model with R, = 1.0, 7= .01, ¢ = .25,
and m varying from 0.1 to 0.9.

been found to fit a variety of laboratory complex
resistivity results (Madden and Cantwell, 1967,
Pelton et al, 1972) was originally proposed by Cole
and Cole (1941) to predict complex dielectric be-
havior. The circuit of Figure 1b is a resistive network
which exhibits a Cole-Cole relaxation. Other
equivalent circuits can be envisioned which also
have the same response, but this one provides a con-
venient analogy to one view of the pore geometry
in a mineralized rock which is shown in Figure la.
In the circuit, the complex impedance, (iwX)~¢ simu-
lates the metallic-ionic interface. The resistance R,
simulates unblocked pore paths by allowing parallel
conduction through a purely resistive element, and the
resistance R, simulates the resistance of the solution
in the blocked pore passages. A word of caution is
in order, in that this view of a small section of min-
eralized rock is admittedly too simple; the true con-
duction paths are céﬁainly more complicated. How-
ever, this simple model and equivalent circuit allow
us to derive virtually all the essential features of IP
spectra observed in the laboratory and the field.

The general behavior of the equivalent circuit with
frequency is given in Figure lc. It is obvious that
at very low frequency only the purely resistive path
can carry current. As a result, the amplitude of the

where

1
m= , ()]
R,
1+—
R,
and
1re
=X (&)> 3)
m

The second parameter 7, or ‘‘time constant’’ as we
choose to call it, has the units of seconds and deter-
mines the length of time required for the decay in the
time domain. If the frequency dependence c¢ is
equal to 1.0, the time-domain decay has the familiar
negative exponential form,

V(1) = m&)e“”, )
Iy
where I, is the magnitude of the infinitely long
charging current.

Laboratory studies of IP (Madden and Cantwell,
1967; Pelton et al, 1972) have suggested, however,
that the frequency dependence is not equal to 1.0,
but is typically in the range 0.1 to 0.6. As a result,
the IP decay is slower than exponential, as illustrated
by Figure 1d, and takes the general form,

corls)

V() = 2 Tnc+ 1) ° ®)




where I'(x) is the gamma function. Since I'{x + 1) =
x! when x is an integer, (5) reduces to (4) when
c=1.0.

We have attempted to demonstrate in this section
how a very simple view of a mineralized rock results
in a relaxation model containing only four parameters,
which predicts IP behavior in both the frequency
domain and the time domain. The four parameters
are the dc resistivity R,, the chargeability m, the
time constant 7, and the frequency dependence ¢. In
Figure 2, we show the amplitude and phase curves
for Re=10,7= 01, c=025and m=0.] t0 0.9,
It is evident that the main effect of increasing the
chargeability is to increase the polarizability or phase
angle. The effect of changing the frequency depen-
dence ¢ is demonstrated by Figure 3, where the same
curves are shown for a value ¢ = 0.5. Since the dis-
persion takes place in a frequency interval only half
as wide, the slope of the amplitude curves is steeper
and the phase angle curves are more peaked.

We have not shown separate graphs which illus-
trate the cffects of mcreasing 7 and increasing R,
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since these changes are trivial in concept. For ex-
ample, if T is increased by one decade, both amplitude
and phase curves are shifted one decade horizon-
tally to the left along the frequency axis. If R, is in-
creased by one decade, the amplitude curves are
shifted one decade vertically along the resistivity axis.
The phase angle curves depend only on m, 7, and c;
thus they remain fixed.

Although the Cole-Cole model is extremely simple,
it provides a quantitative description of IP spectra.
The variation of only one parameter, the time con-
stant 7, is able to provide the effects noted by earlier
qualitative characterizations such as concave-up and
concave-down spectra (Fraser et al, 1964) and type
A, B, and C spectra (Zonge and Wynn, 1975).

We hope that the brief, utilitarian treatment of the
Cole-Cole model given here might suffice for this
paper since a secend paper has been prepared which
more fully explores the Cole-Cole model and alterna-
tive models for complex resistivity and dielectric
behavior. However, we would like to clear up several
points which, in review, appear confusing. The re-
laxation model proposed by Cole and Cole in 1941,
was originally applied only to complex permittivity,
whereas in this paper we have used the same mathe-
matical form to describe complex resistivity. As
shown previously in this section, the form can be
derived quite naturally by simple analysis of a small
section of rock where a metallic pariicle is blocking
one of the pore passages. For this ideal case, the
dominant physical mechanism controlling the passage

FiG. 3. Amplitude and phase curves for a Cole-Cole
relaxation model with R = 1.0, ¢ = 0.5, and m vary-
ing from 0.1 to 0.9.

of current through the blocked passage is diffusion,
and the frequency dependence of the Cole-Cole
model is 0.5. However, in a natural rock there are
many different pore passages which are blocked by
minerals having a wide range of grain size. The re-
sult is a broader dispersion and consequently a
smaller frequency dependence.

An additional source of possible confusion is the
expression we have derived for the time constant
given in (3). Our tendency throughout this paper is
to use Ry, m, 7, and ¢ as the fundamental parameters
describing IP spectra. There are two reasons for this:
first, the expressions for the Cole-Cole model in the
frequency domain (1)} and in the time domain (5)
appear in their simplest possible form; and second,
the four parameters form the basis which presently
appears most useful and convenient for mineral dis-
crimination. This is not the only basis; the four
parameters of the equivalent circuit (R,, R,, X, and
¢) offer a logical alternative. Indeed, they may seem
to be a better alternative since no parameter is coupled
to any other, whereas (3) shows the time constant
expressed in terms of all three of the other parameters
forming the basis. The weakness in this line of reason-
ing is that the simple equivalent circuit shown in
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FIG. 4. Variation in chargeability and time constant
as a function of grain size. The plots were obtained
from inversion of results reported by Grisseman
(1971) for artificial rocks composed of cement,
quartz sand, and pyrite.

Figure 1b is an extremely idealized representation of
a mineralized rock, and thus the equivalent circuit
parameters have really no more inherent importance
than the four parameters used to describe the spectra
in (1). In spite of this weakness, the equivalent
circuit and equation (3) can be used to provide some
indication of what the IP spectra should be like when
the resistivity of the rock is very high; namely, the
time constant of the relaxation should be very long.
This has indeed been observed in measurements of
highly resistive artificial rocks.

A final point, which we would like to clarify, is
our omission of dielectric conduction in the mathe-
matical forms we have adopted for complex resis-
tivity. This was only possible because the resistivities
of the mineralized rocks which we measured were low
enough that dielectric conduction played a negligible
role in the total current conduction through the rock.
If the resistivities had been higher or if we had made
measurements at higher frequency, it would be neces-
sary to include the contribution of dielectric con-
duction in our mathematical expression for complex
resistivity. Again, this subject has been treated much
more fully in a second paper.

EFFECTS OF CONCENTRATION AND GRAIN
SIZE

Before attempting to discern what differences in

FiG. 5. Variation in chargeability and time constant
as a function of sulfide concentration. The plots were
obtained from inversion of results reported by Girisse-
man (1971) for artificial rocks composed of cement,
guartz sand, and pyrite.

IP spectra might arise between different types of
mineralization, it was decided to investigate, briefly,
changes occuring with grain size and concentration.

A study of pyrite in artificial rocks has been
carried out by Grisseman (1971). Although there was
some difficulty with the data in that the real and
imaginary results do not precisely obey the causality
relations, we managed to fit the real conductivity
specira to the Cole-Cole mode) very accurately using
a ridge regression inversion program (Pelton et al,
1974).

It was evident from the original data that changing
the concentration of the pyrite and the grain size had
relatively minor effect on the dc resistivity Ry. We
also found from the inversion that there was relatively
minor change in the frequency dependence c; it was
usually in the range 0.4 to 0.6. The two remaining
parameters m and 7, however, showed pronounced
variation with both grain size and concentration as
iHustrated in Figures 4 and 5. We extrapolated the
trends observed in these figures in order to create the
contours shown in Figure 6. Although the data are
very limited in that they apply only to artificial rocks
composed of cement, quartz-sand, and pyrite, the
results indicate two main trends, illustrated as atrows
on Figure 6. The effect of increasing concentration is
to increase both the chargeability and the time con-
stant, whereas the effect of increasing grain size is to
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F1G. 8. The trends observed in Figures 4 and 5 have been extrapolated to provide contours of sulfide concen-
tration (volume percent) and grain size (mm) in chargeability-time constant space. The arrows are approxi-
mately perpendicular to the contours, and indicate increasing sulfide concentrations and increasing grain size.

increase the time constant but to decrease the charge-
ability. We will return to these major trends in our
interpretation of in-situ IP spectra over porphyry
copper deposits.

IN-SITU FIELD MEASUREMENTS

Although laboratory measurements on natural
rocks were useful in suggesting the general form of
the IP response, and studies of artificial rocks gave
some idea of the changes in IP spectra which might
be caused by grain size or concentration, these studies
have limited application in determining the true bulk
IP response of mineral deposits encountered in elec-
trical prospecting. The main problem with laboratory
measurements on drill cores is that the sample size
is much too small to duplicate the conduction currents
through fractures and veins which occur in the field.
The problem with artificial rocks is that the pore struc-
ture created in concrete samples probably bears
little resemblance to that of natural rocks.

Thus, in order to determine accurately the IP re-
sponse of naturally occurring mineral deposits, we
decided to make in-situ measurements. In-situ spec-
tral IP measurements have been made previously
(Hallof, 1965; Van Voorhis et al, 1973; Zonge and
Wynn, 1975), but they cover a relatively limited fre-
quency range. We made measurements Over seven
decades of frequency from 1072 Hz to 10*® Hz in

order to determine (1) if the Cole-Cole model was an
accurate description of natural IP behavior, (2) if
there were pronounced differences in spectra between
different types of mineral occurrences, and (3) if in-
ductive coupling was inherently different from natural
IP behavior.

To cover this broad frequency range we used two
sets of equipment. For the low frequency range from
1072 Hz to 5.0 Hz we used a digital tape recorder
system supplied by Kennecott Exploration Services
and described by Van Voorhis et al (1973). For the
higher frequencies, from 5.0 Hz to 60 kHz, we used
a Hewlett Packard 203 A oscillator for the transmitter
and a Princeton Applied Research lock-in amplifier
for the receiver.

To avoid inductive coupling at the highest fre-
quencies, we used a dipole-dipole array with an
extremely small electrode separation—typically 1 m.
Since the inductive coupling depends on the frequency
times the square of the electrode interval, reducing
the electrode interval by a factor of 100 below typical
field values permitted us to use frequencies higher
by a factor of 10,000.

As a result of the short electrode spacing used to
avoid inductive coupling, we were very restricted in
the depth of penetration of our measurcments. We
therefore decided to make all of our measurements
on mineralization exposed in open pit mines or on
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F1G. 7. Locations of mineral occurrences where in-situ
multi-frequency IP measurements were made.

fresh outcrop. The different mineral localities which
we visited in the summers of 1974 and 1975 are
illustrated in Figure 7. In several of the localities,
there were two distinctly different mineral occus-
rences such as graphite and massive sulfides. We thus
made a total of more than 90 measurements on 26
different mineral occurrences. In addition to making
the in-situ measurements on several tons of mineral-
ization, we gathered bulk samples for chemical
analysis, petrographic studies, and further laboratory
measurements.

Porphyry copper deposits

The first in-situ data we will discuss are results
obtained over porphyry copper mineralization. Earlier
studies by Van Voorhis et al (1973) had suggested
that the phase angle was almost constant, as a func-
tion of frequency, for porphyry mineralization. Our
studies over a larger frequency range indicated that
while the variation of the phase angle with frequency
is very gentle for some deposits, the phase angle
nonetheless does vary, and the variation can be
described accurately by one or two Cole-Cole
relaxations.

Figure 8 shows phase angle results obtained from
the Lomex depesit in British Columbia. The mineral-
ization is typical of several other deposits in the High-
land Valley area of B.C. Since the total concentration
of sulfide minerals is low and since the sulfides com-
monty occur as discrete disseminated grains, we call
the deposit a “‘dry’” porphyry (Pelton and Smith,
1976). We have found that for this type of deposit,

the phase angle is usually an increasing function of
frequency until it reaches a maximum somewhere
above 10 to 100 Hz. This behavior corresponds to a
Cole-Cole relaxation model with a small time
constant,

Another example of results obtained over a dry
porphyry is shown in Figure 9. The data are from
the Copper Cities deposit in Arizona. In addition to
the main IP dispersion which results in a phase angle
maximum near 100 Hz, we have another dispersion
occurring at much higher frequencies. This high-
frequency dispersion is possibly due to membrane
polarization effects (Katsube, 1976). The calculated
effects for inductive coupling suggest that as long as
the resistivity is greater than about 6 3-m fora Il m
electrode spacing and a frequency of 60 kHz, the
phase angle response is less than 10 mrad (Millet,
1667). The resistivity we obtained for this measure-
ment on the Copper Cities deposit was 100 {}-m, yet
the phase angle at 60 kHz was |70 mrad. While this
high-frequency response is perhaps intriguing, it is not
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FiG. 8. Phase angle spectra from the Lornex porphyry
copper deposit in Highland Valley region of British
Columbia. Dipole-dipole array: n =1, x = | m. The
circles represent the observed data, the solid line
represents the best-fitting theoretical curve, and the
crosses represent possibly noisy data which were not
used in the inversion.
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FiG. 9. Phase angle spectra from the Copper Cities
porphyry copper deposit in the Globe-Miami district
of Arizona. Dipole-dipole array, n =1, x =1 m,

particularly useful since it occurs at frequencies much
higher than would normally be used in the field and
is also seen in unmineralized rocks. We thus tend to
fit two dispersions to the data, as we have done in
Figure 9, but restrict our attention to the parameters
describing the main IP dispersion occurring at the
lower frequencies.

Figure 10 shows data from the Tyrone porphyry
copper deposit in New Mexico. We use these data
to illustrate response from a ‘‘wet’” porphyry. The
sulfide mineral concentration was high (17 percent),
and the minerals were typically distributed as veins
and veinlets rather than as discrete disseminations.
Although the curve was fitted to two Cole-Cole re-
laxations, as were the data from Copper Cities, we
note that the phase angle maximum occurs at much
lower frequencies and that the time constant for the
main IP dispersion is much larger.

Data from another wet porphyry, the Gibraltar
deposit in British Columbia, are shown in Figure 11.
Again we note that the time constant is much larger
than those obtained over the dry porphyries, and that
the chargeability is also typically larger, resulting in
phase angles of greater magnitude.

In Figure 12, we have plotted all the results ob-
tained over porphyry mineralization in chargeability
—time constant space. The chargeabilities and time
constants associated with the known wet porphyries
such as Gibraltar and Tyrone are all distinctly larger
than those associated with the typically dry porphyries
such as Lornex and Brenda. Other deposits such as
Yerington vielded a variety of mineral occurrences
ranging from low concentrations of sulfides occurring
as discrete disseminations to 10 percent chalcopyrite
distributed as veinlets. Thus the parameters some-
times covered a broad range of values for a single
deposit.

Two of the porphyries were unusual in that the
most important economic minerals were molybdenum
{Endako) and native copper (Afton). We found that
the disseminated native copper at Afton produced
data very similar to that of disseminated chalcopyrite
at Lornex and Brenda. The results from Endako were
more iniriguing. Measurements over massive 1 ft
veins of molybdenite failed to produce a significant
resistivity low or polarizability high. Further labo-
ratory studies revealed resistivities ranging from 10°
to 10% 2-m for small samples containing 50 percent
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FiG. 10. Phase angle spectra from the Tyrone por-
phyry copper deposit near Silver City, New Mexico.
Dipole-dipole array, n=1, x =1 m.

molybdenite. These high resistivities explain the very
low measured IP effects. Due to the high resistivity
of the mineralization, the conductivity at very high
frequency is not appreciably greater than the con-
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FiG. 1. Phase angle spectra from the Gibraltar por-
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Dipole-dipole array, n =1, x=1 m.

ductivity at dc. This results in a low chargeability
and accounts for the observed low phase angle
response (10 to 15 mrad).

Using the values of sulfide concentration obtained
from nearby drill holes and from our bulk samples,
we constructed the plot shown in Figure 13. Super-
imposed on the plot is the arrow showing the trend
for increasing concentration derived from our analysis
of Grisseman’s data on artificial rocks. The trend s
the same for both sets of data; increasing concen-
tration results in increasing chargeability and in-
creasing time constant.

The other main trend observed from the analysis
of artificial rock data is shown in Figure 14, again
along with our in-situ results on porphyry mineral-
ization. Since a great range of grain sizes occurred
for each in-situ measurement, we attempted to place
the data into only two broad groups. The closed
symbols correspond to mineralization occurring as
discrete disseminations with nominally small grain
size, whereas the open symbols correspond to min-
eralization typically occurring in veinlets, and thus
larger effective grain size. Again the in-situ results
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FiG. 12. Summary of the spectral IP data obtained from porphyry deposits plotted in chargeability-time constant
space. The dotted line roughly divides the measurement sites into two groups according to the type of mineral-
ization observed at each site. “*Dry’” indicates that the total concentration of sulfide minerals is low and that
the sulfides commonly occur as discrete disseminated grains. ~"Wet’ indicates that the total concentration
of sulfide minerals is high and that the sulfides typically occur as veins and veinlets,
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FiG. 13, Data from porphyry deposits plotted in chargeability-time constant space. The larger dots indicate
high sulfide concentration. Superimposed on the plot is the arrow from Figure 6 which indicates the trend
due to increasing volume percent sulfides in artificial rocks.
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basically confirm the trend observed from the artificial
rock studies: as the grain size increases, the time
constant increases, but the chargeability decreases
slightly.

We have used circles and triangles in Figure 14
to try to illustrate another point of major importance.
There is a grouping of veinlet versus disseminated
mineralization in chargeability-time constant space,
but there is no such grouping of pyrite (triangles)
versus copper mineralization (circles). We found, for
example, that veinlet chalcopyrite mineralization at
Yerington gave very similar response to veinlet
pyrite mtineralization at Gibraltar. Thus it seems
that the main differences in spectra arise from
mineral habit or texture and not from mineral com-
position. Spectral IP measurements can still be useful
m locating economic mineralization within porphyry
systems: however, since chalcopyrite often ‘occurs
as discrete disseminations near the core of the
porphyry whereas pyrite typically occurs as veinlets
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Fig. 15. Amplitude and phase angle spectra obtained
by passing current through two chalcopyrite elec-
trodes separated by 3 mm of 0.1 n NaCl solution.
The area of cach electrode was approximately 4 cm?
and the eclectrode surfaces were polished to 20
microns. To simulate the effects of additional un-
blocked current paths and 10 increase the decay rate
of transient effects, a 5600-Q) resistor was placed in
parallel with the two electrodes.
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FiG. 16. Amplitude and phase angle spectra obtained
by passing current through two pyrite electrodes
separated by 5 mm of 0.1 N NaCl solution. The area
of each electrode was approximately 4 cm? and the
electrode surfaces were polished to 20 microns. A
5600- () resistor was placed in parallel with the two
electrodes.

in the surrounding halo. Caution must be exercised,
though, in that these textural trends are certainly
not invariant.

Since our results somewhat conflict with sug-
gestions by others that chalcopyrite and pyrite IP
response were intrinsically different, we decided to
carry out additional measurements in the laboratory
on small mineral specimens. Figures 15 and 16 give
results obtained from passing current between two
chalcopyrite electrodes and two pyrite electrodes
(Klein and Pelton, 1976). The spectra obtained were
very similar. At the highest frequencies the amplitude
of the complex resistance (sohd line) asymptoted
to the resistance of the solution between the elec-
trodes (0.1 N NaCl), whercas at the lowest fre-
quencies it asymptoted to the value of a 5.6 K shunt
resistor placed in parallel. Between these two asymp-
totes, the complex resistance was determined by the
impedance arising from the two metallic-ionic inter-
faces in series. Each set of data was quite accurately
fitted by a single Cole-Cole relaxation model with the
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F1G. 17. Phase angle spectra from the Mountain Lion
magnetite deposit at Iron Mtn. in southern Utah. The
circles represent the observed data and the solid line
represents the best fitting theoretical curve.

frequency-dependence ¢ near 0.5 and the value of the
complex impedance differing by less than a factor
of 3.0 for the two electrode sets. These results tend
to confirm that there is relatively minor difference
between the inherent polarizability of pyrite and
chalcopyrite, so that the observed differences in
in-situ spectra over porphyry mineralization appear
to be caused by mineral texture and not composition.

Magnetite and pyrrhotite deposits

Another objective in our program of in-situ mea-
surements was o compare spectra over magnetite
with that over nickeliferrous pyrrhotite mineraliza-
tion. We hoped to be able, perhaps, to discriminate
between these two common IP sources in nickel
sulfide exploration. Figure 17 shows results obtained
over very powdery magnetite mineralization exposed
in an open pit mine near Iron Springs, Utah. Although
the ore was 76 percent magnetite, there apparently
is little clectrical continuity between each of the many
small mineral grains. As a result, the spectra indi-
cate a dispersion at very high frequency and the
time constant is very small.

Just the opposite textural trend was observed for

pyrrhotite mineralization. At Sudbury, Ontario and
at the other pyrrhotite occurrences which we visited,
there was a very great tendency for the mineralization
to connect together to form veinlets. When the host
rock contained even less than 5 percent pyrrhotite,
the resistivity of the rock was often less than 0.1
}-m. When we encountered resistivities this low,
we were usually required to place most of our
dipole-dipole array on unmiineralized host rock in
order to achicve voltages large enough for accurate
measurement. As shown in Figure 18, the spectra
which we found typical of pyrrhotite mineralization
indicated a dispersion at very low frequency, and
consequently a very long time constant.

The results of all our measurements on pytrhotite
and magnetite mineralization are summarized in
Figure 19. In some deposits, where the magnetite
mineralization was massive as opposed to powdery,
the time constants were fairly large, but for most
deposits the time constants obtained were con-
siderably smaller than those from pyrrhotite. The
great range in chargeability for the magnetite was a
result of very large changes in concentration—from
a few percent to massive.
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Fig. 18. Phase angle spectra from the Gertrude
nickeliferrous pyrrhotite  deposit  near  Sudbury,
Ontario.
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FiG. 19. Summary of the spectral IP data obtained from magnetite and pyrrhotite deposits plotted in charge-
ability-time constant space.

To check if there were differences in the inherent
polarizability of magnetite and pyrrhotite, we dupli-
cated the laboratory measurements described eatlier
for chalcopyrite and pyrite. We found that the mag-
netite and pyrrhotite spectra were very similar t©
each other and, in turn, similar to those obtained
earlier for pyrite and chalcopyrite. As a result, it
appears that the differences in the in-situ spectra
observed for magnetite and pyrrhotite again result
largely from differences in texture and not from
differences in composition. Although it is perhaps
somewhat circuitous to suggest discrimination based
on differences in IP spectra caused by differing
texture, it may turn out to be reasonably reliable
and effective, as long as nickeliferrous pyrrhotite
habitually occurs in veinlets and magnetite typically
has poor electrical connection between individual
grains,

Artificial rock studies by Sill and DeWitt (1976)
suggest that if differences in electrode impedances
for various minerals are present they can lead to
changes in the spectra, notably shifts in the time
constant of the relaxation. Howevcer, these studies
also demonstrate the very strong dependence of the
time constant on the length scale (i.e., grain size
and texture) of the mineralization,

Graphite and massive sulfide mineralization

As we mentioned earlier, perhaps the single

greatest limitation in the application of electrical
prospecting methods in Precambrian terranes is the
inability to discriminate between graphitic schist and
volcanogenic massive sulfide mineralization. Thus,
one of the more important objectives in our program
of in-situ measurements was to obtain data over
these two different types of mineral occurrences.
Initially, we were rather pessimistic about the out-
come of such measurements. One reason was the
widely held belief that massive sulfides were not
inherently polarizable; that [P anomalies over these
deposits were predominantly caused by the single
frequency-dependent interface between the host rock
and the sulfides, similar to the response caused by a
buried metal pipe. If this were indeed the only
polarization mechanism, the spectral IP response
over a massive sulfide deposit could be expected
to appear very similar to the response over typically
well-connected graphite mineralization.

We were thus relatively surprised when we mea-
sured our first IP spectra over the Seneca massive
sulfide deposit in British Columbia, and found that
the phase angle response reached a maximum near
[00 Hz, similar to the response usually recorded
over disseminated mineralization. Since the actual
massive sulfide mineralization was covered by debris
left in the trench where we made our measurements,
we tentatively attributed the response to disseminated
mineralization surrounding the suifides.
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FiG. 20. Phase angle spectra from the Kidd Creek
massive sulfide deposit near Timmins, Ontario. The
circles represent the observed data, the solid line
represents the best-fitting theoretical curve, and the
crosses represent possibly noisy data which were not
used in the inversion.

At our next set of measurements on the Anvil
deposit in the Yukon Territory, and at the succeeding
Sturgeon, Mattabi, and Kidd Creek deposits in
Ontario, we had no such difficulty in getting direct
access to the massive sulfide mineralization. All of
the measurements were made in open pit mines on
large exposed sections of mineralization on the pit
floor, and all of the data showed large phase angles
which peaked at high frequency. Since our 1 m
dipole-dipole array was typically surrounded by 10 m
of massive sulfides, it was evident that no host
rock-massive sulfide interface was involved, and
that no surrcunding disseminated mineralization was
contributing to the response.

As illustrated by the data from Kidd Creek in Figure
20, the results suggest that volcanogenic massive
sulfides are inherently very polarizable, and that the
spectral response is similar to that of disseminated
sulfides in that the time constant is small. The
main difference between the two is that the charge-
ability associated with the massive sulfides is much
higher than that for disseminated mineralization.

In keeping with our emphasis on mineral texture
as the factor primarily responsible for characterizing
spectral [P response, it appears that the typical
granular appearance of volcanogenic massive sulfide
mineralization may perhaps hold the answer to its
spectral behavior. Just as we observed very high
chargeabilities and small time constants associated
with massive, powdery magnetite, and attributed
this response to poor clectrical connection between
the individual magnetic grains, we might also be led
to believe that there is poor electrical connection be-
tween the grains comprising the matrix of massive
sulfides: that instead of few metallic-ionic interfaces
per unit volume, as in veined mineralization, there
are many interfaces, corresponding to the boundaries
of each individual grain.

We should mention here that where massive sul-
fides do not have this typical granular or ‘‘sugary’’
texture, the spectral IP response may be different.
In one exposed massive sulfide deposit near Noranda,
Quebec, we found that the resistivity was 100 low
to permit spectral IP measurements with our equip-
ment. The sulfides had evidently undergene extreme
metamorphism and were very hard. It is possible
that the original massive sulfide grains may have
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FiG. 21. Phase angle spectra from a graphite deposit
near Labelle, Quebec.
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FiG. 22. Summary of the spectral TP data obtained from massive sulfide and graphite deposits plotted in
chargeability-time constant space.

been fused together or that pyrrhotite may have
been formed to create greater electrical connectivity

The results we obtained over graphite mineral-
ization were consistent with our eriginal expectations.
Graphite, like pyrrhotite, appears to be habitually
well-connected: concentrations of only a few percent
form continuous wveins and produce generally high
conductivity. It was therefore not surprising when
the spectra we obtained over graphite turned out
very similar to that obtained over veined pyrrhotite
mineralization and veined pyrite mineralization in
““wel”’ porphyry deposits. Spectra from graphite
mineralization near Labelle, Quebec are shown in
Figure 21. The high phase angle response at low
frequency corresponds to high chargeability and large
time constant.

Summarized in Figure 22 are all the resulls over
graphitc and massive sulfide deposits plotted in
chargeability-time constant space. Although the
chargeabilities determined over the two types of
mineral occurrences are similar, the time constants
tend to differ by three or four orders of magnitude;
thus the deposits fall into two distinct groups:
graphite characterization by extremeiy long time con-
stants and massive sulfides by very short time
constants.

In order to determine if the differences in time
constant might be caused by differences in the

impedance of the metallic-ionic interface, we again
carried out laboratory measurements on small speci-
mens of massive sulfides and graphite. The param-
eters relating to the interface impedance of graphite
turned out to be very similar to those obtained
earlier from studies of massive pyrite and massive
chalcopyrite. Thus, we are again led to believe that
the large observed differences in in-situ spectra over
graphite and massive sulfides arise primarily from
differences in mineral textute and not from differ-
ences in electrochemical conduction at the mineral-
electrolyte interface.

Frequency dependence and resistivity

Throughout our discussion of in-situ results, we
have tended to emphasize the use of only charge-
ability and time constant for discrimination between
different types of mineralization. The reason for
this is that the two other parameters in our Cole-
Cole complex resistivity model showed relatively
minor variation with mineral type, As illustrated by
the histograms in Figure 23, the mean value for the
frequency dependence ¢ was near 0.25 for all our
in-situ spectral measurements. This value correlates
well with the results of earlier laboratory studies
by Madden and Cantwell (1967). The only type of
mineralization for which the frequency-dependence is
perhaps significantly less than 0.25 is dry porphyry



Mineral Discrimination

604

mineralization. For this type of mineral occurrence,
the phase peaks are ofien quite broad and the fre-
quency dependence is correspondingly small, as

Peiton et al

none of the pyrrhotite mineralization was exposed.
As a result, it was necessary to average the effect
of averburden with the mineralization. Both actions

;'_‘J_ found by Van Voorhis et al (1973). caused the apparent resistivities reported for pyr-
wl i - Similar histograms are shown in Figure 24 for the rhotite to be larger than the true resistivities.
= Q £ log of the resistivity at 1 Hz. We used these resis-
I T Q tivity values since the values were more accurately CORRECTIONS FOR FINITE BODIES
2'[ [&E: 8 known than those of the dc resistivity Ry. As can be Qur difficulties in obtaining the true versus appar-
o > 3 seen from the figure, the resistivities we obtained ent resistivity for pyrrhotite rather naturally lead to
O o over graphite are very similar to those obtained over the question of true versus apparent for the other spec-
_

_
-
!

.

massive sulfides. Mean values for both types of

showing the variation in resistivity at 1.0 Hz for the

various types of mincralization.

MASSIVE
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14 -

mineralization are near 3.0 02-m. A slight difference
is evident between the resistivities of wet and dry
porphyry mineralization. This correlated with the
general observation that resistivities over dissemi-
nated mineraiization in the core of a porphyry are
higher than those obtained over the surrounding pyrite
halo. Our third set of histograms, contrasting the
resistivities of pyrrhotite and magnetite, are perhaps

tral parameters: chargeability, time constant, and
frequency-dependence. Most of our measurements
on the other types of mineralization approximated ho-
mogeneous earth conditions, but of course, such
conditions are rarely achieved in the field. Thus in
order to make use of spectral IP measurements in
practical exploration problems, we must understand
the variations in spectra that can arise from finite
bodies.

14 -

w)
L
O
L_JL- g a little misleading. Although the values for both It wrns out that these variations can be predicted
) §u types of mineralization are similar, we mentioned accurately from the knowledge of only one additional
v ] that we were forced to place part of our electrode parameter, which we call here the **dilution factor’’,
Lo T array on host rock at Sudbury in order to obtain
Noo g voltages large enough to measure. Also, at Cavendish _ 4 In p, (6)
o B P alnpy’
=
where p, is the apparent resistivity and p, is the
resistivity of the polarizable body. This is the same
BE s factor which has long been used to obtain the apparent
© o8 polarizability anomaly (PFE,) arising from a polar-
" g AHAHAHOd o 28 izable body (PFE,),
- ;5 L3M %5 . PFE, = B, - PFE,, 0
QI. ;_]E: O §£ in nonpolarizable host rock (Seigel, 1959).
<{ o 3\% Figure 25 shows five apparent resistivity data
g E § z points and the curves describing their variation with
TS ic® the resistivity of the target. The dilution factor B is
PESRT SA SRS B SR G H Lo o u—-: ; 7 just the slope of these double logarithmic curves. We
= g s note that depending on the particular apparent resis-
BN 3 tivity data point and the resistivity contrast, the
E5 z dilution factors range from nearly 1.0 to almost zero.
g c e i In Figure 26, we show a plot of complex resis-
I AHAHJAHOA g% o 7 5 tivity amplitude versus frequency for a theoretical
w v = eén.:__’:‘. g ‘ 5 7 IP source having the spectral parameters R, = 1.0,
> " S5 E 3 4 m=095 7=1.0, and ¢ = 0.25. The normalized
(CJO') o = © o2 E ?g_j : 2 ~ apparent amplitude curves which would be measured
o3 (<-'£) 23 E ) o T T T over thi.s source for particular electrode geometries
25}) s ] P o 2 3 570 2 2 st 2 3 5 7.0 giving rise to dilution factors B, = 0.5, B, = 0.25,
; g’%g o ~nd B, = 0.125 are also shown in the figure. It is
[T N NN S N | 28 qu. 25. Flots of apparent resistivity versus the tue  .yident that a small dilution factor results in an ap-
N Q @ w ¢+ N O ° o = 2 o resistivity of a two-dimensional bedy. The symbols arent amplitude curve with much gentler slope
H3 rﬁ‘%% ir! the pseudosection .mc.iu.:ate the positions pf the P P A g slop
- different apparent resistivity values shown in the than that of the true amplitude curve for the body.
E 2 % plots. In fact, the slope of the apparent amplitude curve at
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FiG. 26, Amplitude spectra obtained over a polar-
izable homogeneous earth and apparent amplitude
spectra obtained over finite bodies having the same
polarizability parameters as that of the homogeneous
earth but having differing geometries, which results
in differing values of the dilution factor B,.

any frequency is just B, times the slope of the true
amplitude curve at that frequency (6). If we assume
that B, is relatively constant over the resistivity
change produced by polarization, an assumption
which is implicit in Seigel’s original derivation, we
can very readily obtain the complete normalized
apparent amplitude curve Z,(w) from the actual nor-
malized amplitude curve Z,{w) through the relation,

Zy(w) = [Z(@)]P (8)

By normalization here, we mean that the amplitude
value at zero frequency is equal to 1.0. The actual
apparent amplitude at dc is, of course, already known
from the apparent resistivity pseudosection.

Since we are already familiar with apparent resis-
tivity data arising from a finite ore body, the apparent
valug of the parameter R, presents no mystery. What
does interest us though, are the apparent values for
the other three spectral parameters. Unfortunately,
there is no easy analytical formula relating the ap-
parent parameters m, , 7, and c, in terms of the true

parameters and the dilution factor B,. In fact, the
apparent amplitude spectra no longer exactly cor-
respond to a Cole-Cole model. The fit is*very close,
however, and listed in Figure 26 are the apparent
parameter values obtained from inversion of the
apparent amplitude spectra.

We note that the apparent frequency dependence
c, shows relatively minor variation with dilution
factor. The values .222, .214, and 212 are all
reasonably close to the true frequency dependence
¢ = 0.25. The apparent chargeability and apparent
time constant, however, show significant variation
with B,. In order to demonstrate this variation more
clearly, we have constructed the nomogram shown
in Figure 27. For all the results presented in the
nemogram, the true frequency dependence was 0.25
and the true time constant was 1.0. Each solid line
cormresponds to a polarizable body with a specific
chargeability. It is evident that as the dilution factor
decreases from 1.0 (no dilution) to 0.125, the ap-
parent chargeability and apparent time constant also
both decrease. The decrease in apparent time constant
is three orders of magnitude for highly polarizable
bodies {m = (.98}, but is relatively miner for bodies
with lower polarizability (m = .15 to .55).

Since the nomogram has a logarithmic horizontal
scale, it is evident that selection of a true time con-
stant other than ¥ = 1.0 would result in only shifting
the complete set of curves to the right or left, The
curves are thus very useful; they describe the trajec-
tory in chargeability-time constant space for virtually
any polarizable body having the frequency depen-
dence ¢ = 0.25, which was the mean frequency de-
pendence for all our in-situ spectral data.

If we now return to Figure 22, we can understand
more readily the low apparent chargeability (0.6)
and small apparent time constant (1072 sec) measured
over the Seneca deposit in British Columbia. Since
we were separated from the mineralization by a
layer of debris. the true chargeability of the sulfides
was obviously higher, perhaps near 0.85. If this
value were known to be the true chargeability of the
sulfides, we could superimpose the nomogram and
immediately determine that the true time constant of
the sulfides is roughly one decade higher and that
the dilution factor for the measurement was about
0.5. It would then be possible to use this information
about B, to help determine the true resistivity section
for the earth. Alternatively, if we have no information
on the true chargeability of the body, but instead
have relatively complete apparent resistivity data, we
can invert the data (Pejton et al, 1976) to determine
the approximate resistivity section and thus the dilu-
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tion factor. From knowledge of m,, 7., and B,, we
can then determine from the nomogram the true
chargeability and true time constant for the body.

Using these principles, it is possible to correct
the data for pyrrhotite presented in Figure 19 and
thereby determine the true spectral parameters for the
mineralization. Since the dilution factor for some of
the measurements at Sudbury and Cavendish was at
least as small as 0.5, the data corresponding to low
apparent chargeabilities have probably been shifted
significantly down and to the left in chargeability-
time constant space. Those data corresponding to
apparent chargeabilitics in the range 0.3 to 0.5 prab-
ably reflect true chargeabilities of at least 0.6 and
true time constants at least half a decade larger than
the measured apparent values.

REMOVAL OF INDUCTIVE COUPLING

Our in-situ measurements, in addition to present-
ing encouragement for possible mineral discrimina-
tion based on texturc, also provide information of
value on the removal of inductive electromagnetic
coupling cffects from IP data. Numerical calculations
of EM coupling phase angles due to a dipole-dipole
array on a homogeneous earth (Millet. 1967) and on
a laycred earth {(Hohmann, 1973) yield low-frequency

Q7 =

o
@
—

APPARENT CHARGEABILITY
(=] o o
w P n
T T
-
=
o

o
n

i
(o]

asymptotes having slopes very close to 1.0 on a
double loganthmic plot. Although the phase angle
curves are typically asymmetric, as illustrated in
Figure 28, the low frequency half of the phase angle
coupling curve can be accurately approximated by a
Cole-Cole modet with frequency dependence typi-
cally between .95 and 1.0.

These values are very much higher than the 0.25
mean value for the frequency dependence of polar-
izable mineralization obtained from our in-situ
studies. It thus appears quite reasonable to use these
differences in frequency dependence in attemnpting
to discriminate between the IP effects arising from
coupling.

Figure 29 shows phase angle data obtained with
our high-frequency in-situ equipment where we
deliberately created inductive coupling by increasing
our ¢lectrode interval to 30 m. Since the test was
conducted over alluvium, the true IP response of the
ground was very small. As illustrated in the figure,
we were able to fit, quite accurately, the field data
with two Cole-Cole dispersions: one having a fre-
quency dependence near 1.0, presumably corre-
sponding to the coupling, and the other with a fre-
quency dependence of 0.25, presumably correspond-
ing to polarizable clays in the alluvium. Since we
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F16. 27. Nomogram showing the change in apparent chargeability and apparent time constant caused by vary-
ing the dilution factor B,. The dashed lines are lines of constant B,. The sclid lines show how the observed
chargeability and obscrved time constant change as a finite body becomes more deeply buried {i.e., the dilution

factor changes from 1.0 to 0.125).




T Tm—

Mineral Discrimination 607

103 F T I T —-—  were able to construct with reasopable confidence the
70 coupling removed curve shown in the figure.

sk SUMMARY AND CONCLUSIONS

3 [ - // \‘. Qur in-situ measurements tend to confirm sug-

é ! \ gestions from earlier laboratory studies (Madden and

2 k2 / 1 Cantwell, 1967, Pelton et al, 1972) that IP spectra

% // generally conform to the Cole-Cole relaxation model.

=l o ol The frequency dependence for this model ranges be-

T 8 Q:?f tween 0.1 and 0.6, with a mean value near 0.25.

sL & 5“// However, this parameter is relatively independent of

L o
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Fig. 28. Phage angle spectra for typical porphyry
copper mineralization (solid line) and for inductive
electromagnetic coupling due to a homogeneous
earth (dashed line).

took very little low-frequency data, the determination
of the chargeability and time constant for the clays
was very inaccurate; thus the ‘“coupling removed”’
curve, which we constructed from these poorly
determined parameters, is only approximate. The time
constant for the high-frequency disperson, on the
other hand, was well-determined. We were able 1o
use this time constant to obtain an estimate for the
homogeneous earth rtesistivity, since the inductive
coupling is a known function of the resistivity, fre-
quency, and electrode spacing. The resistivity thus
obtained was in reasonably good agreement (within
30 percent) with the measured apparent resistivity
value of 178 Q-m.

In order to test the coupling removal program on
slightly more realistic data, we inverted field results
(Figure 30) provided by Wynn (1975). Since the
data adequately covered the lower frequency range
down to 0.1 Hz, we obtained good determinations
for both the chargeability and time constant of the low-
frequency relaxation as well as the time constant for
the inductive coupling. Using the well-determined
parameters for the low-frequency IP dispersion, we

mineral type. Two other spectral parameters, the
chargeability and the time constant, show much
wider variation between different types of mineral-
ization and, consequently, hold greater promise as
useful tools in possible mineral discrimination.

0% ¢
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3 INDUCTIVE COUPLING
TEST No. |
2
x=30m
n=1
102 R oe= 1780hm=-m
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Fi1G. 29. Phasc angle [P data (circles) obtained over
alluvium. The daia are almost completely dominated
by inductive coupling effects. After using ridge re-
gression inversion to automatically fit two Cole-Cole
dispersions (solid line) to the data, the parameters
obtained for each dispersion were used to construct
the dispersion due to coupling effects alone (dashes)
and the dispersion duc to IP effects alone (dots and
dashes). The IP dispersion was presumed to have a
frequency dependence equal to 0.25, whereas the
frequency dependence for the inductive coupling was
determined by the inversion to be ncar 1.0.
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10° ~‘ A difficulty in the interpretation of multifrequency
7L IP data arises from the apparent specira observed
s INDUCTIVE COUPLING over targets of finite size. In order to obtain the true

r J. WYNN chargeability and true time constant of the polar-
3 2 =150m izable matertal, it is necessary io know the dilution
2B o n=l- factor,

o =
-E 0.1 hz =120 chm-m ~ alnp,
w0t - 2 *  Blnpg
o W This factor may be derived from knowledge of the
5 g resistivity section which may, in turn, be obtained
1 [_ ""____ - / from inversion of the apparent resistivity data. Or,
gl oy, alternatively, if the true chargeability is known or
- ,'CT/ F presumed known, it is possible to determine the
12 00‘9\ dilution factor from the difference between the
10! % l'.’-S? "4«5& true chargeability and the apparent chargeability. This
7 18 '-“4};!,\ information can then be used in the interpretation
s ‘,gu €N of the apparent resistivity data.

- & A further cutcome from our in-situ studies has
3 ,§ been the conclusion that the frequency dependence
2 "' of IP effects due mineralization is much lower than

FRE C'!’UENCY (ha) the frequency dcpc.ndcnce (‘)f the effects due to induc-
sl a ) . | \ N tive electromagnetic coupling. As a result, inductive
16 gt ! % ' 0P w3 10*  coupling effects may be awtomatically removed from

FiG. 30. Phase angle IP data (circles) provided by
Wynn (1975). Beyond 10 Hz the data are dominated
by inductive coupling effects. The same procedure
outlined in Figure 29 was used to remove the induc-
tive coupling effects from the IP data.

1t appears that rudimentary discrimination between
graphite and massive sulfides might possibly be
accomplished by simply observing if the phase angle
increases from 0.1 to 1.0 Hz (massive sulfides) or
decreases (graphite). Alternatively, if data over a
broader frequency range are available, the results
may be inverted to provide estimates for the charge-
ability and time constant of the mineralization. Al-
though the chargeabilities for massive sulfides and
graphite are similar, there appears to be a difference
of several orders of magnitude in the time constant—
from approximately 10! sec for massive sulfides to
10*3 sec for graphite.

Similar differences have been found in the spectra
of typical pyrrhotite and magnetic mineralization and
in the spectra of wet as opposed to dry porphyry
mineralization. All of these differences in IP spectra
appear to be caused mainly by mineral texture.
Laboratory studies of the interface impedance and
studies of variable grain size and sulfide concen-
tration in artificial rocks, as well as our in-sita results,
all point toward the conclusion.

spectral IP data by inversion.
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