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'SUMbIARY : 
(;I 

Approximately eight (8) 1 ine  miles o f  induced polar izat ion survey 

have been r u n  on the C.J-M property i n  the  Lac Le Jeune a&. 
J 

This survey has indicated d i s t i n c t  sources o f  increased chargza- 

b i l i t y  response overlying the  F!icola Group greenstone i n  the  L & R 

Road Grid.  
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G E N E R A L  INTRODUCTION 

Dur ing  the period May 10 t o  June 15, 1971 an induced polar izat ion survey 

was c a r r i e d  out  under the d i rec t ion  o f  Mr. J.S. Bortnick o f  Seigel Associates 

L i  m i  t ed  on the Lac Le Jeune property of Canadian Johns- Manvi 11 e Company, 

Limited. 

! 

_ _  .. - -- . - ,  . -- . . . ~  . . . .  

The s u r v e y s  w e r e  p e r f o r m e d  wi th  a Sc in t r ex  M a r k  VI1 t i m e  domain  

cu r ren t -on -o f f  t i m e  of two seconds .  This s y s t e m  m e a s u r e s  the a p p a r e n t  

r e s i s t i v i ty  of the ground in  o h m m e t e r s  and  two parameters  of the decay  vol t -  

age dur ing  the cu r ren t -o f f  pe r iod .  The chargeabi l i ty ,  M ,  m e a s u r e d  i n  milli- 

s econds  is the normal ized  i n t e g r a l  of the t r ans i en t  voltage between 0 . 4 5  sec-  

onds and  1 . 1  seconds  a f t e r  c u r r e n t  cut-off.  The 0 . 4 5  seconds  de lay  t i m e  al- 

lows m o s t  e l e c t r o m a g n e t i c  induction t r a n s i e n t s ,  switching t r a n s i e n t s  and  

in t e r l i ne  coupling e f fec ts  t o  d i sappea r  be fo re  m e a s u r e m e n t s  a re  made .  The 

area o v e r  the t r ans i en t  c u r v e ,  taking as  a n  upper  r e fe rence  the vol tage a t  

0 .45  secon. .; after c u r r e n t  cut-off,  c a n  also be m e a s u r e d .  This m e a s u r e m e n l  

I is made  dur ing  the per iod  0 . 4 5  seconds  t o  1..75 seconds  a f t e r  c u r r e n t  cut-off 

znd is e x p r e s s e d  3 s  the quant i ty ,  L. Like M ,  I, is m e a s u r e d  d i r e c t l y  i n  uni ts  



of mi l l i seconds  by the r e c e i v e r .  A number  of consecut ive in tegra t ions  

(usual ly  ' lo) of both L and M are  taken  and the a v e r a g e  va lues  used s o  as to  

r educe  t e l lu r i c  noise  e f fec ts  and o ther  i n t e r f e rence .  

For f u r t h ? r  de ta i l s  on the induced polar iza t ion  technique and equipment ,  

see the a t tached  ccpies  o f ' r ecen t  a r t i c l e s  by D r .  H.O. Se ige l ,  ent i t led 

"Induced P o l a r  i za  ti dn h/f ethod" , and "Some Compara t ive  Geophysical  Cas e 

His to r i e s  of Base  Meta l  Discover ies" .  

In gene ra l ,  v e r y  l i t t le  geological  information has been  avai lable  to  the 

w r i t e r s .  The p r e s e n t  r e p o r t  has t h e r e f o r e  been  mos t ly  confined to  a d i scus -  

s ion o f  the I. P, r e s u l t s  t h e m s e l v e s ,  without,  in m o s t  c a s e s ,  a t tempting a n  

in t e rp re t a t ion  in  t e r m s  of l i thological  c h a r a c t e r i s t i c s .  

. .  

. .  
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C.J.M. PROJECT 410 

Lac LeJeune  

INTRODUCTION 

During the per iod  May 10th t o  June  15th,  1971, a n  induced polar iza t ion  

s u r v e y  was  executed in  the Lac LeJeune  area of B.C., under  the direct ion 'of  

M r .  J.S.' Bortn ick  of Seigel  Assoc ia t e s  Limi ted ,  on behalf of Canadian Johns-  

Manville C o . ,  L imi ted .  

Approximate ly  8 l ine m i l e s  of s u r v e y  w e r e  completed during this  p ro -  

g r a m ,  m o s t  of which uti l ized mult iple  spac ing  dipole-dipole a r r ays ,  with 

a = 200' o r  4001, and n = 1 , 2 ,  3 , 4 ,  
/ 

PRESENTATION O F  DATA I 
The induced polar iza t ion  r e s u l t s  obtained during the p r e s e n t  p r o g r a m  

of the L and R Road Gr id ,  the L a c  LeJeune  G r i d ,  and Gr ids  I1 and 111 a r e  p r e -  

sen ted  on P l a t e s  1 to 5. 

trode configurat ions w e r e  used ,  are  p resen ted  i n  pseudosect ion f o r m ,  the 

chargeabi l i ty  and r e s i s t i v i ty  va lues  being contoured s e p a r a t e l y  fo r  each l ine ,  

The dipole-dipole a r r a y  r e s u l t s ,  where  2 or 4 elec- 

I : I 

The 3 - a r r a y  r e s u l t s  are  shown in prof i le  f o r m .  The  scales used fo r  all the I 
I .  P, r e s u l t s  f r o m  P r o j e c t  410 are  summa- ized  in Table  1 .  I 

I 

DISCUSSION O F  RESULTS 

Lines 4W, 0 and 4E ( L  and R Road G r i d )  

P l a t e s  1 and 2 contain the r e s u l t s  obtained over  l i nes  4W, 0 and 4E 



Pla t e  1 
i n e s  4 W  ,0,4E 

A r r a y  

,PrR Road G r i d  
i n e  4 E  

Elcc t rode  
Spacing 

i n c  4E -- 
P l a t e  2 

1 and 2 

1 and  2 

1 mil l i second Lines 4W,0,4E 

20 o h m - m e t e r s  

20 o h m - m e t e r s  

Plate 3 

D I D  

D I D  

3 

D I D  

Lines 7+50E, 
.5E,22+50E,  
j0E and 37t50E 

a = 400'  
n = 1 , 2 , 3 , 4  
a = 200' 
.n = 1 , 2  
5001, 1 O O O I  

a = 400' 
n = 1,2,3,4 

Pla t e  4 
Line 22+50N 

Line N48OE 

Plate 5 
Lines 30E,  
3 3 t 7  5E,  3 3 t 50E, 
Zr ids  - I1 and I11 - 

I 

I 

a = 400 '  3 1  
a = 200'  
n = 1 , 2 , 3 , 4  
a = 200' 
n = 1 , 2 , 3 , 4  

n = 1 , 2 , 3 , 4  

P r e  scntat ion 

Ps e udo:3e ction 

Pseudo:;ection 

Profile:;  

, contour  plans 
at different  
n-level:; 

P ro f i l e  ;3 

P s e udo:; e c t i on 

Pseudo;ie ction 

i' 

Pseudo:;  e ction 

Cha r g e a bi l i  t y Res is t iv i ty  Contour  
Contour  Int e r v  a1 

1 and  2 ' 20 o h m - m e t e r s  

1 and 2 .Es 
1 and 2 20 ohm-rne te r s  

Chargeabi l i ty  prof i le  scale throughout;  

Horizontal  scale throughout;  1" = 200' 1 

l t ' :10 mi l l i s econds ,  Da tum @ 0 

Res is t iv i ty .prof i le  scale throughout;  1, 33" = a fac to r  of 1 0 ,  Datum @ 1 0  o h m - m e t e r s  

3 



s .  . I  

* .  

(L and R Road Gr id ) .  

The chargeabi l i ty  pseudosect ion,  P l a t e  1, f o r  l ine  4W (Dipole-dipole 

a r r ay , .  a = 4001,  n = 1 , 2 ,  3 , 4 )  ind ica tes  the p r e s e n c e  of two d is t inc t  s o u r c e s  

of i n c r e a s e d  I. P, r e sponse .  The g r e a t e s t  anomaly  f r o m  the n = 1 cove rage  

o c c u r s  a t  s ta t ion  20tOOS with 'an ampl i tude  of 23 .4  mi l l i seconds  , the back-  

* ground chargeabi l i ty  l eve l  being in  the range  6 to 1 2  mi l l i seconds  in  t h i s  a r e  

Anomal ies  possibly a r i s i n g  f r o m  the same s o u r c e  a p p e a r  on the n = 2 ,  3 and  4 

cove rage  of the same line , with a peak ampli tude of 28 .8  mi l l i seconds  a t  

s ta t ion  8f00S for  the n = 4 coverage .  

of anomal i e s  could be a s teeply  dipping body of me ta l l i c  minera l iza t ion  r i s i n g  

to  within 200 feet  of the ground s u r f a c e ,  located between 20+00S and 1 O t O O S  

> -  

The  na ture  of the s o u r c e  of this  ser ies  

' on l ine 4W. The 400' e l ec t rode  spac ings  employed here do not a l low the 

s o u r c e  locat ion to  be de te rmined  with g r e a t e r  a c c u r a c y .  
\ 

Another  ser ies  of anomal i e s ,  f u r t h e r  to the no r th  on l ine 4W, is 

probably caused  by ano the r  body of me ta l l i c  mine ra l i za t ion  located between 

1tOOS and 3SOON. A peak r e s p o n s e  of 1 8 . 9  mi l l i s econds ,  a t  2 t00S1 line 4W, 

is a t t r ibu tab le  to  this  s o u r c e .  The mine ra l i zed  body in  this  c a s e  probably 

c o m e s  to  within 100 to  200 feet  of the su r face .  The  n = 4 cove rage  of this  

zone h a s  a peak o'f 29.1 mi l l i seconds  plotted a t  s ta t ion  12+00N,  sugges t ing ,  

a s  f o r  the prev ious  anomaly ,  a cons iderable  depth ex ten t .  Nei ther  of t hese  

anomal i e s  is a s soc ia t ed  with a c l e a r - c u t  re3 is t iv i ty  e x p r e s s i o n ,  

The s t rong  chargeabi l i ty  pa t t e rns  of the l ine 41V pseudosect ion cannot  be 

t r a c e d  convincingly on l ine 0 , although a me'asurexnent of 21 mi l l i s econds  I 

plotted a t  s ta t ion  4tOON on line 0 ,  fo r  the n 2 4 c c v e r a g e ,  m a y  be caused  b y  



0 

minera l i za t ion  a t  a g r e a t e r  depth  (500 '  to 800 ' ) .  

The l ine 4E chargea.Bility pseudosect ion f o r  the a = 400' coverage  

( P l a t e  1) contains  a peak r e sponse  of 19. 5 mi l l i seconds ,  with n = 2, plotted 

at s ta t ion  4tOOS. The contour  pa t t e rn  in  this  c a s e  may be i n t e r p r e t e d  ir t e r m s  

of me ta l l i c  mine ra l i za t ion  lcca ted  between s ta t ions  24-00s and 5tOOS, l ine 4E. 

The r e s i s t i v i ty  contours  ove r  the same zone aga in  do not show a n  a s soc ia t ed  

d e p r e s s i o n ,  indicating that  the s o u r c e  is probably not e l ec t r i ca l ly  m a s s i v e  

mine ra l i za t ion ,  

Additional coverage  of l ine 4E using a dipole-dipole a r r a y  with a = 200' 

and  n = 1 and 2 ( P l a t e  l ) ,  and a l s o  with a 3 - a r r a y  configuration using spac ings  
-.. 

of 500' and 1000'  ( P l a t e  l ) ,  conf i rm the p r e s e n c e  of the s o u r c e  of the I.P. 

r e s p o n s e  desc r ibed  above.  

T h e  r e s u l t s  as shown on P l a t e  1 sugges t  a s t r ike  along the g r i d  f r o m  

s ta t ion  4E-10N to 4 W - 8 s .  

shown on P l a t e  2. 

locat ion of the s o u r c e ( s ) ,  as a l r e a d y  mentioned above. 

This is however  not supported by the contour  plans 

I t  is the re fo re  difficult  to obtain a good t h r e e  d imens iona l  

Some local ized highs w e r e  shown as well ,  e , g .  l ine 4 E ,  16tOOS, n = 3; 

and l ine 0 ,  12+OOS, n = 2; but in  g e n e r a l  t hese  a r e  cons is ten t  with the r e sponse  

p a t t e r n  expected f r o m  the s c u r c e s  a l r e a d y  desc r ibed ,  

L ines  7 t 5 0 E ,  1 5 t 0 0 E ,  2 2 t 5 0 E ,  30t00E and 37t50E 

P la t e  3 contains  the 3 - a r r a y  prof i le  coverage  (a = 400 fee t )  of l i n e s ,  

7+50E, 15+00E,  22+50E, 30t00E and 37i-503, Lac LeJeune  G r i d ,  within a n  

a r e a  bounded by s ta t ions  584-00s and 94tGOS. With the except ion of l ine 

22 t50E  the background chargeabi l i ty  va lues  in  this  a r e a  lie in  the range  5 to  



7 . 5  mi l l i s econds .  Line 22 t50E  has a background leve l  of 7 to 9 mil l i s econds .  

No anomalous  chargeabi l i ty  r e s p o n s e s  occur  outside these  r anges  in  the 

p r e s e n t  coverage  of this  area.  The re s i s t i v i ty  va lues  range  f r o m  200-800 

o h m m e t e r s  and change only gradual ly  along the prof i les .  

Line 22t50N ( L  and R Road  G r i d )  

The l ine 22t50N cove rage  ( L  and R Road G r i d ) ,  between s ta t ions  2 t O O l V  

and 26 t00E ,  using a .dipole-dipole  a r r ay  with a = 400', n = 1,  2, 3 and 4 ,  is 

shown on P la t e  4. The chargeabi l i ty  pseudosect ion ind ica tes  the p r e s e n c e  of 

a broad  zone of I. P. r e s p o n s e  located between s ta t ions  6 t 0 0 E  and 12tOOE. 

A r e s i s t i v i ty  d e p r e s s i o n  of similar d imens ions  is  a s soc ia t ed  with th i s  f e a t u r e .  

The h ighes t  chargeabi l i ty  value ove r  this  zone is  36 mi l l i s econds ,  plotted a t  

s ta t ion  2t00E for  the n = 4 e l e c t r o d e  configurat ion,  indicating a cons ide rab le  
0 

depth extent  fo r  the s o u r c e .  

100' t o  200' of the ground s u r f a c e .  

Line N48'E 

It  seems l ikely tha t  the sou rce  ex tends  to  Lvithin 

_ .  

The chargeabi l i ty  pseudosect ion f o r  l ine N48OE ( P l a t e  4) shows l i t t le  

deviat ion f r o m  a background l eve l  in  the r ange  4 to 6 mi l l i s econds ,  The - low 

ampli tude chargeabi l i ty  anomal i e s  supe r imposed  on this  (e. g. a peak  value of 

7.8 mi l l i seconds  a t  s ta t ion  38t00N for  n = 2) coincide,  i n  g e n e r a l ,  with high 

r e s i s t i v i ty  zones.  T h e s e  are probably due t o  overburden  thinning, possibly 

outcrops  , s o  a s l ight ly  i n c r e a s e d  chargeabi l i ty  reading here c a n  be a t t r ibu ted  

to the d iminished  mask ing  effect  of the low I.P. r e sponse  overburden ,  

It i s  suggested that a g radua l  change o c c u r s  in rock  type along the p ro -  

Hawever ,  geological da.ta is not avhilable to  suppor t  this i*rnpression, . .  f i le .  



Lines  3 0 t 0 0 E I  33 t75E  and 37+50E (Gr ids  I1 and 111) 

The s u r v e y  r e s u l t s  on G r i d s  I1 and  111 ( l ines  30+00E, 33t75E and 

37 t50E)  a r e  p resen ted  on P l a t e  5 .  

I The chargeabi l i ty  on l ine 30 t00E  r e v e a l s  background l eve l s  of 4 to 7 

mi l l i seconds  inc reas ing  with depth t o  as high as 10  mi l l i seconds  ( n  = 4) .  

A n a r r o w ,  s teeply  dipping s o u r c e  of m o r e  chargeable  m a t e r i a l  is indicate ,  

n e a r  s ta t ion  72t00N.  

A peak value of 11.1 mi l l i s econds  o c c u r s  for  the n = 4 cove rage  a t  

s t a t ion  58t00N on this  l ine .  This valcle coincides  with a r e s i s t i v i ty  high. 

This coincidence is  shown along m o s t  of t he  l ine .  
._ 

The l ine 33t75E prof i les  d o  not r e v e a l  any anomalous r e s p o n s e s .  

Line 37t50E r e v e a l s  a weak but clear res i s t iv i ty  d e p r e s s i o n  between 

s ta t ions  .41 tOON and 43t00N,  coinciding with a s l ight  chargeabi l i ty  i n c r e a s e ,  

poss ib ly  ref lect ing a fault  zone (clay '  f i l l ing).  Background leve ls  on the l a t t e r  

two l ines  are  the same as  those  for  l ine 30-tOOE. 

Respectfully submi t t ed ,  

Ph i l ip  Rober t shaw,  M.  Sc. , 
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A P P E N D I X  I1 

J. S .  Bortnick 
. .  

M r .  Bor tn i ck  is a High School  graduate  (Albe r t a ,  1947).  
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The induced polarization method is 
based on the electrochemical phenom- 
enon of Overvoltage, that is, on  the 
establishment and detection of double 
layers of electrical charge at  the 
interface be.tween ionic and electronic 
conducting material when an electrical 
current is caused t o  pass across the 
interface. 

I n  practice, two dvferent  field 
t e c h n i q u e s  ( T i m e  D o m a i n  and 
F r e q u e n c y  D o m a i n )  have  been 
employed to  execute surveys with this 
method. These techniques can yie!d 
essentially equivalent information but  
do  not  always do so. Instrumentation 
a n d  f i e l d  procedures using both 
techniques have evolved considcmhly 
over the past two decades. hluch 
theoretical information for  quantitative 
interpretotion has been accumulated. 

All naturclly occurring sulphides of 
meta l l ic  lustre, some oxides and 
g r a p h i t e ,  g i v e  m a r k e d  induced 
po!arization refpponses when present in 
sufficient volume, even w h m  such 
materials occur in low concentrations 
a n d  i n  t h e  form o f  d iscre te ,  

Induced Polnrization is the orriy 
method presently available which has 
general  applicntion to the direct 
de-tection of disseminated sulphide 
drpcsits such as “porphyry type” cr  
bedded coppcr dcposits, and bcdded 
lead-zinc dcposits in carbonate rocks. 

A number of case histories are 
d o c u m e n t e d  where standard geo- 
e 1 e c t r ic a 1 o t her geo p h  y s ica I 

p- . no pi-interconncctcd particles. 

a n d 

methods failed to  yield an indication of 
sulphide mineralization detectable b y  
the induced polarization method. 

Each rock and soil t ype  exhibits 
a p p r e c i a  b l  e i n  d t i  ced polarization 
r e s p o n s e ,  usually confined to : a  
relatively low amplitude range, which is 
characteristic of the  specific rock or 
soil. Certain clcys and platey minerals 
i n c l u d i n g  serptntine, sericite and 
c h l o r i t e ,  sometimes give rise t o  
abnormal ly  high responses. These 
e f f e c t s  .are attributed largely t o  
so-called “nienrbraire”po1ari;ations. 

Despite a moderate amount  of 
laboratory and field investigation, it is 
not feasible in general to  differentiate 
between induced polarization responses 
due to  Overvoltage and non-metallic 
sources, nor to  differentic~te between 
possible sources within each group. 

Because of other variables, it is 
likewise difficult to  uniquely equate a 
specific indu ccd po lariza t ion respo t i  se 
to a specific percentage- o f  metallic 
content, although mean relationships 
have been established. 

T h r o u g h  t h e  measurement of 
secondary pnranieters, such as the 
transient decay curve f o r m  character- 
i s t i c s ,  o n e  m a y  o b t i i i n  useful  
information relating to the average 
particle size of metallic responsive 
b o d i e s  o r  t o  t h e  influence o f  
electromagnetic transients on the I.P. 
m e a s u r e m e n t s .  The lalter effect 
becomes prominent when surveys are 
made in areas with highly coi,ducting 
surface matcria!s, e.g. semi-arid regions. 

. 

,. 
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THE induced polarization (or I.P. as it 
is commonly known) method is, in 
application, the newest of our  mining 
geophysical tools, having come into 
active use only in late 1948. Its roots 
e x t e n d  s o m e w h a t  farther back, 
however. Schlumberger (1920) reports 
having noted a relatively lengthy decay 
of the residual voltages in the vicinity 
of a s u l p h i d e  b o d y  af te r  the 
interruption of a primary D.C. current. 
U n f o r t u n a t e l y  , measurements in 
non-mineralized areas gave rise t o  
rather similar residual polarization 
potentials, so he apparently aban- 
doned his efforts. 

In the late 1930's in the U.S.S.K. 
(Dakhnov, 1941) I.P. measurements 
were being made in petroleum well 
logging in an attempt to obtain 
informat ion  relating to the fluid 
p e r m e a b i l i t ' y  o f  t h e  formations 
t r a v e r s e d  by the well. Dakhnov 
mentions the possible application of 
the method to the exploration for 
sulphide mineralization, although it 
would appear that no such use was 
being made use thereof a t  that time. 
Unfortunately the volume of Dakhnov 
did not  come t o  the attention of 
abstracters in North America until the 
spring of 1950. 

Active development of the. 1.p. 
m e t h o d  as  a p p l i e d  t o  minerd  
e x p l o r a t i o n  i n  N o r t h  Amer ica  
commenced with the writer'vtheoreti- 
cal study in 1947 of the phenomenon 
of Overvoltage and his report (Seigel, 
1948) on its possible application to  
geophysical prospecting. Laboratory 

subsequent field investigation, 
'Ponsorcd  b y  N e w m o n t  Mining 
(:"rli0ration in 1948 eventually led to 

dcvclopment of a working field 

I.P. in prospecting for magnetite and 
sulphide mineralization but  apparently 
did not  recognize the presence of 
non-metallic polarization effects in 
rocks. 

Until 1950 all I.P. measurements 
were of the "time-domain" type (see 
below). In 1950, as the result of some 
laboratory measurements, L.S. Collett 
and the writer suggested the method 
o f  m e a s u r i n g  I . P .  effects using 
sinusoidal current forms of different 
f r e q u  e n  c ie s .  J.R. Wait expanded 
greatly o n  the possibilities of this 
approach and successful field tests 
were carried out  i n :  that year. Th'e 
w o r k  of the Newmont group is 
summarized in a monograph (Wait 
1959). 

Since '1950 several groups have 
been active in the development of the 
I.P. method by meatis of theoretical 
laboratory model and field studies. 
Prominent among these groups has 
been '  t h a t  a t  t h e  Massachusetts 
Institute of Technology (Hall of 1957) 
(Madden 1957) (Marshall 1959). 

Within the literal meaning of the 
term, polarization is a separation of 
charge to  form an effective dipolar 
distribution within a medium. Induced 
polarization is, therefore, a separation 
of charge which is due to  an applied 
electric field. I t  may also include 
p h e n o m e n a  w h i c h  cause voltage 
distributions similar to  those due to  
true polarization effects. 

F o r  p r a c t i c a l  purposes ,  only 
p o l a r i z a t i o n  e f f e c t s  w i t h  time 
constants of build up and decay longer 
t h a n  a f e w  milliseconds are of 
importance. This usually excludes such 
phenomena as dielectric polarization 
and others which are encompassed by 
the normal electromagnetic equations. 

In order t o  measure I.P. effects in a 
volume of rock one passes current 
through the volunie by means of two 
c o n t a c t  points or electrodes and 

measures existing voltages across two 
other contact points. 

Theoretically, any time varying 
current form can be used, bu t  in 
practice only two such forms are 
employed. In the first technique a 
steady current is passed for a period of 
from one second to  severdl tens of 
seconds and then abruptly interrupted. 

The polarization voltages built up  
during the passage of the current will  
decay slowly after the interception of 
the current and will be visible for a t  
l e a s t '  severa l  ' seconds after the 
interception. This is termed the "Time 
Domain" method. 

'I'he "Frequency Domain" method 
entails the passage of sine wave current 
forms of two o r  more low, but well 
separated. frequencies. e.g. 0.1 and 2.5 
c.P.s., or 0.5 C.P.S. and IO C.P.S. 

Since polarization effects take an 
appreci;tble time to build up,  it can be 
seen that they will be largcr at  :he 
lower frequency than a t  the higher. so 
that apparent resistivities- or transfer 
impedances between the current and 
measuring circuits will Le larger at  the 
l o w e r  frequency. The change of 
measured resistivities with frequency 
is ,  t h e r e f o r e ,  a n  indication of 
polarization effects. 

Further discussion of the precise 
quantities measured i n  the Time and 
Frequency Domain methods will be 
resumed after a presentation of soine 
of t h e  p o l a r i z a t i o n  phenomena 
involved. 

When a metal electrode is immersed 
in a solution of ions of a certain 
concentration arid valence. a potential 
difference is establishcd between the 
metal and the solution sides of the 
interface. This differcnce in potent id  
is an explicit function of thc ion 
concentration and valence, etc. 

When an external voltage is applied 
across the interface a current is caused 
to flow and :he potential drop across 
the. interface changes from its initial 
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value. If the electrode is a cathode it 
becomes more negativc with respect to 
the solution, whereas if it is an anode, 
it becomes more positive with respect 
to the solution. 

The change in jnterface voltage is 
called the “Overvoltage” or “Polariza- 
tion Potential” of the electrode. I f  the 
electrode is a cathode, we speak of 
“Hydrogen Overvoltage” and, if an 
anode, of “Oxygen Overvoltage”. 

These Overvoltages are due t o  an 
accumulation of ions on  the electro- 
lyte side of the interface, waiting to be 
discharged. The charge of these ions 
will be balanced by  an equal opposite 
charge due to  electrons or protcns on 
the electrode side of the interface. 

For smzll current densities the 
0v;rvoltage is proportional t o  the 
c u r r e n t  densi ty ,  i.e. is a linear 
p h e n o m e n o n .  T h e  var ia t ion  of 
Overvoltage with several other factors 
is presented in the wrifer’s Doctoral 
Thes is .  . (Seigel, 1949). The time 
Fonstant of build up  and decay is of 
thT’order of several tenths of seconds. 

Overvol tage is, therefore, esta- 
blished whenever current is caused .to 
flow across an interface between ionic 
and electronic conduction. In normal 
rocks the current which flows under 
the action of an impressed E.M.F. does 
so by virtue of ionic conduction in the 
electrolyte in the capillaries of the 
rock. 

There are, however, certain rock 
f o r m i n g  minera ls  which have a 
measure of electronic conduction, and 
these include alniost all the metallic 
sulphides (except sphalerite), graphite, 
some coals, some oxides such as 
m a g n e t i t e ,  and pyrolusite, native 
metals and some arsenides and other 
minerals with a metallic lustre. 

When these are present in a rock 
subjected t o  an impressed E.3I.F..  
current will be caused to flow across 
capillary - mineral interfaces and 

Induced Polarization Rezponse of a Metallic 
Conductinp Particlo in a Hock. 
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PlGC L 2 

Decay.Curves for Metallic and Non-metallic 
Minerals (after Wait, 1959). 

hydrogen and oxygen Overvoltages 
will be  established. Figure 1 is a 
s impl i f ied  representation of what 
happens t o  an electronic conducting 
particle in a rock under the influence 
of current flow. 

D e s p i t e  a t t e m p t s  b y  various 
workers to  investigate the source of  
non-metallic I.P. in rocks, an adequate 
explanation of all observed effects is 

,still lacking. A number of possib!e 
c o n t i b u t o r y  a g e n t s  h a v e  . b e e p  
established. Vacquier i(Vacquier e t  al, 
1957) has carefully examined strong 
polarization effects due t o  certain 
types of clay mineials. 

These effects he believed to  be 
related to electrodialysis of the clay 
particles. This is only one type of 
p h e n o m e n o n  w h i c h  c a n  c a u s e  

ion-sorting” or “niembran.e effects”. 
For example, a cation selective 

membrane zonc may exist in which 
the mobility of the cation is increascd 
relative to that of the anion, causing 
ionic  concentration gradients and, 
therefore, polarization effects (see also 
hlarshall, 1959). Much svork remains 
to  be done to .determine the various 
agencies, other  than clay particles, 
which .  can cause ‘ such mcnibrane 
effects. 

Time Domain Meihod: Figure 2 
shod2 the typical tiansient I.P. voltage 
decay forms for various rock forming 
m a t e r i a l s  in a laboratory testing 
apparatus. See also. Scott (1963). A 
primary current time o f  the order of 
2 1  seconds ‘was employed o n  theie 
tests. 

I t  will be noted that the voltages 
zre plotted against the. logarithm of 
the decay time and are approximate 
linear ,functions . o f  the log t for 
reasonable lengths of time (t). The 
amplitude of the transient voltages has 
bern normalized with respect to  the 
steady stare voltage existing inimedint- 
ly before the interception of the 
primary current. 

In  order t o  indicate the magnitude 
of the I.P. effects one may measure 
one or more characteristics of the 
transient decay curve and relate i t  
back t o  the amplitude of  the measured 

,‘. 

primary steady state voltage prior t o  . 
t h e  in te rcept ion  of the primary 
current. 

I t  may b e  shown that the ratio is 
Vs/Vp, i.e. peak polarization voltage 
to  the primary voltage just before 
interception is a physical property of 
the medium, which has been called the 
“Chargcability” of the medium. 

Since i t  has been demonstrated that 
most I.P. decay voltages are similar in 
form b u t  differ in amplitude (for the 
same charging time) one can take the 
average of several transient voltages a t  
different times, o r  indeed use the time 
integral of the transient voltages as a 
diagnostic criterion. The advantage of 
averaging o r  integrating lies in the 
suppression of earth noises and of  
elec‘tromagnetic coupling effects. 

The chargeability is often desig 
nated by  the letter “M”. If. the time 
integral is used the units of 1\1 will be 
i n  millivolt seconds/volt or milli- 
seconds. If one or  more transient 
v o l t a g e  values are measured and 
normalized, h.1 will be dimensionless. 

F o r  h o m o g e n e o u s ,  i s o t r o p i c  
material, the value of M is independent 
of the shape or size of the volume 
tested and of the. location of the 
electrodes on  i t .  I t  is a true physical 
property. For a given medium it is 
depefident , o n  the current charging 
time and on the precise parameter of 
the decay curve measured. There are 
a l s o  s u b s i d a r y  v a r i a t i o n s  with 
temperatures and electrolyte content, 
etc. 

F r e q u e n c y  Var ia t ion  Method: 
Figure 3 shows typical curves of the 
variation of normalized resistivities 
with frequency for .various sulphide, 
g r a p h i t e  a n d  n‘on-metallic rock 
minerals in artificial mixtures. Both 
the fact of the variation of apparent 
resistivity with frequency and the 
presence of phase angle lags may be 
used to indicate the presence of I.P. 
effects, although generally _only the 
first is so einployetl. 

Since the I.P. phenomena may be  
shown to be Linea:, within the usual 
range of voltages and currents, there is 

n.,....,. UI 
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Resist iv  i t y-frequency Chrlractoristia of 
Metallic and Non-motellic Minerals .(after 
Wait ,  1959). 
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a direct. relationship between the 
transient curve form and the variation 
of apparent resistivity with frequency. 
To arrive at  a dimensionless parameter 
equivalent to the chargeability, one 
would have t o  normalize the apparent 
r e s i s t i v i t y ,  b y  dividing by the 
resistivity a t  one particular frequency. 
The factor used is called the "Percent 
Frequency Effect" or P.F.E. and is 
defined as (K1 - R2 / R l )  x 100 where 
R1 a n d  R 2  a r e  t h e  apparerit 
resistivities a t  the loiver and higher 
frequencies used (Marshall, 1959). 

A second parameter is sometimes 
employed which is really a niisture of 
physical properties. I t  is called the 
Metal Factor (h1.F.) and is propor- 
tional t o  P.F.E./Rz or to  hl /R.  A s  
such, it serves to  empt1asizef.P. effects 
which occur in obviously conductive 
e n v i r o n m e n t s ,  i .e .  concentrated 
sulphide deposits or sulphidcs and 
graphite in shear zones. 

Since it is not  a dimensionless 
factor nor a true single physical 
property, it  is subject to  variation 
related t o  the changes of shape and 
resis t ivi ty  of the medium under 
investigztion. rather than simply to  
variations in polarization character- 
istics. 

In fiiy opinion, the metal factpr ha5 
s o m e  m e r i t  in  einphasizirlg I.P. 
a n o m a l i e s  d u e  t o  concentrated 
metallic bodies, but  should not be 
u s e d  as a primary indicator of 
abnormal 1.P. conditions. 

Figure 4 'shows a block diagram of 
apparatus commonly used in field 
o p e r a t i o n s  with the time-donlain 
method and the primary current and 
resulrant voltage wave forms. The 
t r a n s i e n t  vol tage amplitudes are 
considerably exaggerated to be visible. 

Power sources rip to 30 K.V.A.. 
5000 volts and.20 amperes have been 

second t o  as much as 30 seconds, and 
the current-off time t may be as much 
as 10 seconds. I t  is not  strictly 
necessary . t o  employ a cyclic current 
wave form, but  considerable advan- 
tages  i n  signal-to-noise ratio are 
achieved thereby. 

M o s t  of t h e  r e c e i v e r s  n o w  
tmploycd are remote triggering, Le. 
t h e y  a r e  in  ternally programmed, 
triggered by the primary voltage pulse 
and d o  not require a cable intercon- 
nection t o  the cycle timer on the 
power control unit. Figure 5, shows a 
typical time-domain remote-triggered 
receiver (Scintres MK VII, Newmont- 
Type). This particular receiver has 
several interesting features. 

For one, there is a memory circuit 
which provides an automatic self 
potential adjustment a t  the tail end of 
each cycle. For another, it has the 
ability' t o  integrate the area either 
below the transient curve (standard h l  
measurement) or above the transient 
curve (denoted as the L measurement) 
over a specific time interval. The ratio 
of these quantities gives a direct 

employed where extreme penetration , . .  
is desired in low resistivity areas. ?'he 
current-on time T ranges from one Typipal (SdnrrexMk. Modern Time Domain I.?. Receiver 

. .  . , <  
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.. 
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Typical Modern Time Domin I.P. U n i t  (Scintrex Mk VI11 
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Domain 
Array Employed Advantages Disadvantages 

Wenner Time For local vertical Poor depth 
profi!irig. pene trat ion. 

Requires four 
linemen. 

ThreP Electro& Time and Three linemen. Susceptible to 
(or PuIe-DipoIc) Frequency Universal coupling. surface masking 

- 
Good depth effects. 
penctration. 

Universal coupling. forms. Low order 
Dipok-Di?ole Frequencv Good resolution. Conplcv curve 

signals. Susceptible 
t o  surface masking 
effects. 

Gradient Time Minimum masking. Couples best with- 
Two linemen only. steeply dipping 
Excellent depth bodies. 
penetration. Low order signals. 
Excellent 
resolution. Can 
use multiple 
receivers for speed. 

measure of the  decay curvc form, 
which nLiy b e  of diagnostic value (see 
brlow). jx arcas of low electric earth 
noise ~ , h l  measurements may be 
made primary voltages as low as 
300 rnicovolts. Figure 5 b  shows a 
complet: :ypi(:al rnodcrn ti ne  dom‘iin 
induced p1;irization m i t  (Scintrex 
hfk\*llj  uf which the Newmoiit-type 
receiver k o v e  is a part. 

Figurr 6 shows a block diagram 0f.a 
t y p i c a j  i r e q u e n c y  domain field 
appar.~:--r and voltage wave form. 
Since priu1ar;y current and earth 
V o l t J p  arc usually measured by 

s e p a r a t e  devices and their ratio 
employed to Gbtain the apparent earth 
res is t ivi ty  and its variation with 
frequency, it is common practice to 
adjust thc cuirent to a standard value 
and maintain i t  there to  the required 
accuracy. 

The primary wave form is u&~ally a 
commutated D.C. Coninionly,’up to 6 
frequencies are available in the range 
of 0.05 to 10 C.P.S. Figure 7 sh0w.s a 
typical modern frequency d o m i n  

‘ measuring unit. This unit has a high 
degree of power line frequency ( 5 0  
C.P.S. to  60 c.P.s.) rejection. 

C 
t SWITCHiNU 
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Typical Modern Frequency Domain Receiver 
(Geoscience). 

I t  measures both the primary 
voltagc and the change of primary 
voltage with change in operating 
frequency, :he latter to an accuracy of 
about T0.3% when the fornier exceeds 
100 microvolts. It has the added 
feature of a phase lock voltmeter 
which assists i n  making mensurenients 
under low signal-to-noise conditions. 

Common field electrode arrays are 
shown in ‘Figure 8. The electrodes 
marked C are current electrodes and 
those niarked P . are potential or 
measuring electrodes. Each of the 
electrode arrays has its own advantages 
and disadvantages in rcspcct of depth 
of penc:ration, labour requirements 
for moving, susceptibility to  earth 
noise, electromagnctic earth transients 
and interline coupling. ‘I’hc following 
table sunirnwizes the features of these 
arrays. 

For each array (excel i t  tlic gradicnt 
array) the basic electrode spxcing “a” 
is selcctctl to give adequate penetra- 
tion down to the drsircd drpth of 
exploration. For  the pole-clipolc and 
double dipole i t  is cus!omary t o  obtain 
severnl prufilcs for tliCferen t valucs of 
“a” or for integral values of II from 1 
to as much zs 4. 

For the syninietric .:irrays (\Vcnncr 
a n d  Dipole-ilipolc) the measured 
values arc plotted iigaiiist tlic midpoint 
of the array. [\‘hen using the .’l‘hree 
Electrode Array (tinic-domaiii) the 
station position is t;ikcii to. be the 
midpoint or tlie iiioviiig current a:id 
the  ncarcst putciiti.il clct.tri~clc. \Vhm 
U S I  ng t t i  c I’oIc-I~ipolc (frcqucncy 
domiin)  tlie statioii position is t;tkcri 
as thc niit1l)oint I,ct\vccli the moving 
current ~~lcctroclc ;inti ( l ie  mitlpuhrr  of  
the tw.0  potcri ti.11 clcctroclcs. 

\\’it11 tlic Gracl ic i i t  xrr:iy i t  is the 
m i d p o i n t  of ilic t \ v o  potential 
clectroc!cs. I o r  the Three Electrode 
array and l’dc~l:)i!~olc these station 
locations ;ire not uniciuc a:id represent 
c o i v e t i  i i  o 11 s o r. I y . 

1.P. d,ita ma) Ijc plottc.tl i n  profilc 
forni or  c o n t o u r e d ,  a l t h c i u ~ h  i t  shouId 
be noted t l i a t  soi i ie iv t i i i t  dilfercllt 

SU!X-~. results \ \ p i l l  1,s oi>t:iinecl w i t h  diffcrcnt 
line orientations so t!iL1t contouring is 
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Common Field Elcctrode Arrays. 
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Theoretical Response of a Sphere, Three 
Electrode Array. 

T w o L A V E R  RESPONs$. 

WENNER OR THREE ELECTHOOE A R R A Y  

Theoretical Response of Two Layer Earth, 
Wenner or Three Eiectrode Array. 

not strictly jystificd. Profile inter- 
pretation is superior, p a r t i c u l d y  ‘for 
shal low,  confined bodies, because 
mu1 tiplc peaked C U ~ V C S  may arise from 
such bodics usilig certain electrode 
arrays, and thc plotted pcaks may give 
a n  e r r c n e o u s  impression of the 
location of the polarizable body. 

To obtain the variation of physical 
p r o p e r t i e s  with dcpth, expanding 
arrays may be used with any of the 
electroc!e systems, kceping the spread 
centre fixed and simply changing the 
r e l a t i v e  spacing “a”. This is of 
pa:ticular value where it is known or 
expcctcd that vertical variations of 
physical ’ properties will bc much 
greatcr than latcrzl variations. 

As the spacing is increased the 
i n f l u e n c e  of the dceper regions 
becomes . more significant, an+ the 
resultin t resistivity and I.P. curves 
may often be iiitcrprcted to give the 
depth to discontinuitics in physical 
propcrties and the physical properties 
thcmsclvcs. 

frequcncy .domain results is to plot the 
measured data bcloiv the linc at  3 
dcpth equal to thc distancc of the 
station position (as defined above) 
from the midpoint of thc pontkntial 
dipqlc. \\’hen this is done for a variety 

diniensional section. results tvhich 
show, albeit in a niarkcdiy distorted 
fashion, the variation of physical 
propcrtics with depth. ’ 

A mathcmatical representation of 
I.P. effects has becn dcveiopcd by the 
writer (Scigcl, 1959), which rc!atcs the 
observe<! 1.1’. responsc of - 2  hctero- 
.gcncous nictliuni. to thc distribution of 
resistivitics and I.P. characteristics. To 
a first approkirnation it is equally 
appl icable  to i n y  I .P .  parxnctcr 
measured in the tiinc and frequcncy 
domains. 

From this theory, one may predict 
t h e  a n o l n a l o u s  responsc to  be 

r. uoiiinion practice in presenting 

of or 51’~ a pscudo two- 

expected from a specific body with 
g iven  c hargeability and resistivity 
contrast. For esamplc. Figure 9.shows 
the form factor F plottcd for the 
‘l‘liree Elcctrode .\rray for a sphere for  
various valiics of/. whercJ is the ratio 
of the electrode spacing to the depth 
to the centre of tlie sphcrc. Thc sphere 
rcsponse is proportional to F times the 
c h a r g e a b i l i t y  contrast .  times its 
volume and tinies a resistivity-ratio 
factdr. A numbcr of such theorctical 
c u r v e s .  f o r  t h e  pole-dipole and 
gradient arrays. using sphycs  and 
ellipsoids ;is motlels. may be.  seen in 
the paper by Dictcr (1969) e t  al. 

Curves of this sort permit onc to 
interpret anomalies .due t o -  localized 
bodies. It $vi11 Ix seen that for each 
array -there is an optinium spacing for 
a body at  a p:irticular depth, and. 
therefore, there is some meaning to  
the term :‘depth of penetration”. 
exccl)t for thc g r d i e n t  array. 
.. \Vhcn t h e  dimensions of the 

pola;.izable ‘niedium are large in 
compzrison witn its depth bclow 
s u r f a c e , ,  as  is o f t e n  the  case, 
p a r t i c u l a r l y  i n  investigation o f  
porphyry copper type deposits, a two 
l a y e r  approximation is adequate. 
Theoret ical  ciit.vcs based on this 
approxiination (Figure 10) may be 
used  to  intcy!ret the results of 
expanding \\‘cnr!rr or I’hrkc Electrode 
array depth dctcrminations. 

F o r .  m o r e  complex geometries. 
mathematical solutions in closed form 
are ofteii lacking. For such cases one 
may resort to  modcl studies (e.g. 
.Fig~irc 1 1  for buried dike.) or to  
coniputcr calculated solutions. 

The most protluctivc use of the I.P. 
method to  d:itc has bce!i i n  tlie 
cxploration for deposits of metallically 
c o n d u c t i n g  minerals .  where the 
amounts and dcgrce of intcrconnec- 
tion of these niiiicrals arc too low to 
give rise to itti elcctromagnctically 
detectable body. 

. 

FIGURE II 

Model Response of a Dike, Dipole-Dipole Array (courtesy K. Vozdf l .  
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Geophysical and Dri l l ing Results. Lo r rex  Porphyry Copper Ore Body, British Columbia, 
Can'ada (courtesy Lornex Mining Corp. Ltd.) 
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Geophyslcd and Drilling Results Lead-Zinc-Capper Ore Body, Heath Steele Mlrre. New 
Drunswlck. Canada (courtesy P. Hallof).  

B .  , .  

Geophysical and Grilling Results, Pyramid 
NO. 1 Lead-Zinc Ore Body Pine Point Area, 
Northwest Territories, Canada (courtesy 
Pyramid Mines, Ltd.). 

Where electromagnetic detection is 
feasible i t  is usually far niorc rapid and 
ecorioniical to apply electromagnetic 
induction methods to the problem. 
T h e  I .P .  m e t h o d  i s  the only 
geophysical tool available which is 
capable of direct dctccting 1 percent 
or less  b y  v o l u n i c  of nictallic 

' 

conducting siilphides. 
It is best i:sed, therefore. where there 
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electromagnetic and rcsistivity methods 
y i e l d ,  i n  themsclves ,  no useful, 
information. 

T h e  gravi ty  method. although 
yielding a positive response in this 
instance, does not provide a good 
reconnaissance tool in this area because 
of karst topography and.other sources 
of changes in specific gravity. 

O n e  occasionally encounters a 
deposit of thc "massive sulphide" type 
which is normally thought of as an 
'electromsgnetic type of target because 
of its high conducting sulphide content, 
bu t  which, obviously because of the 
lack of large scale continuity of the 
conducting sulphides, does not respond 
t o  the electromagnetic techniques. 
Figure 14 shows an intersection of ore 
grade material of this type, in New 
Brunsrvick, Canada, wliere electro- 
magnetic methods had yielded negative 
results. 

In  many types of ore deposits the 
bulk of thc I.P. response is due :o the 
accessory  non-economic sulphides. 
usually pyrite and pyrrhotite, and thc 
ore  minerals thcmselves are in the 
minority. A true test of the sensitivity 
of the I.P. niethod is an example of a 
low grade disseminated deposit with no 
such accessory rnincrals. Figure 15 
illustrates such a casc, with an 1.P. 
discovery section over the Gortdrum 
c o p p  er -s i lve  r -  rn e r c  iiry deposit in 
Ireland. The orc mincrjils consist of 
chalcocite, bornitc and chalcopyrite in 
a dolomitic limcstone. and there is less 
than 2% avcragc by voiume of metallic 
conducting minerals. 

Whereas the bulk of I.P. rneasurc- 
ments in mineral exploration has, 
naturally, becn ninde 011 surfacc. the 
technology of drill hotc exploration h;ls 
been well dcvclopcd. pnrticul:ir!y by ihe 
Newmont group (see \\'agg, 1963).  The 
time-domain method is suitable for drill 
hole applications since i t  permits a 
relatively closc coupling: o l  the current 
and potential lines i n  ;L srnali cliametcr 
bcre hole. 

The threc elcctrodc array has Ixcn 
e x  tensivcly employed for logging 
purposes, with a variety of elcctrodc 
spacings t o  give varying ranges .of 
detection away from thc hole. In this 
fashion the variation of electrical 
properties with distance froln the hole 
m a y  b e  d e t e r m i n e d .  A second, 
"directional log" then gives informa- 
tion on  the direction of any anomalous 
material inc!icatcd by the detection log. 

Whercas thc I.P. method is usually 
employed as apriniary cxploration tool 
it may play an auxiliary role as well, c.8.  
to disl inyish between mctalli; and 
ionic coiiducting soiircc; of other types 
of electrical 2nonialics, c.g. e l x t r o -  
rnagnc t ic. 

Figure 16 shows a typical coiiduct- 
i n g  zo i i c  revealed by 3 ground 

2o 1 4 R R A V  r 
VI 

- ,"* 
w .  
x 

L 
I 
0 

I 
- 1000 

c 
> 
b- 
VI 

VI 
W 

- 
- 

I 
a 

0 4  7 s  
I 0 1 1 - I .  5 N  

___t 

\ '\ 

m 

0 200 
L;R;.LLB 

F E E T  

F A U L T  

D E V O N I A N  - 
O L D  R E D  S A N D S T O N E  

C A R B O N I F E R O U S  - 
D O L O M I T I C  L I M E S T O N E  

J E C l l O N  2 0 0  E .  F A C I N G  W E S T  

3 CLECTRODE A R R A Y  - o * l O O '  FIGURE I5 

Geophysics1 and Drilling Results, Copper-Silver Ore Body, Gortdrum Mines, Ireland (courtesy 
Gortdrum Mines, Ltd.). 

. @  

2 0 1 s  

VERTICAL LOOP TILT ANGLES 

I 

II --. 
II '* 

/ 
U 
II 

I! 

II 
II 
II 
I 

FIGURE I6 

Geophysical Recognition of 0verburd.n Troirgh. Northwest Quebec. Canada 

9 



&tctromagnetic survey which was later 
by  drilling, t o  be due to  

oG,crburden ,-conduction in a bedrock 
Lrodgh. The I.P. response is in the 
Iov/-normal range. The gravity profile, 
alsr, shown, corroborates the presence 
of  h e  bedr.ock depression. 

Attempts have t e e n  made by  a 
nciriiber of workers to employ the I.P. 
nlcthod in the field of groundwater 
exl)loration (e.g. Vaoquier, 1957, 
~ , p l m e r ,  1968) but  with n o  consistent 

as yet. There are variations of 
cl,;irgeability from one type of non-- 
c ~ ~ ~ ~ s o l i d a t e d  sediment t o  another, bu t  
thclie fall, in general, within a refativdy 
snl:ill range compared t o  the usual 
stljphide responses. 

More investigation remains t o  be 
&ne in this area before a definitive 
cowlusion can be  reached. I t  is clear 
tll;it more accurate measurements will 
h;,ve to  be made in groundwater I.P. 
t)l;tn in base metal I.P. investigations. 

' f i e  1.P. method has a numbcr of 
rct:ognized limitations, some of a funda- 
n,rntal nature and others of a tempo- 
r;lI'y nature reflecting the current stn:e 

the art. 011 a unit coverage basis the 
nlr thod is rclativcly expensive to  apply, 
ctviting between $200 and $500 per line 
n\lle surveyed, in most instances. This 
,-(IS t has, however, been progressively 
rctluccd by  advances in instrumentation 
r,+:iiilting in decreased weight, increased 

sensitivity and rejection of earth noise 
effects. Some degree of improvement is 
yet  to be expected in this area. 

?'he same gconstr ic  limitations 
apply as with the resistivity method 
employing the comparable array. As a 
rtile, a body of up to 10 per cent 
d i s  s e   IT^ in  a ted metallic conductors 
cannot be detected at  a distance from 
its nearest point much esceeding its 
mean diame:er. This deiectabi!ity may 
be somewhat improved by the Jse of  
secondary criteria, but such improve- 
ment is likely to be only marginal. 

Since OveTvoltage is essentially a 
surface phenomenon the I.P. response 
f r o m  a given volume percentage of 
me t a l k  cmductors  generally increases 
as the individual particle size is 
decreased. From the usual simple I.P. 

'measurements, therefore, one cannot 
reliably predict the  percentage by  
volume of such conductors i r i  a dcposit 
as there may be a variation of particle 
size throughout the deposit. 

Still less can one differentiate 
between metallic conductors (e.g. 
c h a1 copy r i t e, <gal en a, pent 1 a ndi t e ) of 
edonoinic interest and those of non- 
e c o n o m i c  i n t e r e s t  (e.g. pyrite, 
pyrrhotite and graphite). I n  addition we 
cannot even reliably differentiate 
between metallic sources of I.P. 
responses. The latter may include 
certain types of clay and, in consoli- 
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dated rocks, such platey alteration 
minerals as xrpent ine,  talc and sericite. 

Empirically it has becn found that, 
on  the average, 1% by voiume of 
metallic siilphides will increase the 
chargen!Jiiity by about  2 - 3 times, 
depending on  the hos: rock type. 

Figure 1 7  shows a section across 
each of two a:iomalous I.P. areas in the 
Pine Point area, Northwest Territories, 
Canada. Section A is a discovery 
traverse across an ore body contai.iing 
one half inillion tons of 11.4 per cent 
combined Pi., and ZI? and coming within 
40 ft. of the ground surface. Section B is 
a traverse across what proved, by 
drilling, to be a karst sink hole, filled in 
with.  a variety of unconsolidated 
material including boulders and clay. 

Based  u p o n  t h e  chargeability 
amplitudes and the relative resistivity 
depressions the secorid case would 
appear to be far more proinising than 
the first. In such cases the gravimeter 
has sonietime proven to be of value in 
resolving the two types of occurrence 
but !here is the very rral possibility of 
the coinciderice of a sink hole and a 
lead-zinc deposit, which would give rise 
t o  a n  uncertain resulting gravity 
response. 

Any normal transient (time-domain) 
polarization decay and equivalently any 
curve of variation of appsrent resistivity 
with frequency may be simu!atd by 
m e a n s  of a mixture of metallic 
conductors of a suitab!e particle size 
distribution. 

It is, however, possib!e in an area of 
common g e o l o n ,  that ' the various 
possibk soiirccs of 1.P. responses may 
have significantly different character- 
istic curves in each of ; h e x  two 
domains. A inore tlioruugh analysis of 
these curves at  sigiiificaiit 'points is, 
therefore, of value. 

Modern receivers in Loth domains 
(Figures 5 and 7 )  have the ability to give 
curve form informntio:i as wcll as a 
single quantity rciatecl to an I.P. 
amplitude. 

Koniarov (1967)  documents such an 
example over a cupper-nickcl deposit in 
the U.S.S.K. \\.here, cifcc t ivcly the 
sulphide responscs have a loiigcr time 
cons t an t than t I ic norm a1 no n-n e t ai I ic 
po!xization. 

An important sot;rcc: influencing I.P. 
measiircnien ts is the e!ec tromngnetic 
response of the earth. For a given 
ejectrode array thc clcc troinagrietic 
effect is dcpcndent upon the frequency 
times the conductivity mid thc square 
of the spacing. In !iic ircclaency domain 
t h i s  source  I,ecor?lfs Iroub!c;ome 
jcammcnication iron1 P.C. i-lullof) 
when: 

1. The electrode spacing is f. 30 f t .  or 

2. The highest frcqticiicy employed 
Over and 11 = 3 or qcater .  

is 2.5 C.P.S. or greater. 
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3. The average earth tesistivity is 
lower than about 25 ohm metres. 

Electomagnetic effects are present in 
the time-domain measurements as well, 
of course, bu t  are usually of lesser 
amplitude for the same array and earth 
conductivity, because the effective 

. frequencics employed in the time 
d o m a i n  a r e  c o n s i d e r a b l y  loivcr 
(commonly 0.03 to 0.125 c.P.s.). 

In the extreme, the electromagnetic 
response of a conducting earti? may 
seriously interfere with useful I.P. 
measurements in either domain. 

In  the time domain I.P. measure- 
m e n t s  c o m m o n l y  only a single 
amplitude (at a specific time after 
current in:erruption) or an average 
amplitude over an interval of time after 
the current interruption is used to 
characterize the transient decay ccrve 
and act as a measure of the induced 
polar izat ion characteristics of the 
medium in question. 

It  has been known since 1950 that 
u s e f u l  s e c o n d a r y  information. is 
available in the shape of the transient 
decay curve associated with tinic 
domain induced polarization measure- 
ments. Equivalent remarks may be 
made in respect of frequency domain 
m e a s u r e m e n t s  where, instexd of 
m e a s u r i n g  t h e  average siope of 
resistivity frequency over one decade of 
f r e q u e i l c y ,  m o r e  information is 
obtained about the shape of this curve. 

The type of information iiiherent in 
'the curve shape relates prinaiily to two 
factors - (a) average metallic particle 
size zssociated with tlic source cf an 
anomalous I.P. response. and (b)  the 
presence of electromagnetic transients 
arising from highly conducting geologic 
units. For convcnience we \vi11 restrict 
the following reniarks to  rime domain 
measurcinents, although oq:iivaient 
s ta tements  may be made in the 
frequency domain. 

It has been established through 
labora tory  measurements that (a) 
metallic conciuctors of large average 
particle .size give rise to time domain 
decay curves of relatively long time 
constant, and (b) metlllic conductors 
c f  small average particlc size give rise to 
decay curves of relatively short time 
constant. For these rcaioiis. i f  a shape 
factor as well as an amplitude Lictor of 
the decay curve can be  established we 
may obtain ir.formation. which is 
helpful in mnie of the following 
circumstances: 

(1) very large or very smnll Inetallic 
paiticlcs - thc respoiisc from these may 
distort the shape as well as thc  
amplitude of tlte tralisknt txrve. Tnirs 
r a t h e r  sniall anip:itude anornaloiis 
metallic :esporlses may be recognized in 
the presence of equal I.P. rclicidue only 
to  non-nietzllic variatioiis. 

(2)  two different types of anoma- 

lous response materials, in the samc 
survey arca, but  differing in average 
particle size and/or decay curve form - 
e.g. serpentine, grnphit.ic particles of 
smal( average size and coarse grained 
metallic sulphiacs. 

One additional and rather common 
c i r c u m s t a n c e  is the presence of 
(ionically) highly conductive over- 
burden or consolidated rock units (e.g. 
saline overburden or shales). These 
iinits can give rise to elcctromagnetic 
transients of sufficimtly long time 
constant to affect the usual I.P. 
amplitude measuremcnt. 

The shape of the E.hl. transien: is, in 
practice, markedly different .from that 
of the usual 1.P. transient, having a 
much shorter time constant than the 
lattcr. In addition, the polarity of the 
E N .  transicnt is often reverscd to that 
of the I.P. transieiit. Curve shape 
measurements can pravide a clear 
indicatioii of the presence of significant 
E . M .  i n t e r f e r e n c e  a n d  even a 
semi-quantitative estim2.te of the latter, 
enough to  allow a correction factor to  
be app!ied. 

Equipment of thc type illustrated in 
Figures 4 and 5 (e.g. Scintrex XIK \'I1 
System) permi: appropriate transicnt 
curve shspe information to be obtained. 
Common to all the transmitters .in this 
system is the ability to pass a repetitive, 
interrupted square wave pattern current 

into the ground, ;IS shown on Figure 4. 
The currcnt-on time may bc 9 .  4, or S 
seconds and the current-off time may 
be likewise se!ected. h1easurcmcn:s of 
I.P. transient curve characteristics are 
made during the curren t-off time. 

Figure 18 shows the quantitics 
m c a s u r e d  b y  t h e  Newmont-type 
receiver. In thesr receivers one sets the 
gain of certain amplifiers common to 
both the primary voltage Vp ;ind 
transient voltage Vt ineasureinents so 
that thesc voltagcs are esscntially 
ncrmalized. 

The usual amplitude measurement 
performed by thesc receivers consists of 
an integration of the area undcr the 
transient curve over a specified iritcrval 
after the interruption of the  primary 
current and is designatcd by the letter h l  
- the "c hargeab i I i t  y " n ani e I y , 0.4 5 
seconds to 1. I seconds. 

The 0.45 second delay time allows 
m o s t  E. hl . t r a n s  ic n ts, switching 
transients and interline coupling effects 
to disappear prior to thc making of the 
measu  rement. Different measuring 
intervals may be employed under 
specific conditions. 

In addition to h1. the NcMmont-type 
hIK VI1 receivcr is cquipped to measure 
a quantity "L" which is defincd a s  the 
time integral of the area oui'r the 
transicnt curve, for a specified time 
interval, taking as reference voltage the 

I 
PRIMAFH C U R R E N T  WAVE FORM -i I z't4Q9tS.C. 0 2 t 4 , W 8 !  sec. 

I .r 2 (4 CI 8) saz 

TRANSENT VOLTAGE WAVE FORM 

- - v o  

FlCURC I8 

Operation of Scinrrex Mk VI1 (Nebrnont.type) 1 2 .  Sysrem. 
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-transient voltage value at  the beginning 
of the time interval. In practice, the 
interval selected is 0.45 seconds to 1.75 
seconds, as shown on  Figure ' 18, 
although different intcrvals niay be 
employed under certain conditions. 

The ratio of L/hi is taken as a 
sensitive indication of transient curve 
shape. It has been well established, by 
m a n y  tens of thousands of I.P. 
measurements with these systems in 
many parts of the world, that the L/hf 
m e a s u r e m e n t s  in non-metalliczlly- 
mineralized areas, for a given current 
wave form, are constant within better 
than 20%. 

Significant departures from these 
ratios usually imply an abnormal 
condition -,  either an anomalous 
m e  t a l  I i c p o 1 a r iz a t i o n r e s p o n s e ,  
electromagnetic or interline coupling. 

Figure 19 shows a range of transient 
curves and their possible cause. For 
each case the "normal" transient curve 
is also shown. These cases illustrate the 
sensitivity of the L/M ratio to  the 
transient time constant. i\ significant 
increase in L/M implies an abnormally 
short time constant, (Case A) reflecting 
either positive E.M. effects o r  small 
particle size. This should, in either case, 
n o r m a l l y  be acc0mpani.d by an 
increase in apparent chargeability bl. 

A modest increase in L/M ratio, 
reflecting an increase in time constant 
(Case B) may reflect either the presence 
o f  l a r g e  p a r t i c l e  s ize  metallic 
conductors, in which event an increase 
in ?VI may or  may not be appreciably 
reduced. 

Cases C and D show the effect of 
reversed polarity E.hl. transients of 
increasing amplitude. I n  Case C there is 
a short tcrrn Vt reversal and, although hl 
i s  only slightly reduced, L/hl is 
considerably reduced. In Case D, which 
is considcr3bly more cxtrcme, Vt  is still 
rising at 0.45 seconds, so that L and 
thus L/?vl are,. in f x t ,  ncgativc. hi is 
considerably reduced froin its normal 
value in this case, but ;i \\.:irning to this 
effect is clearly indicated by the L 
measurcmcnt. 

A quantitative estimute or the E . i i .  
t rans icn t  response and. therefore. 
cqrrection for it, niay be obtained by 
one of a nunibcr of mcans. One may, f o r  
cxamplc, vary the current-on t:nie, e . g .  
from 2 scconds to  8 scconcls. The E.I\I. 
transient, bcing of relatively sliort time 
constant, will not  change. 'l'hc I.P. 
responsc will chmge by an aniount 
which is fiiirly predictablc, assuming ;i 
normal decay form. \$'e thus obt-i n t ~ v o  
cqiiiitions in t ~ o  unknoivns from which 
the true. I.P. response niay be dcrivcd. 

Curve stiapc measiirements may be 
made in othcr ways as wcll. for, 
exarnplc, by actually recording thc 
c o m p l ' e t c  t rans icn t  decay curvc. 
Whereas theoretically useful, such 

' 

. 

measurements have proven unwieldy 
from a weight and tinie standpoilit. To 
obtain clean decay curves requires J 

high signal/noise ratio and thus high 
powers. 

I n  t h e  frequency domain the 
equivalent curve form inforination 
.would be obtained through the use of 
t h r e e  o r  more properly selected 
operating frequencies. 

There is a continuing rivalry between 
p r o t a g o n i s t s  of time-domai- and 
frequency domain measurements. All 
that is clear is that neither method is 
superior in all respects to the ottier. The 
same phenomenon is being measured in 
different ways often with different 
arrays and the results are presented 
different formats (pseudo-sec tions in 
the frequency domain versus profiles in 
or contour plans in the time domain). 

Significance of Curveshape (LIM)  
Informtign. 

The "Metal Factor", which is a 
mixture of physical properties, is 
commonly presented with frequcncy 
domain nicasurenicnts only.  ?'hcse 
differcnces arc  largely superficial and 
a r e  b a s e d  o n  separate historical 
developnients and siibjcctive prcfer- 
ences. 

There is a direct mathematical 
transformation bet\\pcen I.P. rneasure- 
ments in the two doniaiiis. 'lhcoreti- 
cally, at icast, the same iriformatinn can 
be  o b t a i n c d  i n  e i t h e r  ,domain.  
Practically, however, there are certain 
differences. 

The tinic domain mensureiiients are 
absolute, i.e. arc measured in the 
absrncr of the steady statr voltage and 
arc distcrbcd only by  c;irth roisrs as a 
background. The :iniplitudt of these 
measurements is usually less than I%of 
the steady state voltage. but even si) 

they can usually be made to an accuracy 
of better than IO per cent evin in 
unmineralizcd rocks. 

-lhe limit of useful sensitivity .is 
related only to the regional uniformity 
of the background I.P. response. In the 
frequency domain the I .P .  rcsponse is 
measured. as a difference in transfer 
impedances. This difference can be 
measured with aii a c c u r ~ c y  of only 
0.3% with extremely stable equipment. 
Since the non-metallic background 
P.F.E.  over thc interval or' 0.1 to 2.5 
c.p:s. is usually less than I%, the 
probable error of these rncasurements 
may be 30% or more. 

For this reason i t  is seen that it is 
feasible to  obtain greater scnsiiivity of 
measurement in the time domain. This 
increased sensitivity is of value in areas 
of low "geologic" and electrical noise. 
By -"geologic noise" is meant the range 
of variation of 1.P. paramcters within 
the normal rock types of the area. The 
application of  I.P. t o  groundwater 
prospecting may have t o  develop 
through the time .domain avenue 
because of  the sensitivity requirements. 

The frequency domain equipment 
requires somewhat. less primary power 
than the time domain equipment 
because the former measurcmrnts in an 
A.C. one with the ability to use tuned 
filters and amplifiers as wcll as devices 
as phase-lock detectors. This advantage 
is not so marked as it once was, as 
current time-domain equipment, with 
its self adjusting earth voltage balance 
and ability ta sum any dcsired number ,  
of integrations, providcs a high degree 
of.noise rejection. 

Under truly random noise condi- 
tions the summation of n integrations 
provides thc usual I/\' n reduction in 
sjatistical noisc and is a powerful 
n o n - s u b j c c t i v e  m e a n s  of noise 
suppression. The supprcssicn of A.C. 
power line noisc is inucti bet tcr with the 
t i m e  doiiiaiA . ( in tegra t ing  type) 
meas'urcments than with Frequency 
doinnin measurements. 

Rcfercnce has alrcady been made 
abovc to tlic rel;itive effects of the 
clcctroningnctic responic of thc e a r t h  in 
bot11 rncttiocls. Siniil:ir rcni:itks zpply to 
capacitative and indurtivc coupling 
effects bctwcen currcnt and potential 
cablcs, although such cffccts can be 
largely avoided i n  any event by careful 
positi!)nuig of the cihles, exccp't 
possibly in drill holc surveying. So far, 
on ly  in the time doni:iin riiny uscfrikdrill 
hole Incastircinciits be made with both 
current and potential clcctrndcs'lyink 
sitlc by sidc in a small di:iiiietc: bore 
hole. 

r\n indivitiiial geologist or geo- 
physicist ' n a y  h;i\e l i d  his I'irst 
acqLlaintance tviLli or i::jiriictioii in ,tie 
1.p. method i:sing either thc time 
domain or frcqticncv tloniain. €le 
$,-conies familiar with ttic arrays used 
and with the mcthod of prcscritation of 
data employed. Thereafter, he tends to  
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resist switching t o  the other domain in 
t h e  belicf that  not only will he have t o  

’ d e a l  w i t h  d i f f e r e n t  geophysical 
equipm’ent and electrode arrays but also 
with diffeient quantities, presented in 
quite a different fashion. This is 
erroneous. . 

So far as arrays are concerned the 
. t i m e  d o m a i n  uses  them all - 

d i p  o l e - d i p  ole ,  pole  dipole  (three 
e l e c t r o d e )  W e n n c r  and gradient 
(Schlumberger). The frequency domain 
commonly uses only :he first two and is 
restricted from using the latter two 
because of interline coupling effccts. 

Of the quantities measured in both 
domains the resistivity is. of course, the 
same, making duc allowance for units. 
The lime domain “Chargeability” is, 
normal!y very nearly proportional to  
the “Percent Frequency Effect” or 
“P.F.E.”. The so-called -‘Metal Factor” 
is the ratio of P.F.E./Resistivity, and 
w o d d ,  thcrefore, be equivalent to the 
ratio of Chargeability/Resistivity. 

The time domain data presentation 

is commonly in the form of profiles and 
contour plans. , 

The frequmcy domain presentation 
is commonly in the form of “pseudo- 
sections” showing the different spacing 
results displaced progressively down- 
wards with increzsed electrode spacing. 
Either type of data may be presented in 
either form of course, to  suit the tastes 
and experience of the individual geolo- 
gist or gcophysicist. 

The Gradient array is very useful in 
obtaining bedrock penetration where 
the bedrock is highly resistive compared 
to  the overlying overburden. In such 
c a s e s  u s i n g  t h e  pole-dipole  or 
dipo!e-dipole array v e v  little current 
actually penetrates the bedrock and the 
I.P. characteristics observed are those of 
the overburden only. As was mentioned 
above, only time domain measurements 
may be carried out  using this array. 

There is a special practical advantage 
to  the time domain measurements in 
areas where it is very difficult to make 
good ground contac:. In such areas the 

problem 2:’ keeping the primary current. 
.rigidly <..*:-.stant, necessary for  the 
f r e q u e n L - \ .  domain  measurements, 
become P 2= ‘ \ -~  re. 

In th: :iinc domain, if the primary 
current \ ~ : X S  by as muchas 10%during . 
the me3r::::nlent the absolute error in 
the ctlx:<-.ihiIity may only be about 
5% \\hi,‘h is not  significant. This 
problem ;.< often encountered in very 
arid are3~.  c.g. parts of Pcru, Chile and 
other dcscrc regions. 

D e s p i t e  t h e s e  slight effective 
d i f f e r m x s  both methods of I.P. 
exPlorati,vj h3ve amply demonstrated 
their vLL!i:c through important mineral 
discoveries in many parts o f  the world. 
The role k.f 1.P. in mineral exploration is 
w e l l  ”c .knowledged  and  rapidly 
expandins. 

The \vvicer wishes t o  thank the 
various s<Iurces of  case histories and 
illustratir)i1s cited in the text and in 
particul.ir, Dr. Kceva Vozoff and Dr. 
Philip € I : i l l o f  for  valuable con tributions. 
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SOME COhlPAXATIVE GEOPHYSICAL CASE HISTORIES OF BASE 
METAL DISCOVERIES 
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ABSTRACT 

Seigel, H.O., 1971. Some comparative geophysicd case histories of base metal discoveries. 
Geoexplorarion, 9: 81 -97. 

Base metal ore bodics of exploitable valuc a t  current metal prices vary widely in physical . 
properties, dimensions and depth of burial. The mining geophysicist must be alert to the possible 
rartge of ore body types and gcophysicd xsponses which may be encountered in a given geological 
environmant. IIlu~trative exaniples are drawn from actual induced polarization case histories in 
Canada, Ireland, Mexico, Peru and the 1I.S.A. 

INTRODUCTION 

This p a p r  may give support to  those who claim that mining geophysics is an inexact 
science. I t  is, indeed, inexact when we try to predict the physical properties and, therefore, 
the geophysical responses of bas? metal ore bodies. In these days, when nickel sells for 
$1.00 per pound and copper for 60 $ per pound, most deposits of economic value generally 
contain less than 5% by volume of conducting sulphidzs of the ore metals theniselves. This 0 leaves vs at the mercy of the other 9.5% by volume of the ore to  determine t!ie bulk phys- 
icai properties. For this reuson, we are usually unable to  relate a geophysical indication to 
the valuable metallic content of the causative body. 

There is, fortunately, a credit side to the ledger. By using the appropriate geophysical 
tools, we can, at present, detect almost all base metal ore bodies which are of economic 
interest tvithin at least the first few hundred feet of the surface. Moreover, as well as detect 
the presence of these bodics, we can quantitatively determine their location in three dimensions 
with sufficiznt accuracy to  guide exploratory dri!ling. 

Before initiating his phase of an exploration program, the mining geophysicist must, 
consciously or otherwise, make a number of decisions, .including: 'Miat method shall I use? 
Within a particular method whu! specific equipment shall be used? If it is an electrical 
method, what effective frequencies will be used? %%at will be the line spacing? I:' it is a 
ground method, what will be the station interval? If an electricd method, what will be the 
electrode or coil configuration and what will be the separation between the various elements 
of the system? I f  it is an airborne method, what will be the terrain clearance? What will be 
the profile orientation? 

These questions are answered by reference t o  what is known (or believed to be known) 
,about the search area. In a broad sense it is the geological environment of the area which 
Geoexploration. 9 (1971) 81-97 
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provides the nature of the deposits t!, be xticipated,  e.g., in Precambrian rocks one ex- 
pects rrnssive sulphide deposits containing copper and zinc to occur in Archaean volcanics; 
massive and disseminated sulphide deposits containing copper-zinc and lead in Proterozoic 
sediments, arid massive to disseminated sulphide deposits containing nickel associated with 
basic igneous iiitrusives; in carhcnate sediments of Paleozoic age one expects lead-zinc 
deposits, or contact metamorphic copper, iron, lead and zinc deposits, depending on the 
structural conditions, etc. 

The justification for the execution of an exploration program is usually the expectation 
of the existence of a certain type or types of deposits. The geophysical phase of the program’ 
is, therefore, guided in its conception and execution by the 3pprop:iate expectation. Equally 
significant, it may be said to be biased by that expectation. Some bias is necessary as the 
exploration program must be cor,ducted on the premise that once a particular type of ore 
deposit has been discovered in an area a Izpetition of such a deposit is more probable thanis 
the occurrence of a deposit of a type hitherto unknown to that area. The geophysicist, 
therefore, sets his sights or “calibrates his tools” with reference to  the known or the antici- 
pated deposit in the area and then initiates his program. 

AS the exploration program progresses and greater knowledge is gained about the area, 
its geology and its mineral deposits, one frequently finds cause to  change the exploration 
parameters. Yein type deposits inay be found where only concordant mantos were expected; 
large, low-grade disseminated deposits may be found where only smaller, massive, high-grade 
deposits viere expected, or vice versa. The change of geophysical orientation necessitated by 
the experience in the area often expresses itstlf in a change of line spacing or depth of 
detection and, in the extreme, in a change of geophysical method or the use of two different 
reconnaissance methods. 

The present paper illustrates the range of geophysical responses which may arise from 
proven or potential base metal ore deposits using only one method, that of induced polariza- 
tion - IP. The illustrations are gathered from case histories of large porphyry copper deposit 
smaller and higher.grade copper deposits in intrusive rocks; contact metamorphic copper 
deposits; lead-zinc and copper depcsits in carbonate rocks. The dcposits in question vary 
not only in size, depth of burial and sulphide content but also in the ratio of ore nietal/total 
sulphur. 

For convenience in comparison, all of the cases selected for illustration have employed 
the time-domdn induced polarization method, simply because the writer has a great selection 
of such material. As this information was obtained at various times over a period of twenty 
years the actual field techniques and instrumentation may vary sonievi!iat from case to case. 
An attempt will be made, however, near the end of the paper to normalize the induced 
polarization responses to their equivdenrs using a standard technique. 

A goodly number of examples used are from actual discovery case histories, from the 
files of our organization, including Lornex, Awin ,  Gortdruni, Silvemiines, Pyramid and 
Coronet. In two other instances (Cuajone and San Manuel) the IP work was carried out 
after tihe actual discovery but sufficiently early io guide the development drilling. These 
latter two examples were obtained from work carried out by Newmont Exploration 
Limited. 
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CASE HISTORIES OF BASE METAL DISCOVERIES 

PORPHYRY COPPER DEPOSITS 

a3 

Clfajone deposit, Peru (R.W. Baldwin in Wait, 1959) 

A large, good grade porphyry copper deposit is currently under active development in 
southern Peru. It consists of over 450 milllon tons of ore averaging 0.98% Cu, in quartz 
monzonite porphyry largely overlain by a capping of Late Tertiary volcanics. As guidance 
to the program of drilling through tllis capping the first induced po!arization survey 
in South America was carried out in 1952. The current cycle used was 3 sec on and off 
and the transient voltage was integrated over a 1-sec period following the current inter- 
ruption. 

using the Wenner array. The quantitative interpretation of' this data suggests an upper 
layer (Tertiary volcanics) 100 m thick of resistivity 50 ohm-m and chargeability 7 msec 
overlying a lower layer (mineralized porphyry) of about 200 ohm-m resistivity and 46 msec 
chargeability. The actual sulphide content observed by drilling in tlus area was about 3% by 
volume, of which about 2% is chalcopyrite. 

Fig.1 shows the results of a typical expanding depth determination over this ore body 

Fig.1. Expanding depth determination, Cuajone porphyry copper deposit, Peru. 

Geoexploration, 9 (1971) 81 -91 
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Reference will be made later to the significance of the absolute value of the 
mineralization chargeability. It may be noted at this time, however, that the resistiv- 
ity of the mjneralized porphyry is 200 ohm-m, a rela.ively high figure and four times 
higher than that of the overlying Tertiary volcanics. 

SQ~I hlatiuel deposif, Arizona, U.S.A. (Seigel, 1962) 
n 

Fig.2 shows the results of an expanding depth determination over a portion of the 
San Manuel porphyry copper deposit, Arizona, using a Wenner array, a charging time 
of 30 sec and an integration time of 3 sec. The geological environment consists of 
mineralized quartz monzonite porphyry overlain by Tertiary Gila conglomerate. The 
San Manuel deposit (at that time) consisted of over 500 million tons of ore averaging 
about 0.78% Cu and some molybdenite. The total sulphide content is of the order of 
about 6-10% by volume of w h c h  about 1.5% is chalcopyrite and the remainder 
largely pyrite. 

160' 

Izo. 

loo. 
8 0 .  

ea 

WENNER ARRAY 

T. 30 SEC. 

M a - 0  
' t 3 SEC. 

zu 

4 .  

3 . -  r. 

zk%rs-Tz2zTz+hG= 
ELECTROOE SPACING - FEET 

Fig.2. E+panding depth determination, San Manuel porphyry copper deposit, Arizona, U.S.A. 

The observed resistivity varies little from 40 ohm-m, regardless of electrode spacing 
(Le., depth). Thus the Gila conglunierate has essentially the same resistivity as the 
mineralized intrusive it overlies. The chargeability increases progressively with spacing, 
however. and quantitative interpretation indicates an interface at about 1,000 ft. with 
low chargeability (1 2 msec, Gila conglomerate) above and much higher chargeability 
(400 msec) mineralized quartz porphyry below. The actual depth to the upper surface 
of the sulphide body, as indicated by later drilling, was 1,100 ft. 
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Lornex deposit, British Columbia, Catiada (Seigel, 1970) 

The Lornex porphyry copper deposit, currently being brought into production in the 
Highland Valley area, British Columbia, Canada, is estimated to  contain of the order of 
300 million tons of ore grading 0.43% Cu and 0.04% Mo. The total sulphide content 
is rather low, being about 2-370 by volume of which about 1% is, therefore, chalco- 
pyrite and the remainder pyrite. 

Fig.3 shows one of the discovery geophysical sections over this body. The current 
cycle was 1.5 sec on-time and 0.5 sec off-time and integration-time. The total sulphide 
content and copper grade increase somewhat, as well as the thckness of overburden, as 
one progresses west along the traverse to about 9,000 E. The ore lies in Skeena quartz 
diorite. 

I 
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I 
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I I 
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S K E E N A  Q U A R T Z  

SECTION 15N , LOOKING NORTI I  

Fig.3. Geophysical and geological section, Lornex porphyry copper deposit, British Columbia, Canada. 
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At about 9,000 E the interpretation of the three spacing informatior. gives a two 

bility about 0.5 msec, overlying bedrock of about 550 ohm-m resistivity and 23 msec 
chargekbility. The relatively high order of resisitivi.y of the ore is not too surprising in 
view of the low total sulphide content of the ore. 

layer equivalent of 170 ft. of overburden of resistivity about 65 o h - m  and chargea- -? ' 
I .~ 

Muriquita hoper&,, sotiora, h x i c o  

Although no commercially exploitable ore body has as yet been proven, the geo- 
physical results shown in Fig.4 are of interest in illustrating the detection of a large zone 
of previously unknown disseminated sulphide mineralization under 300 m of alluvium 

Fig.4. Expanding depth determination, hlariquita area, Sonora, Mexico. 
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hi Sonora, Mexico. The alluvium and niineralized andesite bedrock have low and nearly 
identical resistivities (28 ohm-m). 011 the same program and arca the IP method has 
detected sulphides, later proven by drillirig, at a depth of 463 In (1,500 ft.) to its upper 
surface. 

The great thickness of allwiurn in this srea was wholly unexpected and initially, - 

electrode spa,ings of 200 m or !as  wcre employed, wlucl? are patent!y too small fcx the 
actual thickness. This example also illustrates the ability of the IP method to detect 
sulplide minzralization at  considerable depth in a luw resistivity environment. 

SMALLER HIGtIERGRA1)E COPPER DEPOSITS 

Ahviri deposit, British Coliimbiu, Canada 

This deposit is a smali one consisting of about 1 mi!lion tons averaging about 
2.5% Cu, mostly chakopyrite with some boriiite and an equal amount of pyrite (6-7% 
total sulphides) in a steeply dipping fracture zone in the Guichon batholith. The 
geologic environment is sirnila,r to that of the Lornex deposit which lies in the same 
intrusive complex. The mineralized zone is relatively narrow, being less than S O  ft. on 
some sections. 

FigS shows a geophysical section across this deposit. The most striking feature of 
this section is that the 400 ft. reconnaissance e!.ectrode spacing, commonly employed as 
a minimum spacing for porphyry copper exploration in this area, gave no significant 
anomalous respogse over ihis deposit. Had shorter spacing not been czrried out the 
mineralized zoiie would not have responded a t  311. In this case the porphyry copper 
approach completcly failed to  reveal the presence of a small but worthwhile body of 
higher grade close t o  surface. 

.The intrinsic physical pioperties of the minerdized zone or! this section are less .-. (-1.. than 250 ohm-m for resisiivity and more than 10 msec chargeability. The current 
cycle employed was 1.5 sec oil-time arid 0.5 sec off-time. 

. 
'i 

Gortdrum dqcsit ,  Ireland (Seigel, 1965) 

' . In the seaich for lead-zinc deposits in carbonate rocks of Carboniferc;us age in 
Ireland, the Gortdrurn deposit was found in 1963. I t s  gcological environment is quite 
similar to tha! of the two niajor lead-zinc deposits previously discovered in Ireland, 
occurring as it does in doiomitic !iniestcnes m a r  a fault contact with Devonian Old 
Red Sandstones. The mineralogy is quite different, however. The cieposit,which is in 
active production, had originaliy estimated rcserves of 4.2 million tons averaging 1 .l9% Cut  
0.75% OZ. Ag and, mor? recently, was found to  contain sigit icant amounts of 
mercury. 

The predominant mineralization is f indy  disseminated chalcocite and bornite, with 
tetrahedrite, some chalcopyrite and very little other sulphides. The total sulphide content 
does not exceed 3% by vdunic. The mineralization is somewhat erratically distributed but, 
in general, ixreases as one approaches the fault. I n  gross it dips with the fault, which is 
ainiost a t  right angles to the dip of the Cirboniferous sedimen!s. 
Geoexploration, 9 (1971) 81 -91 
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Fig.5. Ceophysich and gculogical section. Alivyn copper deposii, British Columbia, Canada. 

.Fig6 sliows a typical discovery geophysical section across this deposit. The IP tech- 
nique etn?loyed hercir. had a I .5-sec currei:t on-time and O;S-sec current off and transient 
integration-time. Points of interest on these results include: 

resistivity of the order of 500 ohm-m. 

the fault itself and, in part, the h v e r  resistivity sandstone. 

of opinion between the geolcgist and the geophysicist which was only rcsolved aftcr six 
hcles had first been drilled with the dip of the deposit. 

(d) The intrinsic niiner:ilization chargeability response, although it is many times the 
non-metallic background levsl and relates well to  the !otal sulphide content, is low in 
relation to the copper content because of the high copper/sulphur ratio. 

(a) The ore body 113s an intrinsic gross chargeability in excess of 20 msec and a 

(b) The markedly l o w r  resistivity on the south side of the traverse reflects, in part, 

(c) The chargeability curve shape indicates a steep northward dip, causing a difference 
' 
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Fig.6. Geophysical and geological section, Gortdruin copper deposit, Ireland. 
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Craigniont deposit, Higliland Valley area, Rritisli Colirt?zbia, Canada, (Seigel, 1962) 

Close to  the margin of the sanie Guichon batholith associated with the Lornex and 
Alwin deposits lies a large contact metamorphic copper deposit which is bring actively 
exploited by' Craigmont Mines Ltd. It consists of about 15% by weight of specularite and 
magnetite, plus about 5% by weight of chalcopyrite and pyrite. I! occurs in lime-rich beds 
of the Nicola Series, near the Guichon batholith contact. The deposit contains in excess 
of 21 million tons averaging about 1.8% Cu. 

Fig.7 shows some geophysics1 results, including ctiarger?bility, resistivity and vertical 
magnetic intensity across the body. The IP current wave form was 1.5 sec on-time and 
0.5 sec off-time. The body w a s  initially investigated because of its associated magnetic 
anomaly which rises to 6,OCO y peak relief on this section. 

Points to be noted in respect oC Fig.7 include: 
(a) The intrinsic chargeabiliiy of this body is it1 cxcess of 15 msec, versus a background 

of about 2 msec. Whereas a legitimate quzstion might be raised as to the contribution of 
the specularite and magnetite the observed IP response. as we shall sze later. the total 
sulphide content of the ore in this body is quite adequate to account for the entire 
Geoexploration. 9 (1971) 81-97 
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rssponse. A reasonable conclusion, therefore, is that the iron oxides here do  not appreciably 
r q p o n d  to  the IP method. 

A coincident IP and strong magnetic anoma!y need therefore, not necessarily imply 
the presecce of iron oxides alone. 

Ab) The resistivity of the ore zone is of the order of 200 ohm-m, exceeding by almost 
100% that of the iocks (and soil) of the immediate vicinity. The iron oxides are apparently 
relatively poorly conducting in this body. 

1 

G E O P M Y S I C A L  PWf ILCf  ORIENTED N 18.1 T I R O U G A  O D M  ~ No . 6  

I z mo 

rig.7. Geophysical section, Craigmon t copper deposit, British Columbia, Canada. 

Ncw West Anlitlet deposit, Noratidn area, Quebcc, Canada (Seigel, 1962) 

As an example of an ore grade but highly resistive copper deposit, we have t h a t  of New 
West Amulet Mines, in the Noranda 3xa ,  Quebec. The Noranda area is characterized by 
highly conducting “massive” sulphide bodies conhicing pyri!e, pyrrhotite, chalcopyrite 
atid sphalerite. Electromagnetic induction prospecting is the traditional geophysical recon- 
wiissance method in thus arca. 

Fig.8 shows a geophysical traverse across this body with IP and resistivity. The I P  cur- 
rciit wave form was 1.5 sec on-time and  0.5 sec off-time. Despite the fact that the body 
contains cbout 6% by volume of pyrite ar-.d chalcopy;j.te (2% Cu) in rhyolites, the lowest 
resistivity observed in the niineralized area is about 4,000 ohm-m. Turam, horizontal and 
vcrtical loop E.M. tests Over this body liwe yielded no significant response,confirming the 
tl,rn-conducting nature of this body. 
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Fig.8. Geophysical section, New West Amulet coppzr deposit, Quebec, Canada. 

The observed chargeability level over the body rises to a peak of 1 1  msec from a back- 
ground level of about 2 msec. This response is low with respect to the total sulphide conten 
by a factor of almost 4. An explanation for both the very high resistivity and relatively low 
(although clearly indicated) 1P response is possibly that the deposit is highly silicified and 
of exceedingly low porosity so that only about 25% of the sulphide grains are able to 
participate in the bulk electrical conduction. 

STRATA-BOUND LEAD-ZINC DEPOSlTS 

Mogul Mines dcposit, Co. Tippcrary, Irelaid (Seigel, 1965) 

F ig9  shows a typical geophysicd-geologicd section across the “Silvermines” lead-zinc 
deposit of Mogul hlines Ltd., in Co. Tipperary, Ireland. The deposit is similar to  the Gortdrum 

Geoexploration, 9 (1971) 81-97 
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Fig.9. Geophysical and geological section, Mogul Mines lead-zinc deposit, Co. Tipperary, Ireland. 

copper-silver deposit (above) acd the Tpnagh lead-zinc deposit of Northgate Mines, Limited, 
all lying in Lower Carbonifeiocs limestones near a fault contact with Devonian sandstones. 
The mineralogy of the Silverrnines deposit differs from that of the other deposits in a variety 

conducting. The body has been shown to respond to stsndard induction electromagnetic 
techniques, although it was the IP data which provided the guidance for the discovery and 
development drilling program. 

Two c r  more separate ore zones have been diilled to date, of which the one shown on 
Fig.9 consists of 1 1 million tons, averaging 2.8% Pb, 5.2 % Zn and 0.8 02. Ag. 

The geophysical response of this body is typical of that from a body of well-intercon- 
nected conducting sulphides. The masirnum observed chargeability is about 20 msec and the 
minimum observed resistivity is of the order of 80 ohm-m, both being anomalous to the 

. of ways, including the presence in it of a considerable pyrite content, rendering the body highly 

. .  
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extent of at least a factor of 10 from the physical properties of the surrounding limestones 
and sandstcnes. 

Pyramid deposit, Northwes? Territories, Cariadg (Seigel, 196b) 

, The larger of the two lead-zinc deposits of Pyramid Mites Ltd., in the Pine Point 
district, Northwest Territories, Canada, consists of about 10 million tons grading 
12.0% combined lead-zinc. It is a typica! strata-bcund manto lying in reefoldal 
dolomites of Devonian age. In order of decreasing abundance the mineralization con- 
sists of sphalerite, marcasite, and galena. 

Fig.10 shows a geophysical-geological section across this body. A very clear chargeability 

c 
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Fig.10. Geophysical,and geological section, Pyramid hlines lead-zinc deposit, Northwest Territories, 
Canada. 

Geoexpbration, 9 (1971) 81-97 

. .  



f 

I 

94 H.O. SEIGEL 

indication has been obtained of this bcdy, rising to 22 nisec as against a very low 
regional bsckground level of 1-2msec ( I  S-sec current on-time and 0.5-sec current off- 
tine). The intrinsic bulk chargeability of this bcdy is e;timated to be of the order of 
25 msec. 

There is a coincident resistivity depression, dropping to as little as 100 ohm-rn, frcrn 
a regional level of about 400-800 ohm-m. I!nfortunately for the economics of explora- 
tion in this area, the intrinsic bulk conductivity of the body is still too low to give an 
appreciable electromagnetic induction respome, 3s the Turam protile below will show. 

The gravity traverse shows about 0.8 mgals positive relief over this body and gave 
more definitive giiidance to the drilling program than the IP data, as the gravity reflects 
the disposition of al l  the sulphide mineralization including sphalerite, thz most abundant 
sulphide. 

Whereas gcod represcntative figures for the average conducting sulphide coztent 
(marcasite and galena) for this deposit are lacking, it is estimated that a total of about 
5- 10% by volume is reasonable. 

3 

Coromt deposit, Northvest Territories, Caiiada * 
T h ~ s  example is selected to.illustrate the range of responses to be expected eveti within 

a single iype of deposit and geologic environmont. The geo!ogical environment and grade 
are very similar to that cf the Pyramid case above, but the body size is only about 750,000 
tons and the marcasitc content is much lower, being almost negligible. .4t today’s metal 
prices and in view of its convenient locaticn and shallow depth this body is still of economic 
ipterest. 

Fig.11 shows a conipcsitc geophysical-geolo~cal scction 2cross this body. There was a 
detectable 1P response, of 2 inscc amplitude, which was discernible only bccaiuse the 
regional chargeability level is extrerriely low (1 msec or less). There are at best, minor 
resistivity and gravity indications on this body. 

sulphide content probably averages less than 2% by volume. 

7 
The intrinsic body chargeahdity is proSab!y of the order of 5 msec and its total conductir~g.’ 

SUMMARY 

The eleven examples have been deliberately selected for this paper because of 
thcir diversity of size, shape, depth of burial and sulphide contz:lt. Wi th  one or two 
exceptions, tl;ey are econoinically exploitable bodies, despite these variations in physical 
parameters. 

In considering the response of these bodies to the IP and resistivity methods the 
one comniori denorninator is the fact that all the bodies are detectablc by the IP method. 
The resistivity contrast is, as often as not, the reverse of what might have been anticipated, 
Le., h & e r  rcsistivity iri the ore body than in the overlying or adjacen! formations. For 
the same amount of conducting sulpludes (up to io% by volume, at  least) the observed 
resistivity n a y  lie anywhere bctween 30 and 3,000 ohin-n1, depeilding on the nature of 
the host rock. For such amounts cf conducting sulpludes the chnrgebbility appears to  
bear a more consistent rdatioi~ship to  rhe volume sulphide content. 
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Tsble I sumniarizes the relationship between the excess chargeability and velum+ 
percentage of conducting sulphides for a number of the cases. AU chargeabilities have bee\, 
normalize ! to  their equivalent values as though techn’lues equivdlent to  that of the first 
case history (Cuajone) had been used. At present, a differcnt current cycle is employed 
in the Scintrex time-domain IP equipment ( 2  sec on and off-time) but the calibration of 
the instrument Gas automatically been set to give effective chargeabilities comparable ts 
that of the Cuajone wave form. 

Whereas Table I shows a considerable variation in normalized chargeability per 
percentage sulphide, the uncertainty in total conducting sulphide content can be respcnsitle 
for much of this spread. In any event, 3 response of 10 msec per percent SUlphideS by vol\\tne 
would almost always yield estimates of sulplude content which are accurate to  within a 
factor of two for conducting sulphide content t o  about 10%. For much higher concentra- 
tions these estimates would be on the low side. 

1 

u 

. 

TABLE I 

Comparative physical properties 

Ore deposit Nornialhcd excess Ore zone Combined Excess normalized hIF/  

(msec) (ohm-m) sulphide content sulphides by 

.- 

chargeability resistivity conducting chaigeabili ty/% 76 x 1.000’ 

(%by volume) volume (msec)’ 
_- 

Cuajone 40 ’ 200 2- 4 ’ 10-20 50- too 
San Xtanuel 105 40 6-  10 10-17 250-430 
Lornex 40 550 2- 3 13- 20 26-10 
Gor:drum 40 500 2-3 13-20 26- 40 
Ciaigmon t 25 200 3 8 40 
New West 
Amulet 16 4,000 6 3 0.75 
Pyrltniid 35 50 5-19 3.5-7 70- 140 
Coronet 10 7s 2 5 

‘The “metal factor” equivalent, i.e., the ratio of the chargeability per percent sulphidcs divided by the’corrcspo,,ulng 
resistivity, x 1,000 for convenience. 

60 2_. 
- 

.- )- 

CONCLUSIONS 

The present examples lead to a number of  conclusions, which may be presented as 

(1) It is clearly futile to estimate the grade, in terms of metal content, of a sulphide 
~foliows: 

body which is known from its IP respome only, as the metal-sulphur content is conimoiily 
unpredictible, evert in one mining area. 

(2) There is a danger in using a reconnaissance geophysical technique designed only fc,[ 
a specific type of target. Ideally, reconnaissmce techniques, where possible, should perniit 
the detection of small bodies near surface aiid larger bodies at greater depths. This may bo 
accomplished through the use of multiple element spi.;ings or using fixed source method$..- 
e.g., gradient array in IP or Turam in E N . ,  which have no  clearly defitied depth iimitatiorc. 

t o  be of  economic interest. 

’ 

(3) One cannot be dogmatic about the physical properties necessary for a base metal licposit 
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(4) In the case of the induced polarization method, the intrinsic chargeability or P.F.E. 
of a deposit is reasonably proportional to the volume percentage of total conducting 
sulphide content. For the time-domain IP equipment we currently employ, this factor is 
about 10 msec ;.er percent by volume of such conducting s*llpliides. Conversely, in rocks 
with Icw-normal chargeability background (e.g., most acid porphyries) a uniform dissemina- 
tion of as little as 1/4% sulphides by volume would be detectable. 

( 5 )  The ratio of chargeability to resistivity (i.e., metal factor) per percent by  volume 
conducting sulphides is much more variable than the cliargeability or P.F.E. and should 
not be employed to obtain an estimate of this percentage, at least for deposits containing 
10% or less of conducting sulphides. This is so because the resistivity factor is far more 
variable than the chargeability per percent sulphides by volume. 

REFERENCES 

Seigel, H.O., 1962. Induced polarization and its role in mincral esploration. Trans. Can. I I I S ~ .  Mining 

Seigel, KO., 1965. Three recent Irish discovery case histories using pulse-type induced polarkation. 

Seigel, H.O., 1968. Discmvery caw history of the Pyramid Ore B'odies, Pine Point, Northwest 

Seigel, H.O., 1970. The induced polariz3tion method. In: Miriing and Groundwater Geophysics, 

Wait, J.R., 1959. Oi~en~oltage Research o l d  Geophysical Applications Perfamon Press. London. 

Met., 6 5 :  157-158. 

Trans. Can. I t i s f .  hlitiitig hlet.. 68: 343-348. 1 
Territories, Canada. (;eoplt.vsics. 33(4): 645-656.  

1967-Geol. Surv. Can. Repr., 2 6 :  123-137. 
..- 
I 

. 

Geoexploration, 9 (1971)  81-97 

i 
















