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1. Objective of the research

Conventional induced polarisation surveys measure essentially the

maenitude of the IP effect, whether expressed as frequency effect or

chargeability. The possibility of deriving additional information f,om IP

measurements has attracted many workers motiviated by the need to recoGnise

or remove electromagnetic coupling and the desire to discriminate between

causative minerals according to their composition 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 anci \"Jynn,

1975: and Pelton et aI, 1979) have sho\·,n that there are • • ,... .l-slgnlI1Canl.

differences between the spectral responses of different mineralisation

types, arising mainly frol:! r:1ineral texture rather than cO!7lposi t io!'!: t~a t

electromagnetic cOt,pling has distinctive spectral properties \·:hich ma..i<e

its removal ,elatively straightforward; and that the spectral response of

small polarisable structures is modified by a function of the georJctry.

Tne objectives of tne present study were:

(,) to assess the feasibility of makir:g useful spectral IP measure-

ments in the time cior:1ain usinG relatively si~ple equipme~t which a

g80physical orGfu~isatio~ mig:lt be ey.~ected to possess; and

(2) to interpret the results of these measure~ents in te!~ms of

geological problems pec~liar to the U~ited KingdorJ.

2. I'~ethod Cl.'10 materials

2.1 Yncory: The IP phenomenon may be expressed in terms of a very simple

equivalent ;.i,cuit, \·,hose ~espons·:; is k.:10i'in as a Cole-Cole relaxatio!1. The

complex impedance of the equivalent circuit is readily obtained; from

\·!hcre m =

Z (Co..» = Ro r 1 - m ( 1 - ) J

and

'j •



In thi.s c ircui t, Ro simula te.s unblocked porc pa ths throuE;h ",/hich ionic

current [101':[;, and (i""X l-c is the complex im~)ecla.nce of metallic-ionic

interfaces in series \iith an additional ionic resistance R1. The para

meter c is known as frequency dependence. In real geological situations.

the value of c usually lies between 0.1 and 0.3. From the definition of m
-c

and con.sideration of the 'capacitive' nature of the clement (\lo>X) it is

clear that m is the chargeability defined in the conventional way as the

ratio of voltage immediately after to that i~~cdiately before cessation of

an infinitely long charE;ing current. ~ is called the time const~~t ~~d,

for c = 1, has the usual significance of the time constant of an exponential

decay.

The values of the resistance (or resistivity) at frequencyw =IZ ('-')1
1 Im(Z)

and the phase angle 8 = tan- Re(Z) can be obtained

from (1). This fully describes the frequency domain behaviour of the

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

best values of rn, C ~~d ~ according to this formula.

The time domain response is

00

V(t)= mloRo~(-1)n(t/"C)nc

n= 0 I ( ne + 1 )

(2)

where t is the time after switch-off of an infinite current pulse la, and

r- is the ga~~a function. By computing with extended precision, this

.f·:)rmula can be evaluated directly for 'values of (t/"l::) < ....., 20.

Fro!:l (2) it can be seen that, for a given c, lVe ca-~ make a dimensior:

lcs.s plot of log [~U~] as a function of log (t/l. ). An experimental

plot of log~ again.st log t, shifted ve,tically by log m and hori-
loRo

zor:tally by log ~ , will coincide with the theoretical curve. In practice,

it is convenient to measure Vs, the voltage after switch-off, as a fr~ction

of Vp, the voltage just before switch-off. But since Vp = 10Ro this is

~c:;:vale::.t to setting la = Ra = 1. A set of :':113ster C~~Y"V~=S ca:l be prcc..~c·::d

by plot ting

n ~ 0

o.gainst x. on bi - logari thmic axes, for differ-en t values of. c. The

Jarameters of an exocrimental curve (of log (Vs/Vp) against log t) a ro then

cetermined by .finding the best fit to one of the master curves. m ~~d ~

2.



arc determined by rcadinr, the o:'dinate and nb5cis!3a !'~Gpectivcly of the

experimental curve at the point (log y = 0, log x = 0) on the mastcr-curve.

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 infini te. This resul t \':0.5 not expec ted and

forced a change in the curve-matching procedure.

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

v (I ) =

~

m 10 Ro L
n=o I(ne + 1

C'"c Ip r]
Here(tp/~)is an additional variable and the reasoning abo~e applies only if

\':8 !~ak8 several plots of 10g(:I(;~O) af,ainst lOG (t/'t'l fo, different values

of (t p/-c I For each chosen value of tp/"t: Vie construct a set of master curves

[:lr dif,,-er';;!1t c. 'I'j'pical master curves are shOl'/n in Fig. 1.

2.2 Field measurements: Measurements were made on outcropping mineral-

ization 0f different styles and habit, using a sh~rt electrode array of a

The measurement tecimiGue was to set up a suitable ~rray USIng non-

p:)larisi:!G Cil-CUSO/; electrodes, sustain a steady sur-rent flm-; u,,::i1 no

:u~the~ ~~ange \\as detectabl~ at the receiving elect~odes, ~~d then after

switch-of~ ~e~sure the decay voltage on a pen rccorde~. The current source

mittcr modifie6 to give a continuous pulse when higher power was reGuir-ed.

The TOA pen recorder used for voltage measurement haG Cl. \"ide range of input

se~sitivities and chart speed settings and a sufficiently high input i~ped-

a':ce to be connected directly to the electrodes. The 150 rrc"TI chart l:lidth

co~bined '..f',. th ~ 0.5 mm mechanical hysteresis meant, hO\'fc'",er: that the

resolutio~ was limited. The requirement of sa~pling a rather wide voltage

range at tim0 intervals ranging from fractions of a second to many minutes

j.3 not easily ~~t. The rccorder 11sed had the adva~ta~e of 5i~plicity and

?ortability but the absence of useful infor~atio:1 at l:~.ss t::a.l'1·~0.5 :-,;cco~d

after s~it~h-off combined with uncertainty in the zero reference level

caused data ~nalysis problems.

A total of 41 analysable recordings 'irere made at 18 sites in .i:":ngland,

3cotland and wales.
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3. Analysis of results

3.1 Field curves: The field curves \...ere mn..""lUal.ly dibitised anc! replotted

on the SiJJTle scales as the r.laster curves after correction for chnrt recorder

sensi ti vi ty, speed and zero level. In most cases good r.lR tchcs could be

obtained to the master curves for c = 0.2. In some cases the chosen ~ero

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

Rnd several different values were tried until the results were satisfactory.

Although at best a very close fit could be obtained, a fundar.lcntal

problem was that the theoretical curves for c = 0.2 ill1d different values of

very similar in shape and offset horizontally by a~ounts such

that several different estimates of T would give reasonably consistent

results. In fact the uncertainty in the derived values of ~ was at best

e.bout one order of :naGni tude. c and m \·:ere more closely defined.

All but two results could be fitted to curves for c = 0.2, the excep

tions being c = 0.3 and 0.4. c appears not to be significant in a ~ineral

ciscrimination context.

""t 'v'~""icc' fr. om.'. 10° :-0 107 secona·s. S" I ' t 10-/ .C<__ _ ~ • norter va ues eo\m 0 seCODes

as reported elsewhere Here not seen, but might not be rscognised as an

ano:naJ.y at all wi th the equipr.1ent used. m varied bet\.;een 34% a.nd 100%.

Attempts to recognise diagnostic features of different styles of

~inc.alisation show that fine-grair.ed dark shales are clearly distinguis~-

cole fro:n all other t2ipes by virtue of a very long time constant ~~d high

:haq;ea':Jili tj. The fe\·/ measurements on rocks of large grain sizE:' sr1O',;ed no

particular grouping. ~~ese observations appear to conflict with previous

results (Peltcn et al, 1978) which show that increasing grain size corres-

;:onds to increasing time constant. Rocks containing carbon cannot be

cistinguished directly from metal sulphides nor massive Mineralisation fror.1

ether types.

3.2 Theoretical study: Because of the impractica~ility of generating a

conv0ntional LP equipr.1ent using a ~ ...repe"ltlVe input wavefor:n and recording

decays at times up to a second or so would give increased high-frequency

information. A short theoretical analysis of the decay curves to be

expected from a Cole-Gale model was carried out.

{\SSUmlnr; the tr-a:-:smitted ':1aveform can be analysed as a FouriC'r sir!!?

c
/.



)

i <..> ~

cos 3tT Z (l"J) e

series, we can

v It) =

say that for unity current,
"'0

ImL ..L COS(.wT
n= 1 (.J T t.

where Z I w) = impedance
w =nTl/T( frequency)

I m = imaginary part
T = waveform period

1
'tIe can substitute the Gole-Gole impedance Z(bJ) = 1 - m I 1- 1 T (1....,"1:)<' I
in (4) and evaluate the response over a suitable interval to give the
decay curve for different values of m, c and 1:. Variations of m, "t and c
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 L 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 cha~ge of m makes the curves almost identical.
This suggests that evaluation of m, and -C from conventional decay curves
is not feasible. Electromagnetic coupling can however be recognised.

5. Gonclusions

The time-domain response of the Gole-Gole model has been explored, for

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

tional repetitive pulse

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

to be regarded as infinite. Finite pulses can be analysed by a somewhat

inelega~t curve-matching procedure and values of three independent para

meters of the model m, L and c can be obtained. T,~e fourth parameter Ro

(D.G. resistivity) of the model has been kept in the background because

its behaviour is already familiar. It may be noted hOI·/ever that the

resistivity measured by conventional prospecting equipment on bodies of

high m and L 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 consta~t for rocks of large

effective grain size; no other systematic grouping was evident.

Go~mercial 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 Gole-Gole model.

6.
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