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master curve.



e Objective of the rescarch

Conventional induced polarisation surveys measure ecssentially the
magnitude of the IP effect, whether expressed as frcquency effect or
chargeability. The possibility of deriving additional information from IP
measurements has attracted many workers motiviated by the nced to recognise
or remove electromagnetic coupling and the desire to discriminate betwecen
causative minerals according to their comvosition or texture. Pyritic
black shales, for example, are a common cause of strong IP anomalies of no

economic interest.

Recent advances in complex resistivity measurements (Zonge anc YWynn,

s
cr

1975, and Pelton et al. 1978) have shown that there are significa
differences between the spectral resvonses of different mineralisation
types., arising mainly from mineral texture rather than composition: t
electromagnectic coupling has distinctive spectral prooperties which make

h tral response of

its removal relatively straightforward; ancd that the spe

c
small polarisable structures is modified by a funciion of the geometry.
The odjectives of tne present study were:

(1) to assess the feasibility of making us2ful spectral IP mcasure-
ments in the time cdomain using relatively simple ecuipment which a
t

geophysical organisation migh

(2) to interpret the results of these measurements in terms of

geological orcoblems veculiiar to the United Kingdom.

2 tiethod and materials
241 Theory : The IP phenomenon may be expressed in terms of a very simple

equivalent circuit, whose resnons2 is known as a Cole-Cole relaxation. The

complex imp2dance oi the ecguivalent circuit is readily obtaired; from

Z{w) = Rol 1 -m(1- 1 i (1)
1+(iwx)€




In this circuit, Ro simulates unblocked pore paths through which ionic
= . C. s : B B
current flows, and {iwX) is the complex impedance of metallic-ionic
interfaces in series with an additional ionic resistance Rq. The para-
meter ¢ is known as frequency dependence. In real geological situations,
tne value of ¢ usually lies between 0.1 anc O0.3. From the definition of m
; : gl . SC .. s
and consideration of the 'capacitive' nature of the clement (jwX) it is
clear that m is the chargeability defined in the conventionrnal way as the
& Nj Y
ratio of voltage immediately after to that immediately before cessation of
an infinitely long charging current. ¥ 1is called the time constant and,
for ¢ = 1, has the usual significance of the time constant of an exponential
decay.
The values of the resistance (or resistivity) at frequencyc;:!Z (k,”
4 Im(Z)
Re(Z
from (1). This fully describes the fregquency domain behaviour of the

and the phase angle 6 ( = tan can be obtained

[#]

guivalent circuit; Pelton's field measurements were inverted to give the

o

est values of m, ¢ and ¥ according to this formula.
The time domailn response 1is

oo

V(t) = mIoRo Z (11" (172 "€ (2)
n=0 [{nc+1)

where t is the time after switch-off of an infinite current pulse Io. and
[T is the gamma function. By computing with extended precisicn, this

formula can be evaluated directly for values of (t/x )< ~ 20.

From (2) it can be seen that, for a given ¢, we can make a dimension-

iess plot of log[V(t) as a function of log (t/x ). An experimental

plot of logy(t) = against log t, shifted vertically by log m and hori-
zontally oy lggot , will coincide with the theoretical curve. In practice,
it is convenient to measure Vs, the voltage after switch-off, as a frzctiion
of Vp, the voltage just before switch-off. But since Vp = IoRo this :is

agu to setting Io = Ro = 1. A sct of master curves can be vreoducsd
by plotting 0o

Y:Z (_1)nxnc

n=o0 [_—(I'\C0'|)_

against x. on bi - logarithmic axes, for different values of c. The

ct
-
oD
=3

parameters of an experimental curve (of log (¥s/Vp) agzinst log t) are

inding the best fit to one of the master curves. mand T

boo.

cetermined by



are determined by reading the ordinate and abscissa respectively of the
experimental curve at the point (log y = o, log x = ¢) on the mastercurve.

The best-fitting curve determines the value of c.

In practice it was found to be impossible to produce a current pulse
long enough to be considered infinite. This result was not expected and
forced a change in the curve-matching procedure.

For a finite current pulse of duration tp, the voltage measured 1is

P-"]

V(t) = mIoRoZ L (t_)nc - **_tp_nc (3)
n=0o [Theo1)|'¥ ¥

Herz (tp/v)is an additional variable and the reascning above applies only if

we make several plots of lo

03

(Xill_\ against log (t/x) for different values
mIoRo

of [tp/~x) For each chosen value of te/c we construct a set of master curves
for differsnt ¢. Typical master curves are snown in Fig. 1.

2.2 Field measurements : Measurements vere made on outcropping mineral-

ization of different styles and habit, using a short electrede array of a

source

? U,
Lrais—

ivities and chart speed settings and a sufficiently high inout imped-
ance to os connected directly to the electrodes. The 150 mm chart width
combined with ~ 0.5 mm mechanical hysteresis meant, nowzver, that the

resolution was limited. The reguirement of sampling a rather wide voltage

ions of a second to many minutes
he advantage of simplicity and
ul information at less than~0.5 szecond
after switch-off combined with uncertainty in the zero reference level
caused data analysis prodlems.

A totz2l of 41 analysable recorcings wvere made at 18 sites in zZngland,

g +

Scotlang and vales.
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S Analysis of results

digitised and replotted

5.1 Field curves : The field curves were manually
on the same scales as the master curves after correction for chart recorder
sensitivity, speed and zero level. In most cases good matches could be
obtained to the master curves for ¢ = 0.2. In some cases the chosen zero

.

level was evidently wrong as a good fit could not be obtained to any curve

and several different values were tried until the resultis were satisfactory

Although at best a very close fit could be obtained, a fundamental
roblem was that the theoretical curves for ¢ = 0.2 and different values of

(tP/Q) were very similar in shape and offset horizontally by amounts such

that several different estimates of T would give reasonably consistent
results. In fact the unce rtalnty in the derived values of T was at best
about one order of magnitude. c¢ and m were more closely defined.

A1l but two results could be Titted to curves for ¢ = 0.2, ths excep-

&

tions being ¢ = 0.3 and 0.4. «c appears not to be significant in a mineral

ciscrimination context.

varied from 107 to 107 seconds. Shorter valuss cown to 10~ seconds
as reported elsewhere were not seen, but might not be rscognised as an

anomaly at a2ll with the equipment used. m varied between 3hk% and 10C%.

Attemnts to recognise diagnostic features of diiferent styles of
mincralilisation show that fine-grained dark shales are clearly distinguls
‘ves by virtue of a very long time constant and high

pility. The few measurements on rocks of large grain size showed no
sariicular greuping. These observations appear to conflict with vrevious

s (Peltcn et al, 1978) which show that increasing grain size corres-
vonds to increasing time constant. Rocks containing carbon cannot be

distinguished directly from metal sulphides nor massive mineralisation frem

ciner types.

32 Theoretical study : Because of the impracticadility of generating a
current pulse of cffectively infinite length it might 22 imagined tThat

ng a repetitive input waveiorm ancé recording
o a second or so would give increased high-frequency
hort theoretical analysis of the decay curves to be
expected from a Colc-Cole model was carried out.

rourior sine

Assumling tne transmitted waveform can be analysed as a



series, we can say that for unity current,

vt

where Z(w
w

Im
.

i &

)

Im§:_chos uT
©T

impedance

imaginary

nTt/ T(frequency)

part

4

waveform period

cos 3wl

) Z(u)ei

wt (L})

We can substitute the Cole-Cole impedance Z(w) = 1-m(1- ;:?ﬂ31)°)

in (4) and evaluate the response over a suitable interval to give the
decay curve for different values of m, ¢ and T . Variations of m, T and ¢
to a 2 seconds on - 2 seconds off cycle showed that as m decreases from
1.0 to 0.5, the decay curve decreases in amplitude by more than 50%.
Further a change of © from a value typical of most rocks to a value
typical of black shales causes a distinct change in curve shape, but an
associated and very small change of m makes the curves almost identical.
This suggests that evaluation of m and T from conventional decay curves
is nct feasible. Electromagnetic coupling can however be recognised.

5. Conclusions

The time-domain resvonse of the Cole-Cole model has been explored, for

single current pulses of infinite and finite duration and for a conven-

tional repetitive pulse train.

In practice, it is impossible to produce a pulse of sufficient length

garded as infinite. Finite pulses can be analysed by a somewhat

ct
O
o
]

curve-matching procedure and values of three independent para-

=
[
=
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T and c¢ can be obtained. The fourth parameter Ro

(D
(-l

of the mocdel m,

"S
4]

5

round because

the

te
(D.C. in the backg

its behaviour is already familiar.

resistivity) of the model has been kept
t may be noted however that
resistivity measured by conventional prospecting ecguipment on bcdies of

high m and T may be only a few per cent of Ro.

Field measurements on selected outcrops in the UK showed a clear
distinction between dark shales and other rock types and a tendency
towards high chargeability for a given time constant for rocks of large

effective grain size; no other systematic grouping was evident.

Commercial equipment using a repetitive waveform is unlikely to be

able to perform any useful discriminatory function except for the recog-

nition of electro-magnetic coupling. The measured 'chargeability' is not

simply related to any of the parameters of the Cole-Cole model.
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