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1. 

INTRODUCTION 

The writer had participated in a detailed geochemical 

study of the Ashnola porphyry copper depost (Montgomery, 

Cochrane and Sinclair, 1975) in which he was responsible 

primarily for data analysis. 

probability plots, partitioning of constituent populations 

by graphical means, optimal choice of thresholds, and prepara- 

tion of contoured maps using thresholds as contours. These 

maps were done to the same scale as a geological base map 

so that the two could be super-imposed to provide a sound 

basis for utilizing geological information in the interpret- 

ation of geochemical patterns. Details of the procedure are 

given by Sinclair (1974). 

Evaluation methods used involved 

This geochemical study was particularly successful 

and led to a fairly refined morphological model being developed 

for the Ashnola porphyry system. Some generalizations regard- 

ing the model were known from earlier work but they have more 

recently been supplemented with hitherto undocumented micro- 

scope studies and a more thorough evaluation of hydrothermal 

effects (Sinclair, 1975). As a result of these early positive 

results of data analysis, and as part of a continuing study 

of the Ashnola porphyry system by Prism Resources Limited, 

the writer was requested by M r .  A. L. J. MacDonald, P. Eng., 



Department of 

Mines and Petroleum Resources 

ASSESSMENT REPORT 

NO. .._...... r.R?.q .... " MAP .... f../ 



- .z - 

HEOLEY 



3.  

President of Prism Resources Limited, to conduct a comparable 

study of available geophysical data. Earlier preliminary 

studies had suggested to the writer that such studies might 

be fruitful in further defining aspects of the porphyry system 

that might be useful in future exploration work or, at least, 

to add a further test of the model already presented (cf. 

Sinclair 1975 .) 

Geophysical work done to date over the entire property 

has been conducted by Cochrane Consultants and results have 

been described in a report submitted for assessment purposes 

(Cochrane, Giroux and Scott, 1970). Both ground magnetometer 

and induced polarization surveys were carried out. The I.P. 

survey included chargeability, apparent resistivity and 

self potential data. 

ANALYSIS OF DATA 

The initial step in data analysis was to examine the 

density distributions of each variable to determine whether 

normal and/or log-normal models or combinations of such 

models were appropriate to describe the observed variations. 

Histograms are shown in figure 2 .  It is apparent that these 

histograms are not well described by traditional and simple 

density distributions. However, Slichter (1955) indicates 

that a number of geophysical variables representing a single 

population show a close approach to lognormality. Where two 





Variable 

1 

L 

TABLE I 
Means and Standard Deviations of Arithmetic 

and Logged Exploration Data 

N Arithmetic Logarithmic - - - units - 
X 8 X x - 8  x + s  

722 23.44 12.46 20.3 11.7 35.2 milliseconds 

773 369.5 94.1 359 27 9 461 gammas 

708 535.2 328.6 452 252 809 ohm-me tera 

CH 
(Chargeability) 
MAG 
(gnd magnetometer) 
RES 
(Apparent Resistivity) 
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such populations are present in the same data set and the 

two have no significant overlap a non-intersecting bimodal 

lognormal model could easily be interpreted (cf. Sinclair, 

1976). The interpretation becomes slightly masked if the 

two populations overlap significantly, but routine methods 

are now established to deal with this situation (Sinclair, 

1976). The problem becomes more obscure as the number of 

populations increases in which case the sample size should 

be large and best results are obtained in cases where over- 

lap of populations is least. 

Despite the foregoing problems many geophysical 

variables measured routinely in mineral exploration can be 

dealt with successfully as probability plots by following the 

seneral procedures outlined for the earlier geochemical study. 

A word of caution must be entered here however, for some 

geophysical readings taken during a survey over an area 

characterized by a bimodal distribution,for example, are 

the summation of contributions from each population, and 

give rise to a third population. 

Means and standard deviations of geophysical variables 

are listed in Table I. These data taken in comparison with 

the histograms show that combinations of populations are 

present in each of the variables to be evaluated. It seems 

reasonable to assume that these individual populations are 

lognormal on the basis of the general nature of many geo- 
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physical variables, an assumption which provides for 

reasonable geological interpretations as will be shown. 

Furthermore, it is apparent that evaluation of geophysical 

data using traditional threshold estimation techniques 

of geochemists (K+2s) will not provide a useful or fund- 

amental interpretation in this case. 

INTER-RELATIONS AMONG VARIABLES 

Two general procedures have been used to invest- 

igate inter-relations among geophysical variables (and 

geological and/or geochemical variables). 

is a standard rigorous evaluation of linear correlation 

co-efficients obtained for all pairs of appropriate variables 

for which adequate data are available. These results are 

shown in a correlation matrix in Table 11. Note that 

because of their peculiar nature self potential data are 

not included in this analysis. Apparent resistivity and 

ground magnotometer data are strongly correlated and both 

are negatively correlated with chargeability. Furthermore, 

the only geochemical survey results that correlate with 

any geophysical variable is Cu in soil B horizon which is 

The first approach 

, 

correlated with chargeability. 

The second approach in comparing variables involves 

the procedure outlined in the introductory section for the 

earlier analysis of geochemical data. This method begins 
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TABLE I f  

Correlation coefficients for arithmetic data' 

Variable * * CH 

CH 
MAG 
ACU 
AZN 
BCU 
BZN 
BMO 
RES 

I .O 
-0.2 79. 
0.105 

0.183 
0.118 
0.138 

-0.583 

-0.023 

MAG 

1 .o 
-0.081 
-0.039 
-0.138 
-0.142 
-0.170 
0.558 

ACU AZN BCU 

1 .o 
0.582 1.0 
0.863 0.490 1.0 
0.740 0.779 0.806 
0.332 0.083 0.374 
-0.066 0.082 -0.084 

BZN BMO RES 

1.0 
0.132 1.0 

-0.018 -0.091 1.0 

*Absolute values greater than 0.181 are significant at the 1% level and are italicized. 
**CH = chargeability, MAG = ground magnetometer values, RES = apparent resistivity, 
ACU = A-horizon Cu, AZN = A-horizon Zn, BCU = B-horizon Cu, BZN = E-horizon Zn, 
BMO = B-horizon Mo. 
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9. 
with an analysis of the probability plot of a variable 

and ends with a map showing the distribution of various 

populations, that is used as a basis for interpretation. 

Each variable will be considered separately. 

GROUND MAGNETOMETER 

Ground magnetometer values were obtained for the 

most part at intervals of 400 feet along lines spaced at 

800 feet. In a few local cases additional readings were 

taken between these general grid spacings. A total of 772  

readings are summarized in the probability plot of figure 3 .  

The general distribution of points plotted on this graph 

indicates the presence of more than one population. Three 

and possibly four populations seem reasonable based on 

subjective analysis of shape of the plot. The interpretation 

shown in figure 3 is based on the assumption that three 

populations are present (I-3%; II-95%; 111-2%). In this 

case population I1 has been interpreted as a single log- 

normal population, although it may hide a small amount of 

a fourth lognormal population in the upper part of its range. 

If this fourth population exists, most of it lies in the 

range 417 to 550 gammas, a range that will be referred to 

as 11-a in subsequent discussion. 

Two of the three principal populations recognized 

are easily interpreted. The upper population (I) correlates 

-- 
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r easonab ly  w e l l  w i th  magnet i te-bear ing i n t r u s i v e  rocks  

where these are exposed. Coincidence i s  not  perfect because 

t h e  spac ing  o f  r ead ings  i s  l a r g e  compared w i t h  t h e  narrow 

t h i c k n e s s  of some dykes of rqagnetite-bearing i n t r u s i v e  rock.  

Popula t ion  I1 i s  a g e n e r a l  background popula t ion  

for  t h e  m o s t  p a r t .  There i s  some sugges t ion ,  though,  t h a t  

11-a might be a r ecogn izab le  popu la t ion  i n  i t s  own r i g h t .  

Two major p a t t e r n s  e x i s t  for v a l u e s  i n  t h i s  range .  The 

first i s  a long  and t o  t h e  n o r t h  of g r i d  l i n e  136N. W e  do 

n o t  have abundant g e o l o g i c a l  c o n t r o l  i n  t h i s  area but  i t  

seems l i k e l y  t h a t  t h e  abnormally high gamma v a l u e s  i n  t h e  

extreme northwest  co rne r  of t h e  g r i d  which  a r e  f l anked  t o  

t h e  sou th  and east  by v a l u e s  i n  t h e  11-a r ange ,  r e p r e s e n t  

a primary l i t h o l o g i c  c o n t r o l .  The second f o r m  of 11-a 

v a l u e s  i s  a d j a c e n t  t o  popu la t ion  I v a l u e s  and i n  i s o l a t e d  

c l u s t e r s .  T h i s  range appea r s  t o  i n d i c a t e  nearby ( i . e .  

covered) magnet i te-bear ing i n t r u s i v e  rock ,  and i n  t h e  

case o f  i s o l a t e d  c l u s t e r s  probably r e p r e s e n t s  sha l low 

b u t  unexposed i n t r u s i v e  rocks .  Such c l u s t e r s  are  c e n t r e d  

on : 

85E, 98N i n  p y r i t e  h a l o  
94E, 90N i n  p y r i t e  h a l o  

134E, 74N i n  p y r i t e  h a l o  
145E, 8 8 N  on i n n e r  r i m  of p y r i t e  h a l o  
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TABLE I11 

VARIABLE 

Chargeability 
(milliseconds) 

ESTIMATED PARAMETERS OF PARTITIONED 

POPULATIONS OF GEOPHYSICAL VARIABLES 

N POPULATION b b -k SL b - SL 

722 I 28 41 19 
I1 10 17 6.1 

772 

Apparent Res is t ivi t y 708 
(ohm-metres) 

Z I  

Self Potential 
(millivolts) 

687 

I 628 666 593 
I1 364 442 300 
I11 197 216 179 

I 1230 1360 1120 
I1 780 930 675 
I11 410 490 340 
IV 176 284 110 

I -157 -137 -175 
I1 -5 37 -41 
I11 89 108 74 
IV 164 194 135 
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Log p r o b a b i l i t y  plot  of c h a r g e a b i l i t y  da t a .  
Cr ig inni  d a t a  are shom as b l a c k  dots t h a t  a r e  
approxirnated by a smooth curve re senb l ing  a 
bimodal model. F a r t i t i o m d  popirlz t i o n s  s re  
shown as s t r a i g h t  l i n e s  I. &Ed ?I. 
are shoim as t i  v a l w s  on t h e  left s i d e  of 
t h e  graph. 

Thresholds  



Variable 

Chargeability 

Ground Mag 

Self Potential 
* I  

Apparent 
Resistivity 

TABLE IV 

SUMMARY OF THMSHOLDS 

Population Threshold 
Valve Units 

I 
29 milliseconds 
13 milliseconds 

- - - -  - - - -  
- - - - - - - -  
I1 

gammas 

gammas 

millivolts 

millivolts 

millivolts 

ohm meters 

ohm meters 

ohm meters 
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S c a t t e r e d  zone of II-a range a lso occur s  i n  t h e  South- 

% *  

e a s t e r n  extreme of t h e  g r i d ,  bu t  these a l l  l i e  on t h e  

o u t e r  f i n g e  o f ,  or o u t s i d e  t h e  p y r i t e  h a l o .  

I n t e r p r e t a t i o n  of t h e  v e r y  l o w  gamma v a l u e s  (pop- 

u l a t i o n  111) i s  d i f f i c u l t .  They appear  t o  be l o c a l l i z e d  

i n  v a l l e y s ,  and t h u s ,  might r e p r e s e n t ,  a t  l ea s t  i n  p a r t ,  

areas of deep overburden. The l o c a t i o n  o f  a f e w  of t h e  

l o w  v a l u e s  i s  such t h a t  t h e y  probably r e p r e s e n t  an error 

i n  r eco rd ing  t h e  100's d i g i t  a t  some s t a g e  between f i e l d  

work and f i n a l  map p r e p a r a t i o n .  

CHARGEABIL I TY 

An Hew-100 p u l s e  t y p e  induced p o l a r i z a t i o n  u n i t  w a s  

used w i t h  a Werner e l e c t r o d e  a r r a y  and an  spac ing  of 

600 f e e t .  Readings w e r e  recorded  midway between e l e c t r o d e s  

and t h u s  d i d  n o t  co inc ide  i n  l o c a t i o n  w i t h  s i tes  for  magnet- 

ometer and v a r i o u s  geochemical d a t a .  Thus, a l i n e a r  i n t e r -  

p o l a t i o n  method w a s  used t o  estimate r ead ings  a t  si tes t h a t  

d i d  co inc ide  wi th  c o n t r o l  p o i n t s  for other t y p e s  o f  d a t a .  

T h i s  s l i g h t l y  smoothed d a t a  base w a s  t h e n  used fo r  a l l  

s t a t i s t i c a l  a n a l y s e s  i n c l u d i n g  t h e  c o r r e l a t i o n  s t u d i e s  

a l r e a d y  r e f e r r e d  t o .  A p r o b a b i l i t y  p l o t  based on 772 

v a l u e s  de r ived  a s  i n d i c a t e d  above i s  shown i n  f i g u r e  4. 

The graph i s  f a i r l y  obvious ly  of  t h e  non- in t e r sec t ing  bimodal 

t ype  and can be p a r t i t i o n e d  e a s i l y  i n t o  popu la t ions  I and 

I1 as  i n d i c a t e d .  

are g iven  i n  Table 111. 

Estimated parameters  of t h e s e  popu la t ions  
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Thresholds  w e r e  chosen us ing  t h e  procedure of  S i n c l a i r  

(1974) a t  13 and 29 m i l l i s e c o n d s  r e s p e c t i v e l y .  These two 

v a l u e s  w e r e  used as  con tour s  t o  o u t l i n e  three c a t e g o r i e s  of  

a r e a s .  Comparison wi th  t h e  g e o l o g i c a l  map i n d i c a t e s  t h a t  

t h e  h igh  m i l l i s e c o n d  zone can  be i n t e r p r e t e d  as  t h e  a x i a l  

part of  a p y r i t e - r i c h z o n e ,  t r a d i t i o n a l l y  r e f e r r e d  t o  as  a 

p y r i t e  ha lo .  The  i n t e rmed ia t e  zone r e p r e s e n t s  a g radua l  

t r a n s i t i o n  i n t o  background areas c h a r a c t e r i z e d  by popu la t ion  11. 

The horsesh.oe-shaped n a t u r e  of  t h e  p y r i t e  zone i s  shown on 

f i g u r e  7 as t h e  area w i t h  r e a d i n g s  g r e a t e r  t han  29 m i l l i -  

seconds.  

SELF POTENTIAL 

S e l f  p o t e n t i a l  v a l u e s  w e r e  determined r o u t i n e l y  

du r ing  t h e  induced p o l a r i z a t i o n  survey.  A t o t a l  of 687 

valves are summarized i n  t h e  p r o b a b i l i t y  p l o t  o f  f i g u r e  4. 

T h i s  graph has  t h e  appearance of  a quadramodal lognormal 

model o f  non- in t e r sec t ing  popu la t ions  and has  been p a r t i t i o n e d  

acco rd ing ly  i n t o  t h e  fou r  popu la t ions  i n d i c a t e d  i n  f i g u r e  4 

as  s t r a i g h t  l i n e s .  Thresholds  w e r e  chosen us ing  t h e  method 

recommended by S i n c l a i r  (1974) and provide  r e l a t i v e l y  

e f f i c i e n t  s e p a r a t o r s  o f  t h e  f o u r  assumed popu la t ions .  Using 

t h e s e  t h r e s h o l d s ,  va lues  w e r e  colour-coded on a s e l f  p o t e n t i a l  

- base map produced o r i g i n a l l y  by Cochrane, Giroux and S c o t t  

(1970) .  An e v a l u a t i o n  of  t h e  p a t t e r n s  produced l e d  t o  t h e  

fo l lowing  conc lus ions :  



Figure 5 :  Probab i l i t y  p l o t  of logari thms of va lues  der ived 
by t h e  adciition of 1000 t o  eech  s e l f  p o t e n t i a l  
u i l l i v a l t  value.  Furpose of this transr'orm was 
t o  avcid negative v a i u ~ s  for the l og  transform. 
Crosses m r k  o r i g i n a l  uata t h a t  kzs keen approx- 
imated by a s;nooth curve t h a t  could Le i n t e r -  
p re ted  as a r.lixture of 4 ricnial popdz t i cnn .  
Four populat ions have be;n p a r t i t i c n e d  ~ n d  ccn 
s t r u c t i o n  po in t s  zre shown as  sr.ictl1 open c i r c l e s  
through which 11b;st f i t  I I  s t r a i g h t  l i n e  s have 
been constructed.  Small arrm-haads on the COE- 

bined curve are i n f l e c t i c n  ::oints ussd as a 
b a s i s  f o r  p a r t i t i o n i n g  . 
as ti values 011 t h e  l e f t  s i d e  of t h e  graph. 

T;?resnolcis are  s n m n  
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1. Population I occurs as sporadic zones centred on the 

axial zone of chargeability highs (i.e. the pyrite-rich 

halo) with a couple of minor exceptions that are immed- 

iately adjacent to this zone. 

2.  Population IV is present in essentially the same prop- 

ortion as population I and the two represent extreme 

polarity (electrical) conditions. Zones of the two 

populations are commonly adjacent to each other with 

population IV being either on the inner or outer side 

of the cylindrical pyrite halo. In brief, the two 

populations are paired with the very minor exception 

of two isolated values of population IV. 

3 .  Population I1 is unquestionably a background population 

and characterizes virtually all the area outside the 

pyrite halo and most of the area inside the pyrite halo. 

4. The significance of population I11 is somewhat in doubt. 

Some values are concentrated between zones characterized 

by populations I and IV respectively, and in this envir- 

onment represent expected values on the steep gradient 

that exists between these two populations. Other values 

in population I11 are isolated within area of population 

I1 (background). In summary, two main interpretations 

can be applied to population 111--(a) extreme members 
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of background, and (b) values on the steep gradient 

between populations I and IV. 

There is little question that Self Potential results 

can be interpreted as indicative of natural electrical cells 

set up through oxidation of sulphides. These natural elec- 

trical systems are concentrated sporadically over known 

and inferred areas of pyrite concentrations and are indicated 

by paired zones of populations I and IV. The sporadic 

occurrence of these paired zones must relate in part to the 

vaguaries of local ground water systems and depth of over- 

7 %  burden. It seems likely that where overburden is deep the 

"battery" effect would be appreciably less apparent, even 

masked, at surface, compared with areas of shallow overburden. 

This interpretation is entirely consistent with other geo- 

physical and geochemical data (e.4. Montgomery et al, 1975) 

and the model suggested for the Ashnola porphyry system 

(Sinclair, 1975). 

APPARENT RESISTIVITY 

Seven hundred and eight apparent resistivity values 

derived from the Induced Polarization survey are summarized 

in the probability plot of figure 6. The sinuous smooth 

. curve drawn through original data points appears to indicate 

that the curve is a mixture of four lognormal populations 
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which have been partitioned accordingly and are shown as 

straight lines I, 11, I11 and IV. Thresholds were chosen 

according to the method of Sinclair (1974) and used as 

contour values on a base map of resistivity values produced 

by Cochrane et al. (1970). Evaluation of this map led to 

the following conclusions: 

Population IV is essentially coincident with high 

millisecond population of chargeability but is slightly 

more obscure in defining the pyrite halo. This relation- 

ship is consistent with and refines the interpretation of 

high negative correlation between apparent resistivity and 

chargeability (cf. Table 11). Population I11 is locallized 

in 2 main areas: (a) coincident with a quartz-sericite-pyrite 

alteration zone in the centre of the porphyry system, and 

(b) forming a transitional zone between low values over the 

axial zone of the pyrite halo and surrounding higher values. 

Populations I and I1 appear distinguishable on the 

probability plot of figure 6 but are not easily distinguished 

as to geological cause. One possible interpretation is that 

population I is true background (which is certainly true) 

for the area, and population I1 is a transitional zone 

between populations I and I11 (also true) that the writer 

speculates as representing a fringe of the hydrothermal 
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effects related to the Ashnolaporphyry system. 

SUMMARY AND EVALUATION 

All geophysical variables proved amenable to analysis 

using an approach involving probability plots. Each of the 

four variables was shown to consist of two or more recognizable 

populations and, with minor exception, the populations were 

more easily interpretable than the simple correlation matrix 

or the less rigorous approach dealing with evaluation of 

contoured maps with arbitrary contour values and intervals, 

and ignoring the concept of combinations of populations. 

A summary of partitioned populations and their interpreted 

significance is given in Table V. 

In particular, the success of the probability graph 

approach in dealing with apparent resistivity data was most 

gratifying. For the first time it was possible to attach 

geological significance to most ranges of measured values. 

It now seems clear that groundwater,overburden depth, and 

water table level do not seriously influence the lithological 

control on the readings obtained. Furthermore, the populations 

defined in the probability graph analysis could be interpreted 

easily and naturally in terms of the porphyry model, and, in 

fact, added to the earlier description of the model. 

Some ambiguities arose, for example, in the possible 

presence of a fourth population in the ground magnetometer 

data. The advantage of the probability graph approach in 
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TABLE V 

1 
L 

c 

SUMMARY INTERPRETATION OF PARTITIONED 
POPULATIONS OF GEOPHYSICAL VARIABLES 

I 
I1 

I 
11 
I11 

1 
I1 
I11 
IV 

I 
I1 
I11 

IV 

5 0  
5 0  

3 
9 5  

2 

5 
7 9  
1 0  

6 

8 
14 
41 

37 

Pyrite halo 
Core and fringe to pyrite halo 

Magnetite-bearing intrusion 
Acid extrusive rock 
Thick overburden? 

Sulphides-redox reaction 
Background, gradients between I and IV 
Background, gradients between I and IV 
Sulphides-redox reaction 

Background 
Fringe of Ashnola hydrothermal system 
(a) Quartz-sericite-pyrite alteration core 
(b) Transition between I1 and IV 
Pyrite halo 
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this case is that it points to the possibility of such 

alternate interpretations; thus allowing both to be considered. 

In this case it seems likely that the 4 populations do exist 

and a means is thereby indicated for locating buried but 

shallow, magnetite-bearing intrusive bodies. 

Self potential data pose a problem in normal corre- 

lation studies. However, the procedures used in this study 

were particularly successful. In fact, the probability 

graph approach presented here is shown to be a powerful 

procedure for analyzing self potential data and the partic- 

ular interpretation is likely to be a common one in many 

exploration situations. 

Chargeability data and its interpretation are self 

evident. Comparison with geology shows that one population 

coincides with a pyrite-rich zone or halo that is well 

defined by the 29 ms. threshold contour value. These 

results are shown in figure 7 overlain on a general map of 

alteration types. This map forms a useful reference for 

the interpretation of chargeability, resistivity and self 

potential data in particular. Perhaps one of the more 

useful although somewhat speculative results of the study 

is the use of apparent resistivity data to define limits 

to the total hydrothermal system: . 
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