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INTRODUCTION INTRODUCTION 

This volume contains the proceedings o f  an 
International Symposium and Workshop on Borehole 
Geophysics for Mining and Geotechnical Applications, 
held i n  Toronto i n  August 1983. It also contains f ive o f  
the papers originally presented a t  an informal workshop 
on Mineral Logging, held at  the Geological Survey o f  
Canada i n  1981, and for which the information is s t i l l  
t imely  and valuable. It was the enthusiasm o f  the 
part ic ipants a t  that workshop tha t  led t o  the 
organization o f  the Toronto Symposium which was 
jointly sponsored by the Canadian Exploration 
Geophysical Society (KEGS) and the Geological Survey 
o f  Canada (GSC). The symposium was attended by over 
200 people f r o m  around the world, including delegates 
f rom Australia, Austria, Finland, France, Holland, Ivory 
Coast, Norway, Saudi Arabia, Sweden, Switzerland, 
South Afr ica, the U.K., U.S.A., West Germany and 
Canada. 

The contents o f  this volume, which includes 41  papers 
and summaries o f  two afternoon-workshops on 
Instrumentation and on Interpretat ion are pr inted i n  the 
order o f  presentation, i n  groups o f  papers on logging 
applications, cal ibrat ion aspects, E M  methods, applied 
potent ial  methods, acoustic methods, magnetic 
methods, and 'new' methods. The last category includes 
borehole radar, magnetometric resist iv i ty,  gravity, x- 
ray and other nuclear methods. The f ive papers f rom 
the earlier Mineral Logging Workshop concern inverse 
f i l ter ing of gamma ray logs, borehole IP, EM, resist iv i ty 
and seismic measurements, and log cal ibrat ion and 
qual i ty control. 

It is hoped that  this publication w i l l  be a valuable 
reference for some years to  come, w i th  i t s  unique blend 
o f  case histories as wel l  as theoret ical and applied 
papers on perhaps the broadest range o f  borehole 
geophysical techniques for mining and geotechnical 
applications ever assembled. 

Two committees were involved i n  preparing the 
Symposium. 

Organizing Commit tee 

Chairman: Roger Caven (Geophysical Consultant) 
Frank Bottos (Urtec Ltd.) 
Nigel Edwards (Universi ty o f  Toronto) 
Chris Madsen (Spectronics) 

Technical Program Commit tee 

Chairman: Patr ick  G. Ki l leen (GSC) 
Quentin Bristow (GSC) 
A l f red  V. Dyck (GSC) 
C. Jonathan Mwenifumbo (GSC) 

The Organizing Commit tee was greatly aided by the 
experience and ef for ts  o f  Kathy Jones (on loan f rom 
CANMET) who found solutions t o  last  minute panics and 
smoothly oversaw arrangements especially through the 
c r i t i ca l  period of the weeks preceeding and during the 
Symposium. Special thanks are also due t o  
Kathryn Mooney (GSC) who looked a f te r  many of the 
details o f  the symposium i n  i t s  earl ier stages, up t o  and 
including production of the Program w i t h  Abstracts. 

L e  present ouvrage est un compte rendu d'un symposium 
international e t  d'un atel ier sur la  gkophysique des sondages 
appliquee 5 I 'exploitation miniere e t  8 l a  geotechnique, tenus B 
Toronto en aoOt 1983. On y trouve aussi cinq des etudes presentees 
au cours d'un atel ier sans caractere of f ic ie l  sur l a  diagraphie des 
mingraux, tenu 8 l a  Commission g6ologique du Canada en 1981; 
I ' information recuei l l ie b ce moment-18 est encore valable et  uti le. 
L'enthousiasme des part ic ipants b I 'atelier a Bt6 t e l  que l e  
symposium de Toronto a 6t6 organise, parrain6 conjointement par 
la  Canadian Explorat ion Geophysical Society (KEGS) e t  l a  
Commission geologique du Canada (CGC). Plus de 200 d6l6pues 
Venus de I1Australie, de I1Autriche, de l a  Finlande, de l a  France, de 
l a  Hollande, de l a  Cd te  d' voire, de l a  Norvhge, de I1Arabie 
Saoudite, de l a  Subde,.de l a  Suisse, de l1Afr ique du Sud, de l a  
Grande-Bretagne, des Etats-Unis d1Am6rique, de I'Allemagne de 
I'Ouest e t  du Canada, y ont particip6. 

Les 41  etudes presentees A I'occasion du symposium ainsi que les 
resumes des deux atel iers d'une demi-journee sur I'appareillage e t  
l t interpr6tat ion sont donn6s par ordre de presentation, par sujet: 
application des diagraphies, Btalonnage, methodes 
Blectromagn6tiques, methodes de l a  mise b l a  masse, methodes 
acoustiques, methodes magnetiques e t  "nouvelles" methodes. 
Ce t te  derniere categorie comprend les methodes suivantes: radar, 
resist iv i te magn6tom6trique, pesanteur, rayons->( e t  autres 
mgthodes nuclgaires. Vous trouverez ci-aprks les cinq Btudes 
presentees au cours de I'atelier sur l a  diagraphie des mineraux e t  
qui t ra i tent  du f i l t rage inverse des diagraphies gamma, des mesures 
par polarisation induite, des mesures Blectromagn6tiques, des 
mesures de resist iv i te e t  des mesures sismiques, de I'btalonnage des 
diagrammes e t  du contrBle de la  qualite. 

Nous esperons que ce t te  publication sera une reference precieuse 
pour bon nombre d'annees B venir car elle presente des cas concrets 
aussi bien que des documents de recherches theorique et '  pratique 
portant sur ce qui pourrait & t re  le plus vaste choix de m6thodes 
d'exploration geophysique des sondages jamais compiles sur les 
applications minibres e t  geotechniques. 

L e  Cornit6 d'organisation e t  le  Cornit6 du programme technique ont 
part ic ipe A la  pr6paration du symposium. 

Comi te  d'organisation 

President: Roger Caven (conseiller en q6ophysique) 
Frank Bottos (Urtec Ltd.) 
Nigel  Edwards (U'piversite de Toronto) 
Chris Madsen (Spectronics) 

Cornit6 du programme technique 

President: Patr ick  G. Ki l leen (CGC) 
Quentin Bristow (CGC) 
A l f red  V. Dyck (CGC) 
C. Jonathan Mwenifumbo (CGC) 

L e  Comit.6 d'organisation apprecie I'aide considerable que lu i  
a apportee Ka thy  Jones (d6tach6e de CANMET); en effet,  
elle a r6solu tous les problhmes de dernibre minute e t  
surveil le tous les arrangements, notamment pendant les 
semaines cr i t iques avant e t  pendant le  symposium. L e  
Comite aussi t i en t  5 remercier specialement Kathryn Mooney 
de l a  CGC qui a apporte une attent ion serieuse e t  pert inente 
des premibres aux deribres Btapes d'organisation du 
symposium, y compris, sa part ic ipat ion 5 l a  mise au point de 
l a  publication du Programme accompagne des r6sum6s. 



I n  addition, many individuals i n  the Borehole Geophysics 
Section of the Resource Geophysics and Geochemistry 
Division o f  the GSC took par t  i n  the responsibilities of 
organizing the  technical program including 
G.R. Bernius, W.G. Hyat t ,  S. B i rk  and L. Schock whose 
assistance is greatly appreciated. 

Each paper was cr i t ica l ly  read by at  least two 
reviewers thereby great ly improving the qual i ty of this 
publication. I n  alphabetical order the cr i t ica l  readers 
are: A.P. Annan, Q. Bristow, L.S. Col lett ,  
J.G. Conaway, J.D. Crone, J.L. Davis, A.V. Dyck, 
R.L. Grasty, P. Gudjurgis, J.K. Hallenburg, J.R. Hearst, 
C. Huang, P.A. Hurley, O.G. Jensen, P.W. Kasarneyer, 
R. Keith, P.G. Kil leen, P.H. McGrath, J.D. McNeill, 
W.A. Morris, C.J. Mwenifumbo, 5. Nargolwolla, 
E.R. Niblett ,  A. Overton, T.E. Owen, K.A. Richardson, 
J. Roth, J.H. Scott, A.K. Sinha, J.A. Slankis, 
E.J. Schwarz, T.I. Urbancic, R.D. Watts, R.D. Wilson, 
K.E. Witherly, J. Wong, D.V. Woods, and D.L. Wright. 
Their t i m e  spent on these manuscripts i s  great ly 
appreciated. 

En outre, de nornbreux ernploy6s de l a  Section de l a  g6ophysique 
des sondages, Division de l a  g6ophysique e t  de l a  geochimie des 
ressources, CGC, ont part ic ipe B I'organisation du programme 
technique, notarnment G.R. Bernius, W.G. Hyat t ,  5. B i r k  e t  
L. Schock dont I'aide a Btd trhs precieuse. 

Chaque Btude a 6t6 lue par au rnoins deux rBviseurs, ce qui a 
beaucoup am6lior6 l a  qualit6 de ce t te  publication. Ces lecteurs 
exigeants sont, par ordre alphabbtique: A.P. Annan, Q. Bristow, 
L.S. Col lett ,  J.G. Conaway, J.D. Crone, J.L. Davis, A.V. Dyck, 
R.L. Grasty, P. Gudjurgis, J.K. Hallenburg, J.R. Hearst, C. Huang, 
P.A. Hurley, O.G. Jensen, P.W. Kasarneyer, R. Keith, P.G. Kil leen, 
P.H. McGrath, J.D. McNeill, W.A. Morris, C.J. Mwenifumbo, 
5. Nargolwolla, E.R. Nib le t t ,  A. Overton, T.E. Owen, 
K.A. Richardson, J. Roth, J.H. Scott, A.K. Sinha, J.A. Slankis, 
E.J. Schwarz, T.I. Urbancic, R.D. Watts, R.D. Wilson, 
K.E. Witherly, J. Wong, D.V. Woods e t  D.L. Wright. Nous leurs 
rernercions pour tout  l e  temps et  l 'e f for t  qu'ils ont consacres L ces 
rnanuscrits. 

Prksident, CornitB du programme technique 

P.G. Ki l leen  

Chairman, Technical Program Commit tee 



SUBSURFACE EXPLORATION THROUGH 
PENETRATION - OPENING REMARKS 

A.G. Darnley 

On behalf o f  the sponsors I would l i ke  t o  begin by 
welcoming you to  this Internat ional Symposium. 
Toronto is the centre o f  grav i ty  fo r  mining geophysics 
i n  Canada; the Universi ty o f  Toronto is wel l  known for  
i t s  school of mining geophysics, and so it is appropriate 
that this meeting should be held here. The Canadian 
Exploration Geophysical Society is composed of people 
very much aware of the real i t ies of exploration and the 
Geological Survey of Canada is pleased to  be associated 
w i th  the Chairman and members of KEGS i n  making the 
arrangements for what is intended t o  be a very down- 
to-earth occasion. 

This meeting is a sequel to a highly successful 
informal workshop on Mineral Logging held a t  the 
Geological Survey of Canada i n  Ot tawa i n  1981. It i n  
turn was an outgrowth o f  earl ier workshops on borehole 
geophysics applied t o  uranium exploration organized 
under the umbrella o f  the Internat ional Atomic Energy 
Agency and the Nuclear Energy Agency. I am glad t o  
welcome a number o f  participants f rom these past 
workshops to  this broader f ie ld  o f  interest. The 
major i ty  o f  people engaged i n  mineral exploration, o r  
research relat ing to  it, are not  long confined t o  any 
single commodity, and are required t o  change the i r  
pr ior i t ies i n  response to  economic circumstances. 
Fortunately, geophysical techniques are relevant t o  
finding the whole range of economic minerals as wel l  as 
investigating many engineering problems which involve 
the earth. I t  can be very productive to  bring together 
d i f ferent  specialists a t  a meeting l i ke  this, and we hope 
some cross-ferti l ization o f  ideas w i l l  be achieved in  the 
workshops which follow. 

I enti t led my opening remarks "subsurface 
exploration through penetration'' because I want to  
emphasize the fact  that this is what borehole 
geophysics enables us t o  do. As far  as one can foresee 
there w i l l  always be a need t o  recover solid rock 
samples f rom as great a depth as can be penetrated. 
Coring w i l l  always be required fo r  a proportion o f  the 
holes dr i l led i n  any exploration program but  the 
requirement w i l l  undoubtedly grow f o r  geophysical 
techniques t o  supplement what can be deduced f r o m  
core examination, substitute for  loss o f  core, and 
extend beyond the th in  column o f  rock direct ly 
sampled. I believe the greatest use o f  subsurface 
exploration geophysics i n  the fu ture w i l l  l i e  w i t h  
uncored holes, made at  minimum cost, where data are 
gathered w i th  a wide variety o f  passive and act ive 
probes, not forgett ing television and acoustic viewers. 
A t  the same time, the greatest opportunity for new 
developments probably l ies w i t h  subsurface 
reconnaissance methods, using hole-to-hole techniques, 
requiring a broadly spaced network of holes. 

EXPLORATION PAR PENETRATION DE LA 
SUBSURFACE - PR~AMBULE 

A.G. Darnley 

A u  nom des organisateurs, j'aimerais vous souhaiter l a  
bienvenue 5 ce symposium international. L a  v i l le  de Toronto 
est l e  point de m i r e  de l a  gbophysique miniere au Canada; 
1'8cole de geophysique miniere de 11Universit6 de Toronto est 
tr&s bien connue e t  il est donc juste que cet te  r6union soit  
tenue ici. Les membres de l a  Canadian Explorat ion 
Geophysical Society (KEGS) sont tres conscients des real i tes 
de I'exploration e t  l a  Commission gbologique du Canada 
(CGC) se fa i t  un plaisir de prendre avec l e  president e t  les 
membres de l a  KEGS les arrangements necessaires pour que 
nous traitions, t e l  qu'entendu, de questions pratiques, dans 
une ambiance cordiale. 

Ce t te  reunion fa i t  suite B un ate l ier  sans caractere 
off ic iel ,  mais tr6s reussi, sur l a  diagraphie des mineraux qui a 
eu l ieu B l a  Commission gbologique du Canada, B Ottawa, 
en 1981. C e t  a te l ier  a Bt6 tenu pour faire suite aux atel iers 
anterieurs sur l a  geophysique des sondages appliquee B 
I 'exploration de I'uranium, lesquels avaient b t6  organises sous 
1'6gide de 1'Agence internationale de I'bnergie ato~nique e t  de 
I'Agence de l'energie nucl6aire. J'ai grand plaisir B accuei l l i r  
P ce t  Bvenement de plus grande portbe un certain nombre des 
personnes qui ont  part ic ipb aux atel iers antbrieurs. L a  
plupart de ceux qui travai l lent dans l e  domaine de 
I'exploration miniere ou des recherches connexes ne 
s'attardent pas longtemps b un seul produit e t  doivent 
changer leurs pr ior i tes en fonct ion des circonstances 
Bconomiques. Heureusement, les mbthodes geophysiques 
peuvent servir B l a  prospection de toute l a  categorie des 
rnineraux Bconomiques ainsi qu'h I'btude d'un grand nombre de 
problhmes techniques se rapportant A l a  Terre. I1 peut & t r e  
trhs ut i le  de rassembler divers spbcialistes B I'occasion d'une 
reunion comme celle-ci e t  nous espbrons que les atel iers 
donneront l ieu B un certain echange d'idees constructives. 

J'ai in t i tu le  mon prbambule "Exploration par 
penetration de l a  subsurface" car je desire souligner que c'est 
bien ce que 1'6tude geophysique des sondages nous permet 
d'accomplir. I1 sera sans doute toujours nbcessaire d'extraire 
des Bchantillons de roche solide des plus grandes profondeurs 
possibles. En  outre, il faudra toujours ext ra i re  des carottes 
d'une certaine proport ion des trous forbs dans l e  cadre de 
tout  programme d'exploration, mais il faudra ut i l iser de plus 
en plus des mbthodes g6ophysiques pour completer les 
renseignements venant de I'examen des carottes, pour 
remplacer les carottes perdues e t  pour fournir  des donnees 
sur une plus grande Btendue. Je crois qu'h I'avenir, les 
methodes d'exploration geophysique de l a  subsurface seront 
uti l isbes l e  plus souvent dans l e  cas de trous non carottbs, 
forbs b un coot minimal,  oh les donnees sont recueill ies P 
I'aide d'un bon nombre de sondes passives e t  actives diverses 
sans oublier les Bcrans de television e t  d'appareils 
acoustiques. En m6me temps, I 'exploration de l a  subsurface 
au moyen de techniques recoupant plus d'un puits, qui exige 
un rbseau trhs espace de trous, o f f re  les meilleures 
possibilites en ce qui a t r a i t  aux nouvelles d6couvertes. 



It is worth bearing i n  mind that i n  petroleum 
exploration the Schlumberger Corporation, which has 
90% o f  the internat ional well-logging market, had net 
earnings i n  1982 o f  over $1 bi l l ion f rom this act iv i ty.  
The cost of logging a sinqle petroleum wel l  may be as 
high as $loOK. The application of borehole geophysics 
t o  mining exploration clearly has a long way t o  qo and 
grow! 

I am not going to  say anything about specific 
geophysical techniques but merely to  ask you to bear i n  
mind some related mat ters  which seem important t o  me 
as far  as the fu ture o f  subsurface exploration is 
concerned. 

The f i r s t  is a problem about which I think 
something could be done relat ively quickly. It is the 
re l iab i l i ty  o f  down-hole equipment. It is always 
frustrat ing and annoying to  go to  the field, start  work, 
and then have an equipment failure. Delays are often 
incurred i n  locat ing the exact problem; this is 
part icular ly true i f  it is in termi t tent  i n  nature; there 
can be lengthy delays i n  obtaining replacements; the 
worst situation is when a unit  has to  be returned to  the 
manufacturer. This is disruptive and costly i n  the case 
o f  normal surface f ie ld  work. I n  borehole geophysics, 
equipment fai lure is a much more serious mat te r  
because of ten a hole is only accessible for  a few hours, 
and measurements must either be made wi th in  this 
period or not  a t  all. I f  equipment failures are a 
relat ively common occurrence, potent ial  users of, and 
customers for, borehole geophysical services are rapidly 
discouraged. It is clear that to increase the ut i l izat ion 
o f  borehole geophysical methods, re l iab i l i ty  of 
equipment is important, and designers, manufacturers 
and users need t o  be part icular ly alert  to  this. U n t i l  
such t ime as hardware failures become rare events, on- 
the-spot avai labi l i ty of duplicate equipment is a 
prudent precaution. I am sure manufacturers w i l l  be 
delighted t o  be asked t o  sel l  a l l  equipment i n  sets of 
two! 

The second concern I have w i l l  be a fami l iar  one 
to  many o f  you. It concerns the need fo r  cal ibrat ion 
and standardization o f  a l l  geophysical measurements 
used i n  exploration. The American Petroleum Inst i tute 
has established some standards for petroleum borehole 
work, but  these are not suitable fo r  hard-rock 
situations. There are many reasons why standardization 
and calibration o f  d i f ferent  types of measurement are 
not merely desirable, but positively advantageous. It is 
not  an ef fect ive use o f  the available methods t o  l i m i t  
them t o  the discovery o f  "anomalies". Whatever 
parameter is being measured, the "background" o r  
"geological noise" level could be as siqnificant as an 
"anomaly1'. How do we recognize very small anomalies? 
We need t o  know what the geological noise level is i n  
d i f ferent  geological environments. Geophysical 
instrumentation qenerally gives results i n  numerical 
form. Greater e f for ts  are required to  ensure that  
wherever possible we acquire numbers relatable t o  
some definable property, or combination o f  properties, 
rea l  or nominal, that  can be independently veri f ied on 
sample mater ia l  o f  appropriate dimensions. In  order to 
advance the state of the art, and to  provide 
geologically meaningful interpretations we need t o  

I1 est bon de se rappeler que dans le domaine de 
I'exploration petroli&re, les recettes de l a  Schlumberger 
Corporation, qui d6t ient plus de 90 pour cent du march6 
internat ional des diagraphies, se sont chif fr6es A plus d'un 
mi l l iard de dollars en 1982. L e  coot demand6 pour 
diagraphier un seul puits de petrole peut atteindre 100 000$. 
L'application de l a  gkophysique des sondages a I'exploration 
miniBre a manifestement un long chemin A faire! 

Je n'ai pas I ' intent ion de vous parler de methodes 
geophysiques particuli2res mais uniquement de vous 
demander de bien vouloir tenir  compte de certaines questions 
connexes qui, A man avis sont importantes pour I1avenir de 
I1exploration de l a  subsurface. 

L a  premiere de ces questions est un probleme qui 
pourrai t  & t re  r6solu sous peu. I1 s'agit de l a  f iab i l i t6  des 
appareils de fond. C'est toujours d6cevant e t  facheux de se 
rendre sur le  terrain, de commencer l e  t ravai l  puis de subir 
une panne dldquipement. I1 faut parfois beaucoup de temps 
pour en detecter l a  cause, notamment lorsqulil s1agit d'un 
probl6me intermittent.  Les pieces de rechange peuvent 
nl&tre l ivrees qutapr8s de long d6lais; le pire qu'il puisse 
arr iver c'est qu'on doive retourner I'appareil au fabricant. I1 
y a interrupt ion des act iv i tgs e t  les coats augmentent dans l e  
cas des travaux normaux en surface. E n  g6ophysique des 
sondages, les pannes d'bquipement sont plus s6rieuses dlautant 
que le  puits nlest souvent accessible que pendant quelques 
heures e t  que les mesures ne peuvent se prendre qu18 ce 
moment precis. Lorsque les pannes sont relat ivement 
nombreuses, les uti l isateurs e t  cl ients Bventuels des services 
de g6ophysique des sondages se dgcouragent vite. Si I'on veut 
accroPtre I 'uti l isation des mBthodes gkophysiques, il faudra 
donc ameliorer l a  f iab i l i t6  de I16quipement, il importe que les 
concepteurs e t  les fabricants en soient conscients e t  que les 
uti l isateurs soient au courant. En  attendant que les pannes 
d'bquipement se fassent rares, il serait prudent dlavoir acc6s 
sur place A des appareils de rechange. Je suis certain que les 
fabricants seront ravis de vendre deux exemplaires de chaque 
appareil! 

L a  deuxieme de ces questions est connue d'un bon 
nombre d'entre vous. I1 s1agit de I1btalonnage e t  de l a  
normalisation de toutes les mesures g6ophysiques utilis6es en 
exploration. L1American Petroleum Inst i tu te a Btaibli 
quelques normes pour le  forage des puits de pgtrole, mais 
celles-ci ne conviennent pas A I'btude des roches dures. L a  
normalisation e t  l16talonnage des divers types de mesure 
seraient non seulement ut i les mais aussi tr6s avantageuses e t  
pour plusieurs raisons. On n'utilise pas les m6thodes 
disponibles si on les reserve uniquement A la  decouverte des 
llanomalies'l. Peu impor te l e  param8tre mesure, l e  niveau de 
"bruit  de fond" peut & t re  aussi 6lev6 qu'une "anomalie". 
Comment reconnaYtre les anomalies tres faibles? I1 faut  
connaitre le niveau de bru i t  de fond dans les divers mil ieux 
g6ologiques. En genkral, les appareils gBophysiques 
fournissent les r6sultats sous forme num6rique. Dans l a  
mesure du possible, il faudra tenter d'obtenir des chif fres qui 
sont rattachable A une propridt6 ou combinaison de propriet6s 
rdelles ou nominales susceptibles dlbtre d6finies et  verif iees 
independamment sur des Bchantillons de dimensions 
suffisantes. A f i n  de pouvoir progresser e t  de fournir  des 
interpretat ions g6ologiquement utiles, il faut  savoir 8 quoi 
rattacher les mesures; pour veri f ier le  fonctionnement 
r6gul ier des appareils e t  compiler les donn6es recueill ies par 
divers appareils, il faudra Btablir des normes e t  des 



know what our measurements actually relate to; t o  
ensure that  instrumentation is performing consistently, 
and for  the purpose of compiling data acquired by 
d i f ferent  instruments, we need agreed standards and 
cal ibrat ion faci l i t ies that are convenient and easy to  
use. Systematic compilation, for the purpose of three 
dimensional subsurface mapping is going to  become an 
accepted requirement i n  the future. Although there has 
been increasing agreement i n  recent years that 
standardization of reporting methods and cal ibrat ion 
are desirable objectives, unfortunately there has been 
no rush o f  eager participants to  do anything about it! 
Similarly the systematic measurement of rock 
properties f rom a l l  types of rocks i s  no t  regarded by 
most geophysicists as a very excit ing assignment, but  i t  
seems to me this is an essential preliminary i n  the 
development of comprehensive standards, and 
u l t imate ly  i t  af fects  our abi l i ty t o  have ef fect ive 
subsurface exploration. Possibly one way o f  
overcoming this deficiency in  systematic basic data is 
to  encourage university geophysics departments t o  
make certain types o f  rock property measurement their  
speciality and make a quota of measurements an 
advanced-course requirement fo r  their  students. A l o t  
o f  progress could be made i n  a decade. 

The third concern I have is a more general one. 
Hole-making. A t  f i r s t  sight this may no t  seem t o  be o f  
concern t o  an audience of geophysicists; it is not  
something about which geophysicists are expected to  be 
knowledgeable, o r  to  have any responsibility. However 
the extent and manner i n  which borehole geophysics 
w i l l  be ut i l ized i n  the future depends, u l t imate ly  upon 
the ease, and therefore the cost of making holes. The 
readiness o f  exploration and mining companies t o  locate 
patterns o f  holes opt imized for  part icular geophysical 
techniques hinges upon the costs involved. Of  course 
the same could be said o f  cored boreholes which the 
geologists w i l l  always require. Ear th  scientists 
interested in  obtaining subsurface data may not  real ize 
it, but  they have a vested interest i n  encouraging and 
promoting cheaper hole-making, because i f  costs can be 
substantially reduced, this w i l l  permi t  more use of 
geophysics and geophysical interpretations w i l l  become 
more reliable. 

You may be wondering why I am using the te rm 
"hole-making" ra ther  than dri l l ing or boring. This is 
quite deliberate i n  order t o  suggest that the methods by 
which holes are now made may not be the best or the 
only way to do it i n  the future. Rotat ing an abrasive 
substance on the end o f  a long rod o r  pipe is hardly 
high-technology! 

Compared w i th  mineral exploration geophysics, 
hole-making is big business. I n  Canada i n  1980 $100M 
was expended on exploration dr i l l ing (about one quarter 
of which was spent on uranium exploration). The 
expenditure on R&D for  hole-making technology is 
much less than R & D  into exploration geophysics. This 
generalization appears to  be true in  every western 
country, and I f ind this rather surprising. One 
explanation may be that  whi lst  there are academic 
institutions that  specialize in  applied geophysics there 
are to  my  knowledge none that specialize i n  applied 
hole-making, certainly not  holes of the diameter o r  

installations dldtallonnage commodes e t  faciles A uti l iser. A 
I'avenir, l a  compilat ion systematique A des f ins de 
cartographie tridimensionnelle de l a  subsurface sera exigee 
comme procedure normale. Bien que I1on reconnaisse depuis 
quelques annees qulil serait souhaitable de norrnaliser des 
methodes de presentation des donn6es e t  d18tallonnage, les 
chercheurs ne se sont malheureusement pas precipites pour le  
faire. De m&me, l a  plupart des geophysiciens ne considerent 
pas que l a  mesure systematique des propriet6s de tous les 
types de roches soit une tsche passionnante; toutefois, il me 
semble qulil s'agit 18 dlun t ravai l  prel iminaire essentiel A 
I'btablissement de normes compl&tes, qui inf luera sur not re 
capacite d'effectuer I 'exploration eff icace de la  subsurface. 
I1 serait peut-etre possible d'augmenter le  nombre de donnees 
fondamentales systematiques en encourageant les 
departements de geophysique des universites A se specialiser 
dans certains types de mesure des propri6tes de roche e t  de 
fa i re  en sorte que les Btudiants avanc6s soient obliges 
d'effectuer un certain nombre de mesures. En  dix ans, 
beaucoup de progrBs serait accompli. 

L a  derniere question est de n_ature plus generale. I1 
s1agit du creusement de trous. A premiere vue, ce t te  
question ne semble pas dlun grand inter& pour des 
g6ophysiciens; on ne s'attend pas A ce que les geophysiciens 
soient bien inform& dans ce domaine ou qu'ils en aient la  
responsabilite. Toutefois, le  degrd d'ut i l isat ion future de l a  
g6ophysique des sondages dependra en def in i t ive de l a  fac i l i t e  
du creusement des trous e t  donc du coGt. L1empressement 
des soci6t6s d'exploration et  des societes minieres A placer 
les trous de f a ~ o n  t i re r  le  plus grand avantage de rnethodes 
geophysiques part icul i6res depend des coats qulelles auront A 
supporter. Manifestement, on peut dire l a  m6me chose des 
sondages carott6s qui seront toujours uti l ises par les 
g6ologues. Bien qu'ils ne s'en rendent peut-&tre pas compte, 
les sp6cialistes des sciences de l a  Terre qui desirent obtenir 
des donnees sur l a  subsurface ant inter& 21 encourager e t  A 
promouvoir l e  creusement de trous A moindre coat, car s'il 
devenait possible de r6duire les coots, les methodes 
geophysiques seraient uti l is6s davantage et  les 
interprdtat ions g6ophysiques deviendraient plus fiables. 

Vous vous demandez peut-btre pourquoi j 'uti l ise 
I'expression "creusernent de trousl1 p lu t6t  que forage ou 
percement. C e t t e  ut i l isat ion est intentionnelle car je crois 
que les methodes util isees presentement pour creuser les 
trous ne sont pas les meilleures e t  qu'elles ne seront pas les 
seules A b t re  employees A I'avenir. Peut-on parler de 
techniques de pointe lorsqu'il s'agit simplement de fa i re  
tourner un abrasif A 11extr6mit6 d'une longue t ige ou dlun long 
tuyau? 

Si I1on compare l a  geophysique A l a  prospection des 
mindraux, le  creusement de trous represente de grosses 
affaires. A u  Canada, en 1980, on a depense 100 mil l ions de 
dollars pour l e  forage dlexploration (dont environ l e  quart 
pour I'exploration de I'uranium). L a  somme consacree a l a  
recherche e t  au developpement de l a  technologie du 
creusement des trous est bien infer ieure A cel le qui est 
consacr6e aux travaux de R e t  D en prospection g6ophysique. 
Ceci semble vrai  dans tous les pays de IIOuest e t  c'est ce qui 
m'dtonne. L a  raison en est peut-btre que, bien qu'il y a i t  des 
inst i tut ions qui se specialisent en geophysique appliquee, A 
ma connaissance, aucune ne se specialise en creusement de 
trous e t  certainement pas de trous de diam6tre ou de 
profondeur n6cessaires A I 'exploration min6rale. L e  nombre 



length required for  mineral exploration! So i n  the 
absence of dedicated teaching or research institutions 
there have been very few researchers. The best overall 
review on hole-making possibilities that I am aware of 
is one wr i t ten by Wil l iam Maurer of Esso Research 
about 15 years ago. His review covers every method 
that I have seen mentioned i n  more recent years. 
Unfortunately none o f  the possibilities seems to  have 
progressed very far, as much as anything because no 
organization has taken, or been given this task as a 
pr ime responsibility. Ye t  when one considers how much 
has been achieved i n  the last 25 years i n  the 
penetration o f  outer space by vehicles launched f r o m  
the surface of the earth one cannot help wondering 
whether comparable progress could not be made i n  the 
penetration of inner space i f  a small percentage of the 
R&D invested into space vehicles were to  be directed 
downwards rather than upwards. 

By way of conclusion I would l ike t o  remind you 
that in  order t o  make progress i n  any direction we need 
to  have vision, t o  go one step beyond current reality. 
E f fec t i ve  subsurface exploration demands, i n  the f ina l  
analysis, much easier physical penetration o f  the crust. 
The people who conquered the air  and the people who 
conquered space had vision. Almost a l l  o f  their  
contemporaries were skeptics. Those o f  us interested 
i n  subsurface exploration should be wi l l ing t o  spare a 
l i t t l e  o f  our own energy t o  encourage the idea that, 
given the determination to do so there is no reason why, 
by the end o f  the century, deep penetration o f  the 
earth's crust should not be as commonplace as f ly ing in  
space. Think what scope i t  would give t o  geophysics 
and earth science as a whole! 

de chercheurs est donc tr6s restreint vu I'absence 
d'institutions d'enseignement ou de recherche. A ma 
connaissance, le mei l leur compte rendu global des possibilit6s 
en matibre de creusement a BtB r6dige par Wil l iam Maurer 
dlEsso Recherches, il y a environ 1 5  ans. Son ouvrage couvre 
toutes les m6thodes que j'ai vu mentionner depuis quelques 
ann6es. Malheureusement, aucune de ces methodes ne 
semble avoir beaucoup progress6, Btant donne surtout 
qu'aucun organisme n'a entrepris ou ne s'est vu conf ier ce t te  
tsche A t i t r e  d'objectif principal. Toutefois, si I'on constate 
les progrbs r6alisBs depuis 25 ans en ce qui a t ra i t  A l a  
penetration de I'espace par des vehicules lances B par t i r  de l a  
surface de l a  Terre, on ne peut que se demander si de pareils 
progrbs ne pourraient &re r6alisBs en ce qui concerne l a  
penetration de la  croi l te terrestre si seulement un pe t i t  
pourcentage des travaux de recherche e t  de developpement 
portant sur les v6hicules spatiaux Btaient orientes vers le  bas 
plutdt que vers le  haut. 

En conclusion, j 'aimerais vous rappeler que pour 
progresser, dans quelque direct ion que ce soit, il faut avoir 
une claire perception du but  A atteindre e t  aller au-del8 de l a  
rea l i t6  actuelle. En  definitive, si I'on veut explorer 
eff icacement l a  subsurface, il faut  pouvoir p6netrer plus 
faci lememt l a  cro0te. Les conquerants de I'air e t  de I'espace 
Btaient clairvoyants. Presque tous leurs contemporains 
Btaient sceptiques. Ceux d'entre nous qui sont intBressBes A 
I 'exploration de l a  subsurface doivent e t re prets B encourager 
quelque peu l a  not ion que, si nous sommes determines A l e  
faire, r ien ne pourra empecher, d'ici B la  f i n  du si$cle, que l a  
penetration en profondeur de l a  croilte terrestre devienne un 
exploit aussi courant que l a  navigation dans I'espace. 
Imaginez quel champ d'action s'offr i ra aux g6olphysiciens e t  
aux g6oscientifiques en qBnBral. 



1. AN APPROACH TO DETERMINING STRATIGRAPHIC AND PHYSICAL PROPERTIES O F  
OVERBURDEN USING BOREHOLE GEOPHYSICS 

John P.  ree en house' and P e e t e r  E. ~ e h m e '  

Greenhouse, J.P. and Pehme,  P., An approach t o  determining s t ra t igraphic  and physical properties of 
overburden using borehole geophysics; Borehole Geophysics for  Mining and Geotechnical 
Applications, ed. P.G. Killeen, Geological Survey of Canada, Paper  85-27, p. 7-11, 1986. 

Abstract  

We present our approach in the  early s tages  of a project t o  establish t h e  subsurface Quaternary  
stratigraphy and hydrogeological potential  of the  e a s t  flank of the  Waterloo Moraine near  the  c i t ies  
of Kitchener and Waterloo, Ontario.  The complexity of the  s t ra t igraphy and the  high cost  of 
continuously cored holes to  bedrock make i t  important  t o  gather  a s  much quant i ta t ive  information 
from logged rotary-drilled holes a s  possible. The geophysical component of this project is therefore  
concerned with identifying cer ta in  widely distributed t i l l  sequences tha t  can serve  a s  s t ra t igraphic  
markers,  and with estimating the  physical properties of all formations t raversed by the  borehole. 

Cer ta in  tills, such as t h e  very competent  Catf ish  Creek,  can be recognized readily on a variety 
of geophysical logs. Most a re  not so  easy to  identify, however, and their  geophysical character is t ics  
may vary widely throughout the  region. By logging adjacent t o  continuously cored holes, and by using 
calibration pits, we a r e  a t tempt ing to  bracket  the  range of responses these  units can display on 
e lec t r ic ,  neutron, gamma and gamma-gamma density tools. From this calibration, and with a su i t e  of 
geophysical logs, we hope to be able to  e s t ima te  in a s ta t i s t ica l  sense the  porosity, clay content ,  
density and stratiqraphy of the  formations encountered. 

The logger, an ancient but fairly reliable Gearha r t  Owen unit, f eeds  i t s  d a t a  directly t o  a 
CBM 8032 microcomputer with double disk drives. The micro serves a s  a very low cost  digit izer,  d a t a  
logger and da ta  processor, and great ly  enhances t h e  capabili t ies of t h e  system. 

Nous presentons la methode suivie au cours des  premieres d tapes  d'un projet  visant B Btablir la 
s t ra t igraphie  quaternaire de la subsurface e t  les possibilitds hydrogdologiques du versant e s t  de  la 
moraine de  Waterloo pr&s des villes d e  Kitchener e t  de  Waterloo. La complexit6 de  la s t ra t igraphie  
e t  le  coa t  6levk du ca ro t t age  en continu de  la  croil te font  qulil e s t  important  de recueill ir  le  plus de  
renseignements quant i ta t i fs  possible A par t i r  de  trous diagraphibs, creuses  par  forage rota t i f .  
L'BlBment gdophysique de  c e  projet  vise donc A identifier cer ta ines  sequences de  till A grande Btendue 
qui pourraient servir  de rep6res stratigraphiques,  e t  3 es t imer  les propridtes physiques de  tou te s  les 
formations traverskes par le sondage. 

Cer ta ins  tills, t e l  le t i l l  t rbs  competent  de Catf ish  Creek, sont  fac i lement  identifids sur une 
gamme de  diagraphies gdophysiques. Cependant,  la plupart  des  t i l ls  ne sont  pas fac i les  A identifier e t  
leurs caracter is t iques  qeophysiques peuvent varier considdrablement d'un bout A I1autre de la region. 
En effectuant  des diagraphies B c6 t6  des trous c a r o t t e s  en  continu e t  en  uti l isant des  fosses 
d'dtalonnage, nous tentons d16tablir la  gamrne des r6ponses que peuvent presenter  ces  u n i t e s  sur les 
appareils Blectriques, les sondes neutrons, les sondes gamma e t  les sondes gamma-gamma. A par t i r  
de  c e t  Btalonnage e t  dlune ser ie  de  diagraphies g6ophysiques, il s e ra i t  possible dlestimer,  dtun point de 
vue statist ique, la porosite, la teneur  en  argile,  la densite e t  la s t ra t igraphie  des  format ions  
traversdes. 

La sonde, une unit6 Gearhar t  Owen ancienne mais plus ou moins fiable,  fournit  les donn6es 
d i r ec t emen t  A un micro-ordinateur CBM 8032 A entra inement  B disque double. L e  micro-ordinateur 
s e r t  de convertisseur analogique-numdrique, dtenregistreur de donn6es e t  de machine de  t r a i t emen t  
des  donn6es peu dispendieux e t  acc ro i t  dnormement  les capaci tes  du systeme. 

' Depar tment  of Ear th  Sciences, University of Waterloo, Waterloo, Ontario N2L 3G1 



Introduction logging fo r  the  task a t  hand. The Ear th  Sciences Depar tment  
(univers i ty  of Waterloo) has opera ted a Gearha r t  

We report here O n  the  f i rs t  year of a three year Owen/Widco logging unit for  1 2  years,  mainly as a service  to program to  improve understanding of the  Quaternary hydrogeology and Quaternary  projects. The logging unit stratigraphy of the  Kitchener-Waterloo region of Ontario,  a 
community of about 200 000 people located 130 km southwest includes E-log, neutron, gamma,  gamma-gamma and caliper 

tools. D a t a  were  routinely recorded in digital  form on 
of Toronto. cas se t t e  t ape  and t ransferred to  9- t rack t ape  fo r  s to rase ,  but 

An improved knowledge of the  geology of the  over- l i t t l e  e f fo r t  was made in the  past  t o  develop analysis o f  these 
burden is important both economically (water  supply, gravel) logs beyond a preliminary interpretation (sand/clay) inter- 
and academically (Quaternary history). One major goal of faces ,  well-screen location, etc.). The rotary-drilled 
the  program is to improve the  usefulness of geophysical boreholes for logging had to  be taken when and where they 

Figure 1.1. Map of the Kitchener-Waterloo region, located 130 km southwest o f  Toronto. 
The traverses planned for the three year project are shown Boreholes completed in 1982 are 
indicated as 82-1, 82-2, and 82-3. 



became available. They were  usually uncased, variable in the re  is ample incentive to  improve the  yield of geophysical 
d iameter ,  and liable to  collapse within a few hours a f t e r  logs. I t  became apparent  in reviewing the  published record of 
drilling or mud circulation ceased. A sys temat ic  standardiza- geophysical logging in the  glaciated areas  of centra l  Canada 
tion, calibration and correlation of the  log d a t a  across the  and the  United S t a t e s  t h a t  the  sophistications of  hardware  
region under these circumstances did not seem practical .  and sof tware  that  a re  now routinely applied in downhole coal,  

The detailed information required fo r  the  
tar-sands, and mineral exploration have seen l i t t le  use in 

Kitchener-Waterloo study is t o  based on continous coring, geotechnical studies of the  overburden. While there  have 

which is t ime  consuming and very expensive. As a result ,  been a number of e legant  studies of overburden logging - t he  
papers by Dyck e t  al. (1972) and Locat  (1975) being notable 
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Figure 1.2. Schematic cross-section showing overburden stratigraphy from West ( l e f t )  t o  East 
(right) on a line passing through the Greenbrook well field in Figure 1 . 1 .  

I r I UNIVERSITY 
OF 

WATERLOO 
COMPUTING 

3 0 0  m OF CENTRE 
4 COND CABLE 

0 
\ o"0 0". .o 

LOG SPEED 
0 0 0  Q - 
@ F T  COUNTER 

DD 

@ 
c9 I7 

+-- G 0.1 "WIDCO" 
Y LOGGER 

NEUTRON 
CALIPER 

Figwe 1.3. Schematic o f  the data recording scheme. "A/D" is an analog t o  digital converter, "MX" 
a multiplexing unit t o  feed the 5 digitized records serially t o  the CBM 8032. 



examples - t h e  l lfall-out" f rom these studies t o  the  day-to- 
day business of exploring t h e  regoli th is limited. Hence  t h e  
present e f fo r t  to explore the  full potential  of geophysical 
logging in th is  particular environment appears  t o  be timely. 

We describe only our approach to  the  problem here.  
The results  will be repor ted  la ter .  This project  was  funded by 
t h e  Ontar io  Geological Survey. 

Approach 

The region of in teres t  is shown in Figure 1.1. Water 
supply is f rom sands and gravels within t h e  50 t o  70 m thick 
overburden, and mainly f rom the  Greenbrook well field near  
t h e  cen t r e  of t he  diagram. The cu r r en t  project  concen t r a t e s  
on three  t raverses  radiating outward f rom th is  f ield.  P lans  
call  f o r  3 logged holes to  bedrock, and a t  leas t  one 
continuously cored hole, t o  be completed  on one t r ave r se  
each  year. The three  boreholes fo r  1982 a r e  shown on the  
southwest  traverse;  a continuously cored hole t o  52 m has 
been completed  beside hole 82-3. 

While Quaternary  deposits  a r e  notoriously variable in 
the i r  la tera l  distribution, t h e  till units  can  o f t en  se rve  a s  
s t ra t iqraphic  markers.  A schema t i c  cross-section f rom west  
t o  ea s t  through the  Greenbrook field is  shown in Figure  1.2. 
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Figure 1.4. Diagram of t h e  casing installed in t h e  boreholes 
f o r  th is  projec t  following E-logging and caliper logging and  
pr ior  t o  nuclear  logging. The casing i s  f i l led with 
fresh water.  

The Maryhill (clay) and Catf i sh  Creek  (sand, boulder) t i l ls  in 
par t icular  a r e  almost always encountered  on boreholes 
throughout t h e  area ,  they a r e  not  usually recognizable  on the  
basis of t he  dri l lers logs alone. Pre-Catf i sh  Creek  t i l ls  a r e  
occasionally encountered,  but the i r  l a t e r a l  cont inui ty  is  not  
established. 

Our  objec t ives  f o r  t h e  logging are: 

i) To improve d a t a  collection and processing with the  
exist ing equipment.  

ii) To establish and consistently use a s tandard  logging 
environment.  

iii) To ca l ibra te  t he  logging tools against  physical 
proper t ies  (formation resist ivity,  porosity, density,  c lay  
content ) .  

iv) To ca l ibra te  t he  logging tools responses f o r  t h e  main 
s t ra t igraphic  units; t h a t  is, to  establish t h e  mean and 
var iance  of t h e  log responses t o  t h e  exist ing marker  
horizons (Catfish and Maryhill tills) and t o  identify 
these  - and eventually o the r -  units  on the  basis of 
those log responses. 

v) To corre la te  t he  marker  horizons and intervening 
aquifers  along the  traverses.  

The approach t o  each of these objectives is described briefly 
below. 

D a t a  collection 

To improve the  versati l i ty and turn-around t ime  of the  
recording, t he  sys tem shown schemat ica l ly  in Figure  1.3 has  
been implemented.  Signals f rom the  tools a r e  processed by 
the  GO1 e lec t ronics  and then fed  t o  a CBM 8032 micro- 
compu te r  f o r  s to rage  on floppy disk and eventual  t r ansmi t t a l  
to  t he  University computer  cent re .  

Standard loqqing environment 

While t h e  E-log and ca l iper  log mus t  be  run in t h e  
uncased hole, i t  was impor tant  t o  c r e a t e  a s table ,  s tandard  
environment for  t he  nuclear logs. We now install  an 
inexpensive, 7.5 c m  ID PVC drainage pipe a s  casing (Fig. 1.4), 
with lower end cap. The en t i r e  casing is  filled with fresh- 
w a t e r  immedia te ly  before  logging. The casing allows radio- 
ac t ive  sources  t o  be safely deployed in t he  regional aquifers,  
and t h e  boreholes a r e  available fo r  re-logging a t  l a t e r  t imes.  

Calibration fo r  physical proper t ies  

We have installed four  1.5 m lengths of 92 c m  d iame te r  
s t e e l  culver t  side by side a t  a s i t e  on the  north campus  of t he  
university. The culver t  "bins" have  plywood bases, and a r e  
s e t  into a st iff  clay thought t o  be Wentworth till. As shown 
in Figure  1.5 the  s tandard  7.5 c m  casing runs down t h e  c e n t r e  
of t he  bin and 2.75 m in to  t h e  t i l l ,  providing two calibrating 
mater ia ls  and a calibrating boundary. 

Three  bins have  been fi l led to  da t e ,  with sand, conc re t e  
and vermiculi te concre te .  The densit ies fo r  t h e  sand, 
concre te ,  vermicul i te  c o n c r e t e  and clay a r e  2.02, 2.38, 1.69 
and 2.05 g / cm3  respectively.  The volumetric moisture 
con ten t s  a r e  38, 33, 42 and 5 1  per c e n t  respectively.  The 
sand bin c a n  be  drained t o  allow the  sand t o  be  logged dry. 
The four th  bin will be used t o  fi l l  gaps in the  above ranges. 

Some c a r e  must  be  t aken  in calibrating the  calibrators.  
Density and porosity can be qui te  variable in both t ime  and 
space  within conc re t e  o r  sand in t h e  bins, and bulk e s t ima te s  
( to ta l  weight divided by volume) may mislead. To  monitor 
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0.01 m PVC PIPE 
(FOR MOISTURE CONTROL) 

Figure 1.5 

Calibration pits for this project consist 
of a 1.5 m length of 92 cm diameter 
s teel  culvert standing upright on a 
watertight plywood base. The central 
logging borehole is surrounded by four 
smaller diameter aluminum tubes which 
a r e  used to measure moisture content 
and density with calibrated soil- 
moisture probes. All the casings 
extend 2.75 m into an underlying clay 
till, providing a second calibrating 
medium with a sharp upper boundary. 

END CAPS 

changes in space and time within the sands and curinq Summary 
cem;nts, we have installed 5.1 cm aluminum tubes parallel to Geophysical logging of water supply and geotechnical the borehole at  four places in the bin. A calibrated soil boreholes in Ontario with anything other than simple electric moisture probe is passed down these tubes to record the and/or natural gamma logs is unusual. Indeed we know of distribution and changes in properties. Filled with water  only one dril l ing or logging between and 
during logging, these tubes do not  a f fec t  the response' Montreal who i s  prepared to supply its clients with more than The clay contents of the tills, sands and cements have also point-sampled E-logs in shallow boreholes. The present been determined to calibrate the natural gamma tool project, as  planned, does not break new ground in logging response. technoloqy but when measured aqainst the current level of 

The continuous core obtained adjacent to the logged activity -in geotechnical loggini in our area it becomes 
holes on the traverses will in some cases also be suitable for significant. We have not attempted to present the initial 
physical property calibration. results in this brief paper, but they encourage us that the 

goals described above can be achieved. 

Stratigraphic calibration The success or failure of the project ultimately 
depends, however, on the cost effectiveness of geophysical 

We to a series Of i n to  the  , logging. A geophysically logged, rotary drilled hole in this Catfish Creek and Maryhill tills a t  widely separated sites area typically costs one third that of a continuously cored where these two prominent markers a re  near the surface. 
Together with the continuously cored holes, these calibration hole. It  remains to  be seen if the quality of geological 

information obtained from the geophysical data  can make holes will provide a measure of the variability of the till 
t h i s  trade off  worth while. responses to the electric and nuclear logs. 

From these measurements we will also determine 
whether these stratigraphic units can be reliably References 

"fingerprinted" by one or more log responses. This Dyck, J.H., Keys, W.S., and Meneley, W.A. 
stratigraphic calibration will also be extended to the deeper, 1972: Application of geophysical logging to groundwater 
pre-Catfish tills i f  these preliminary at tempts  appear studies in  southern Saskatchewan; Canadian 
promising. Journal of Earth Sciences, v. 9 ,  p. 78-94. 

We intend to run additional logs in all these boreholes, Locat, J. 
specifically magnetic susceptibility, gamma ray 1975: Une methode d'utilisation quantitative de la sonde 
spectrography, and induction tools as they become available. neutron-neutron (porosite) pour I1etude des depts 

meubles; Commission g6ologique du Canada, 
etude 74-42. 
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2. MULTIPARAMETER LOGGING TECHNIQUES APPLIED T O  GOLD EXPLORATION 

T.I. urbancicl  and C.J. ~ w e n i f u m b o ~  

Urbancic, T.I. and Mwenifumbo, C.J., Mult iparameter logging techniques applied t o  gold exploration; 
i n  Borehole Geophysics for  Mining and Geotechnical Applications, ed. P.G. Kil leen, Geological Survey - 
of Canada, Paper 85-27, p. 13-28, 1986. 

Abstract 

Several boreholes intersecting gold mineral izat ion at  the Barber Larder gold prospect, Larder 
lake, Ontario were logged w i th  gamma ray spectral, induced polarization (IP), resistivity, self 
potent ial  (SP), and temperature methods i n  an at tempt  to  delineate favourable l i thologic units. The 
gold mineral izat ion a t  this prospect occurs wi th in  highly altered, pyrit ized, brecciated and 
carbonatized volcanic rocks of Archean age. The gold is associated w i t h  pyr i te  mineralization. 

A qualitative interpretat ion of the borehole logging data indicated that SP and gradient SP logs 
were useful i n  outlining the known favourable sections o f  volcanics. Further detailed investigations 
were carr ied out i n  these sections. Zones o f  gold mineral izat ion wi th in  the volcanics were found t o  
correlate w i th  increased apparent conduct ivi ty values and i n  some cases, decreased potassium values. 
High apparent conductivit ies are due t o  increased pyr i te  content. Abnormally low potassium content 
is generally associated w i th  high potassium enveloping halos, that are due to  an increase i n  sericite. 
I n  general these zones also exhibi t  low o r  near zero temperature gradients. Temperature anomalies 
encountered i n  these zones are probably due t o  f racture zones and water movement along the 
borehole. 

Plusieurs trous de forage intersectant une mineralisation aurifere dans l a  zone auri fere 
prometteuse de Barber Larder, au lac Larder, en Ontario, ont f a i t  llobjet dlenregistrements au moyen 
de l a  methode du spectre du rayon qamma, de la  methode de polarisation induite (PI), de l a  methode 
de resistivite, de l a  methode Blectrique de polarisation spontanee (PS) e t  de l a  methode des 
temperatures, en vue de del imiter des unites lithologiques favorables A une decouverte. L a  
mineralisation auri fere situee dans ce t te  zone prometteuse s16tend dans une format ion rocheuse 
volcanique tr6s alt&r6e, pyritisee, br6chique e t  carbonat6e de 11Arch6en. L'or est associe B la  
min6ralisation de pyrite. 

Une interpretat ion qual i tat ive des donnees de diagraphie indique que les methodes PS e t  PS A 
gradient ont aid6 B del imiter les sections prometteuses connues de l a  roche volcanique. D'autres 
analyses plus detaillees ont port6 sur ces sections. Selon les resultats, la  presence de zones de 
mineralisation aurifere dans la  roche volcanique est l iee A une plus for te  conduct ivi te apparente et, 
dans certains cas, A une teneur plus faible en potassium. L a  conduct ivi te apparente Blevee decoule 
d'une plus fo r te  teneur en pyrite. Les teneurs anormalement faibles en potassium sont generalement 
associees B des aureoles encaissantes A fo r te  teneur en potassium qui sont dues A une teneur plus 
Blevee en sericite. En general, ces zones aff ichent des gradients faibles ou presque nuls de 
temperature. Les anomalies de temperature enregistrees dans ces zones sont probablement 
attribuables A l a  presence de zones de f racture e t  A un Bcoulement dleau l e  long du t rou de sondage. 

- - 

Universi ty o f  Toronto, Toronto, Ontario 
Geological Survey of Canada, 601 Booth St., Ottawa, Ontario K1A OE8 
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Introduction 

Recen t  increases in gold prices have sparked in teres t  in 
the  meta l ,  resulting in a significant increase in money spent  
for  gold exploration. Despite this increased expenditure,  
there  is st i l l  a lack of methodology in gold exploration. In 
f ac t ,  t he  old axiom 'gold is where  you find it '  is  s t i l l  applied 
t o  exploration in Archean volcanic ter ranes  (Jensen, 1981). 

Conventional geophysical methods rely on detect ing 
significant changes in the  physical properties of host rocks 
due t o  the  presence of ore. Since the  presence of gold 
usually does not influence the  physical properties of t he  host 
rocks t o  any g rea t  extent ,  geophysical methods have not been 
utilized extensively in the  d i rec t  detect ion of the  me ta l  
(Boyle and Hood, 1980). However, geophysical techniques 
have been used to delineate lithologic units favourable for  
gold mineralization. In principle, the  use of geophysical 
mul t iparameter  logging methods should allow for  rapid 
character iza t ion of rock types by their  logging s ignatures  and 
the  delineation of these units into zones with the  maximum 
likelihood fo r  gold occurrence. This approach provides an  
exploration methodology for  gold mineralization. 

Most qold deposits a re  character ized by hydrothermal 
a l tera t ion processes such a s  sericit ization, carbonatization, 
silicification and pyritization. Sericit ization consists of t he  
development of ser ic i te  or hydromuscovite within the  host 
rock, resulting in an enrichment in the  e lement  potassium 
(K), including i t s  radioactive isotope ' O K .  Carbonatization 
consists of t he  development of secondary carbonate:  
dolomite, anker i te  and calcite.  Silicification is of ten  
character ized by an increase in secondary sil ica (quartz) and 
depletions in the  concentration of potassium. Pyrit ization 
consists of t he  development of disseminated pyr i te  
(Boyle, 1979). 

I t  should be possible t o  use gamma ray spect rometry  t o  
outline a l tera t ion zones enriched or  depleted in potassium 
and Induced Polarization (IP) and resistivity techniques to 

General geology o f  the Barber 
Larder Lake area. (modified from 
Hamilton, 1983). The rectangle 
straddling Highway66 near 
Barber Lake outlines the Barber 
Larder property. 

GEOLOGY 

81 -80-45 81-80-25 81-80-60 81-80-5 81-80-4 

Figure 2.2. Geological section through the major lithologic 
units underlying the Barber Larder property. Boreholes 
intersecting the section are indicated by  lines running 
approximately perpendicular to  the lithologic units and are 
labeled with the prefix 'BL' (notation for Barber Larder). No 
vertical exageration. 



locate zones of disseminated sulphides (Boyle and 
Hood, 1980). Structurally, al terat ion zones l i e  wi th in  wa l l  
rock units that are highly fractured and faulted. 
Temperature logging methods can be used to locate these 
types o f  structures, ground water movement (Drury, 1982), 
and l i thologic boundar~es. 

A number of studies has been conducted on the use of 
aerial and surface gamma ray spectral methods i n  
prospecting for  gold mineralization (Thomson, 1980; Balykin 
e t  al., 1973; Tihor and Crocket, 1975; Gross, 1952). Many o f  
the studies have indicated a strong spatial association 
between gold and potassic al terat ion zones (Balykin e t  al., 
1973; Urendelav et  al., 1976; Fel'dman et  al., 1975; 
Blyumenstev e t  al., 1974). Although the application of 
e lect r ica l  prospecting t o  gold exploration dates back to  1934 
(Kihlstedt, 1934), such studies are scarce i n  the l i terature. 
Most of the work has been proprietary and hence has not been 
published. To date, the application o f  temperature methods 
t o  gold exploration has not been studied. 

Prel iminary investigations w i th  downhole gamma ray 
spectral equipment by Mwenifumbo e t  al. (1983) provided the 
following tentat ive conclusions: zones of higher potassium 
concentration may be associated w i th  gold, and an inverse 
correlat ion exists between gold and potassium i n  
quartz - carbonate stockworks located wi th in  volcanic flows 
and tuffs. 

The present study discusses a qual i tat ive correlat ion o f  
gamma ray spectral, electr ical and temperature borehole logs 
w i th  gold mineralization. Measurements were carr ied out i n  

several boreholes intersecting gold mineralization on the 
Barber Larder property. The property i s  located i n  the Larder 
Lake region o f  northeast Ontario. 

Local geology and type of mineralization 

The Barber Larder property is situated approximately 
2 k m  west to  southwest of the Uer r  Addison mine i n  
Virginiatown, immediately south o f  Barber Lake i n  the 
southwest portion o f  McGarry township, Ontario (Fig. 2.1). 
The property is underlain by three major l i thologic units 
(Fig. 2.2): 

1) A n  upper unit, Larder Lake group, of f ine grained, 
thinly bedded greywackes. 

2) A middle uni t  o f  Timiskaming volcanic flows, 
breccias and tuffs.  

3) A lower unit  of fuchsite-bearing u l t ramaf ic  volcanic 
agglomerates (green carbonate unit). 

A relat ively thin zone of brecciated graphitic schist 
occurs a t  the contact between the greywacke and volcanic 
unit. The graphitic schist corresponds t o  the K e r r  break, an 
offshoot of the regional Larder Lake break and is an 
extension of the larger Cadi l lac-Malart ic break 
(Campbell, 1957). The gold mineral izat ion is confined t o  the 
volcanic unit  o f  the sequence. This favourable unit  is par t  o f  
the Kirkland-Malart ic gold belt. A t  Barber Lake, the 
volcanic un i t  is approximately 60 m i n  width a t  i t s  maximum. 
The gold occurs largely w i th in  f inely disseminated pyr i te  
grains. 'This mineralized zone most closely resembles the 
'f low1 type ore found a t  the K e r r  Addison mine, consisting o f  
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Figure 2.3. Schematic block diagram o f  the GSC research and development logging system (af ter  
Bristow, 1979). 



lenses of mineralized and carbonatized rock ly ing wi th in  less 
altered bands of tu f fs  and flows. Along w i th  pyrite, the ore 
bodies also contain traces of chalcopyrite, galena, sphalerite, 
scheelite and arsenopyrite (Baker, 1957). 

I n  general, the ent ire sequence a t  the Barber Larder 
property has been subjected t o  intense alterat ion i n  the f o r m  
o f  carbonatization. The l i thologic units consist of 

Table 2.1: Standard qamma ray spectral windows 

Energy 
Decay Window Peak 

Radioelement Series (MeV) (MeV) 

Tota l  Count 0.4-3.0 

Potassium-40 1.36-1.56 1.46 

Bismuth-214 Uranium 1.61-2.3 1.76 

Thallium-208 Thorium 2.4-3.0 2.62 

approximately 60% t o  80% carbonate by weight. These units 
have also been extensively folded and faulted, producing a 
sequence of steeply dipping beds, trending east to northeast. 
Total reserves are estimated to be approximately 75 000 tons 
w i th  an average grade of 0.20 oz/ton (Campbell, 1957; 
Hogg, 1975). 

Field equipment 

The boreholes were logged w i th  the Geological Survey 
o f  Canada (GSC) Research and Development borehole logging 
system (Bristow, 1979). The data acquisition i n  this system is 
based on a 16 b i t  Nova minicomputer. F u l l  gamma ray 
spectra, I P  waveforms and temperature were digi tal ly 
recorded on 9 t rack magnetic tapes (Fig. 2.3). 

I n  addition to  recording f u l l  gamma ray spectra (0 MeV 
to  3.0 MeV i n  256 channels), accumulated counts in  ten pre- 
selected energy windows are also recorded on tape. Logs of 
the selected windows and combinations o f  them, can be 
displayed on a rnultipen chart recorder during the data 
acquisition. The recording o f  the complete spectrum makes 
i t  possible to examine energy ranges other than the standard 
windows used i n  gamma ray data analysis (Table 2.1). The 
scint i l lat ion detector used in  the present study was a 
32 m m  x 127 m m  sodium iodide (thal l ium activated) crystal. 

I P O S  'on' I o f f  , neg 'on'  I o ~ f  

-=-- A Decay C.."., 

Figure 2.4. The electrode arrays used in the borehole 
electrical logging: 

a) Short Normal array - A M  = 0.4 m, M N  = 2.6 m 
b) Lateral array - A M  = 2.6 m, M N  = 0.4 m 
C )  SP array 
d )  Gradient SP array - M N  = 0.4 m. 

A and B are current electrodes; M and N are potential 
electrodes. 

Figure 2.5. Typical Newmont type I P  and resistivity 
waveform consisting of  a T second positive polarity current 
pulse 'on' time, a second 0 current 'o f f '  time, a T second 
negative polarity 'on' time and a second 0 'o f f '  time where T 
$and are set to  2 s. The primary voltage is obtained from the 
area between T1 (0.45T) and Tp (0.85T). The secondary 
voltage is obtained from the area between T 3  (0.280) and T 4  
(0.50). V p  is used in the calculation of  resistivity and Vs is 
used in the calculation of  IP  (after Bertin and Loeb, 1976). 



Temperature logging was carr ied out w i th  an active 
probe containing a voltage to frequency convertor and a 
sensor i n  the form of a 15  cm long t ip  of bead thermistors. 
The system has a noise equivalent o f  less than O.OOOl°C 
(Bristow and Conaway, 1984). 

A 4-electrode system consisting o f  2 downhole potent ial  
electrodes and 2 current electrodes was used for resist iv i ty 
and IP  measurements (Figure 2.4). One o f  the current 
electrodes was placed on the surface a t  a considerable 
distance (approximately 0.5 km) f rom the borehole i n  order t o  
minimize i t s  influence on the measurements in  the borehole. 
Measurements were taken w i th  the t ime domain IP system 
developed a t  the GSC (Bristow, 1986). The current waveform 
is transmitted as a symmetr ical sequence o f  Positive, Of f ,  
Negative, O f f  pulses. The t ime for  such a sequence can be 
set at 1, 2, 4 or 8 seconds. The corresponding voltage 
waveforms detected a t  the potent ial  electrodes are digi t ized 
a t  4 ms intervals. The number of samples recorded per 
complete waveform were 256, 512, 1024 and 2048 
corresponding to  1, 2, 4 o r  8 second periods, respectively. 
The transmitter is a constant current source. The current 
can be varied in  steps o f  1 mA f rom 1 to 128 m A  and i n  steps 
o f  2 m A  f r o m  128 t o  256 mA. The value is set automatical ly 
by the system based on received siqnal strength. 

Computed primary voltage (V,,), IP  and SP were also 
recorded and displayed on the multipen chart recorder during 
the data acquisition. Gradient SP measurements were also 
recorded w i th  the current switched off. 

In  addition to the above, a separate portable system 
was used to  obtain conventional SP and gradient SP 
measurements. For conventional SP measurements the 
system employed a surface potent ial  electrode and a 
downhole potent ial  electrode (Fig. 2.4~). The surface 
electrode consisted of a non-polarizable copper-copper 
sulphate electrode (porous pot). The downhole electrode was 
a 0.02 m long cyl indrical plat inum mesh. Measurements were 
recorded manually every 0.2 m f rom a d ig i ta l  rnultimeter. 

Gradient SP measurements were taken w i t h  a probe 
consisting of two plat inum electrodes w i th  a separation o f  
0.4 m. 

Calibration of the logging equipment 

To determine actual values for the measurements 
observed, proper cal ibrat ion of the logging equipment is 
essential. For  gamma ray spectral data, a correct ion is 
required for  interferences due t o  Compton scatter ing f rom 
radioelement energy peaks adjacent t o  each of the standard 
energy windows used. For  example, high concentrations of 
thorium produces anomalously high count rates i n  the 
uranium and potassium windows. To correct  fo r  this, 
stripping rat ios are determined (Kil leen,1979) f rom 
measurements made i n  model boreholes w i th  known 
concentrations o f  potassium, uranium and thorium (Ki l leen 
and Conaway, 1978). From these model boreholes, 
deconvolution parameters are also determined 
(Conaway, 1980). The cal ibrat ion o f  the gamma ray spectral 
system also requires the determination of the sensitivit ies 
that are used to  derive concentrations of each part icular 
radioelement. The gamma ray spectral equipment was 
calibrated using the Geological Survey o f  Canada Cal ibrat ion 
Faci l i t ies i n  Ottawa, Ontario. Calibrations were done before 
and af ter  the f ie ld  survey. 

The e lect r ica l  equipment was tested at  the GSC 
Borehole Geophysics Test Site i n  Ottawa. The logs obtained 
were compared t o  test results the GSC has obtained through 
their own testing as we l l  as results obtained f rom the test 
holes by geophysical logging companies. The temperature 
equipment, l ike the e lect r ica l  equipment was tested a t  the 
GSC Borehole Geophysics Test Site. The repeatabi l i ty o f  the 
measurements was veri f ied by comparing the results w i th  
existing logs recorded by the GSC. The accuracy o f  the 
temperature data was determined in  the laboratory w i th  the 
use o f  water baths at  known temperatures (Keys and 
MacCary, 1976). 

+ m 

Logglng road 
m 

80-60 80-06 8 0 4 7  

Figure 2.6. The surface location o f  the boreholes investigated on the Barber Larder property. 
Strike o f  the ore body is along the logging road. Results are presented from: a)  boreholes 80-04, 
80-05, 80-25, 80-45, 80-1 7 and 80-47 intersecting gold mineralization; b) barren borehole, 80-13. 



Data processing where: I is the input current. 

Gamma ray spectral data: 

Gamma rays are random in nature and are governed by 
a Poisson stat ist ical distribution. The amount of noise is 
inversely proportional t o  the square root of the level of 
radioact iv i ty for a given counting t ime and inversely 
proportional to the square root of the counting t ime for  a 
given level of radioact iv i ty.  As a result, low countrate 
environments produce logs that exhibit a high amount of 
stat ist ical noise. This noise is accentuated when the 
stripping factors are applied to  the data. Normally, the 
deconvolution operator is combined w i th  a low pass f i l t e r  and 
applied to the data to reduce the high frequency noise. Use 
of the deconvolution operator assumes that the set o f  
borehole and formation f ield conditions are similar to those 
encountered i n  the model boreholes and that the source of 
radioact iv i ty is within a zone perpendicular to  the borehole. 
No  corrections were applied to  the data obtained i n  boreholes 
that intersected the l i thologic layers at  oblique angles. 

Resist iv i ty and IP  data: 

A 0.4 m normal array was used in  the resist iv i ty and IP  
measurements. For  an ideal normal array, the reference 
potent ial  electrode, N, is placed on the surface (effect ively 
a t  inf ini ty).  I n  practice, however, the N electrode is placed 
downhole at a distance f rom the current electrode, A, 
considerably greater than the measuring potent ial  
electrode, M. 

The apparent resistivity, pa, is a funct ion of the 
pr imary voltage, Vp: 

K is the geometric factor  fo r  the normal array, 
w i th  the 

N electrode down the borehole: 

where: R1  = A M  spacing 
R P  = A N  spacing 

Vp is the average of the positive and negative "on" cycle 
voltages, integrated f rom 0.45T to  0.85T (TI to T p  i n  
Fig. 2.5): 

-[ . V - l/(O 4T) V(t)dt 
.45T 

where T is the 'on' cycle period 

The apparent resist iv i t ies are expressed i n  ohm-m. 

The induced polarization (or chargeability) values are 
calculated f rom the secondary voltage, Vs, during the decay 
cycle: 

For  a 2 second decay cycle (9 = 2 s.), M is the standard 
Newmont Chargeability parameter (Bert in and Loeb, 1976; 
Fig. 2.5). The apparent chargeability, Ma, can be expressed 
i n  milliseconds (ms) or rnV/V. The present IP  data are 
expressed i n  mV/V. 

Temperature data: 

The temperature probe sensor has an inherent response 
lag or t ime constant. A step change i n  temperature would be 
recorded as an exponential change w i t h  t ime  i n  the 
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Figure 2.7. Portable SP results plotted along the boreholes 
(dark lines) for a fence o f  boreholes across the main ore zone. 
Measurements were taken every 0.2 m. 
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Figure 2.8. Resistivity results plotted along the boreholes 
(dark lines) for a fence o f  boreholes across the main ore zone. 
The boreholes were logged at 3.0 m/min with a sample time 
of 1 s. A 0.4 m short normal array was used for the 
measurements. 



electr ical resistance. The true temperatures were obtained 
by deconvolving the data w i th  an inverse operator 
(Conaway, 1977, 1980; Bristow and Conaway, 1984). 
Temperature gradient data were obtained by applying a 
combined gradient, deconvolution and smoothing operator 
(low pass Blackman f i l ter )  to  the recorded data 
(Conaway, 1977). The effect ive smoothing length of 0.5 m 
produced logs w i th  acceptable signal to  noise ratios. 

Field results and discussions 

Of  the 12  boreholes logged (Fig. 2.6), results are 
presented f rom boreholes intersecting gold mineralization 
and f rom a barren borehole outside o f  the ore body (ie. core 
assay results indicated no gold). The boreholes were logged 
in i t ia l ly  w i th  the temperature probe at a logging speed o f  
3.0 m/min w i th  a sample interval of 0.375 s. The gamma ray 
logging was conducted at 0.3 m/min w i th  a sampling interval 
o f  12 s (approximately one half  o f  the detector length). This 
appeared t o  be adequate for  the low radioelement 
concentrations encountered in this environment (i.e. the 
count rates observed in  the K, U and Th windows a f te r  
stripping provided enough information to  delineate changes i n  
the radioelement concentrations). The electr ical logging was 
carr ied out w i th  a 0.4 m normal array w i th  a logging speed of 
3.0 m/min and a period of 1 s. A l l  the boreholes were logged 
twice to check for repeatabil ity. A borehole f lu id  
stabil ization period o f  24 hours preceeded each temperature 
log, during which the borehole was l e f t  undisturbed. 

The gamma window data were stripped and converted 
to concentrations. The resist iv i ty (rho), IP and gradient SP 
(SP Grad) logs were computed f rom the complete voltage 

waveforms recorded on the f ie ld  tapes. The resist iv i ty log 
was used in  the calculation o f  log rho and l / r h o  (apparent 
conductivity). Rho, l / r h o  and log rho a l l  show the same 
information, but the last two parameters are an enhanced 
fo rm o f  the data which makes interpretat ion easier. The 
gradient SP log was integrated to  produce the SP log. The 
temperature (Temp) data were obtained direct ly f rom the 
f ie ld  tapes. The gradient temperature log was derived f rom 
the temperature logs. 

One .of the major problems encountered i n  attempting 
to make comparisons between geophysical log data and core 
was i n  relat ing the depths accurately. Due to  the nature of 
dr i l l ing and core recovery (possible missing or lost core), 
errors exist i n  determining exact core depths. Cable 
stretching and slippage may also introduce errors i n  the depth 
measurements of the geophysical logs. Marker horizons such 
as the greywacke-graphite schist boundary (clearly 
recognizable i n  most o f  the logs) were used to  correct fo r  any 
depth offsets between the logs and the core assays. 

Crosshole comparisons of electr ical data 

A n  in i t i a l  investigation was conducted t o  determine i f  
favourable units for  gold mineral izat ion could be outlined 
w i t h  the use o f  mult iparameter logs. Figure 2.7 shows a 
fence of boreholes across the ore body that were logged w i th  
the portable SP system. Major changes i n  SP occur at  the 
boundary between the volcanic un i t  and the overlying 
greywackes. The volcanic and the underlying green 
carbonate contact is also wel l  defined i n  the upper section 
(boreholes 80-4, 80-5) f rom the SP data. The volcanics uni t  

G e o l o g y  g o  I d  l / R h o  R h o  9 I P SP SP g r a d  
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Figure 2.9. Correlations between the electrical logs, gold assays and geologic log for borehole 
80-1 7 .  The geology abbreviations are: wack - greywacke; scht - graphitic schist; grbt - grey flow 
breccia and t u f f ;  gecb - green carbonate; grcb - grey flow breccia. 



is outlined by SP values that are less than the surrounding The next s tep therefore involved determining i f  a 
greywacke and green carbonate units (Fig. 2.7; boreholes combination of geophysical parameters could be used to 
80-04. 80-05 and 80-25). locate the sections of qold mineralization without ambiquity 

within the volcanics. Comparisons were made betwee; thk 
Figure 2'8 shows the logs for the fence of drill core geological log, gold assays and the geophysical 

boreholes across the ore body. Within the unit of volcanic parameters for boreholes 80-17, 80-47, 80-25, 80-05 and tuffs and flows, the resistivity logs are  more variable than 
the SP loqs. The volcanics can be subdivided into zones of 80-13. 

hiqh resisiivity, associated with increased quartz-carbonate 
content and into zones of low resistivity, predominantly 
associated with increased pyrite content. Since the gold 
mineralization is predominantly associated with pyrite, it is 
within the low resistivity zones that there is an increased 
likelihood of gold occurrence. Unfortunately, the low 
resistivity zones are  not uniquely associated with pyrite 
locations because low responses are also observed in the 
regions of increased graphite content (Fig. 2.9, graphite 
schist layer). This implies that  a combination of geophysical 
parameters, other than the just the electrical parameters, is 
required in order to  define the reaions for the maximum 
likklihood of gold occurrence. 

2 

Borehole 80-17 

Figure 2.9 shows a comparison between the geology, 
gold assays and the electrical logs for borehole 80-17. Gold 
assays are  presented in a histogram format. Two zones of 
high gold assays are  observed from 40.8 m to 42.2 m within 
the grey flow breccia tuff unit and from 52.1 m to 52.8 m 
within a section of quartz-carbonate stockwork. A detailed 
comparison of the gold assays and the drill core geological 
log indicates that  the zones of gold mineralization correspond 
to zones of increased pyrite content. 

Examination of the electrical logs allowed for the 
determination of the pyritic and graphitic rich and poor zones 
(Fig. 2.9). The graphitic schist is characterized by an 
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Figure 2.10. Correlations between the gamma ray  spectral logs, temperature logs, gold assays and 
geological log for  borehole 80-1 7. The geology abbreviations are: wack - greywacke; scht - graphitic 
schist; grbt - grey flow breccia and tuff; gecb - green carbonate; grcb - grey flow breccia. 
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Figure 2.11. Correlations between the  geophysical logs, gold assays and geological log for borehole 
80-17. The geophysical logs are averaged over the  gold assay sample intervals. The geology 
abbreviations are: wack - greywacke; scht - graphitic schist; grbt - grey f low breccia and t u f f ;  
gecb - green carbonate; grcb - grey flow breccia. 
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Figure 2.12. Correlations between the  electrical logs, gold assays and geological log for  borehole 
80-47. The geology abbreviations are: ark - arkose; graa - graphitic argillite; gr f l  - grey flow; 
gecb - green carbonate. 
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increase i n  apparent conductivity, IP  e f fec t  and a decrease i n  
log resist iv i ty values. Both zones o f  gold mineral izat ion are 
outlined by increases i n  apparent conductivity. The apparent 
conductivity, in general, also outlines sections o f  increased 
pyr i te  content. The IP log generally shows high 
chargeabilit ies within the volcanic unit, because there is 
disseminated pyri te throughout the unit. 

The gamma ray spectral logs for borehole 80-17, shown 
in  Figure 2.10, indicate that the uranium and thorium values 
appear to be scattered about zero, (ie. vir tual ly no uranium 
or thorium is present). Increases in  the potassium content on 
the log may correspond to  the location of serici t ized zones. 
The potassium log also indicates a general decrease in  
potassium w i th  depth. This divides the volcanics into an 
upper port ion o f  higher potassium concentrations and a lower 
port ion w i th  smaller potassium concentration levels. This 
change i n  potassium might possibly be that serici t izat ion is 
more prevalent closer to  the graphite schist. There is no 
clearly defined relationship between potassium and the 
location o f  gold mineralization for  borehole 80-17. 

The temperature and temperature gradient logs 
(Fig. 2.101, do not appear to  be very informative, although 
the temperature gradient appears to  approach zero along the 
lower section o f  the volcanics. The absence o f  anomalies 
atleast indicates that the conductivity anomalies are not  due 
to major fractures w i th  moving fluids. 

Figure 2.13 

Correlations between the total count, 
potassium, temperature and temperature 
gradient logs with the gold assays and 
geological log for borehole 80-47. The 
geology abbreviations are: ark - arkose; 
graa - graphitic argillite; gr f l -  grey 
flow; gecb - green carbonate. 

Figure 2.11 is a p lo t  o f  the geophysical parameters w i th  
the values averaged over the intervals used i n  the gold assays 
o f  the core. These plots were used to  increase the stat ist ical 
accuracy of the logs and to allow for  direct comparison of 
the log parameter data w i th  the gold assays. The averaged 
logs generally conf i rm the results of the unaveraged logs. 
The graphite schist is defined by an increase i n  apparent 
conductivity, IP  ef fect ,  slight potassium and uranium. A 
change i n  potassium content is observed i n  the grey f low unit 
a t  40.2 m (a corresponding change is observed in  the 
potassium and resist iv i ty logs). The gold mineral izat ion at  
40.8 m correlates w i t h  increases in  apparent conduct ivi ty and 
decreases in  IP. The potassium, uranium and thorium logs do 
not  correlate w i t h  the locat ion of mineralization. 

I n  summary, fo r  borehole 80-17, a number o f  qual i tat ive 
correlations exists between the d i f ferent  l i thologic units, 
al terat ion zones, gold assays and the geophysical logs. The 
strongest co r re la t~on  w i t h  gold mineral izat ion is seen i n  the 
apparent conduct ivi ty log. 

Borehole 80-47 

Figure 2.12 is a p lo t  o f  both the e lect r ica l  logs and d r i l l  
core geological log fo r  borehole 80-47. Increases in  the 
apparent conduct ivi ty log correspond to  sections o f  pyr i te  
(>lo % pyri te) observed i n  the core. The gold mineralized 
sections also correspond w i th  increases i n  the 
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Figure 2.14. Correlations between the geophysical logs, gold assays and geological log for  borehole 
80-47. The geophysical logs a re  averaged over the gold assay sample intervals. The geology 
abbreviations are: ark - arkose; graa - graphitic argillite; grfl - grey flow; gecb - green carbonate. 

apparent conductivity. The total count and potassium logs 
for borehole 80-47 (Fig. 2.13) indicate two distinct sections 
within the grey flow. The upper section from 25 m to 32.5 m 
has a higher potassium content than the lower section (32.5 m 
to 43.5 m). The lower section correlates with increases in 
quartz-carbonate content. Within the quartz-carbonate 
section there are three thin sericitic sections a t  36 m. 38.2 m 
and 41.8 m, corresponding to slight increases in potassium. 
The qold mineralization occurs within sections of decreased 

content (26 m to 29 m, 32.6 m to 43.5 m). The 
temperature and temperature gradient logs (Fig. 2.13), as was 
the case for borehole 80-17, do not appear to  add any 
information, except to indicate the absence of groundwater 
flow associated with fracture zones. 

Figure 2.14 is a plot of the multiparameter values 
averaged over the intervals used for the gold assays for the 
same borehole as in Figures 2.12 and 2.13. The graphitic 
schist is clearly outlined by the apparent conductivity and IP 
logs. The two mineralized sections appear to be generally 
associated with various degrees of increases in apparent 
conductivity and also slight local decreases in potassium. 
The other logs appear to have no observable correlations with 
the gold assays. To summarize, for borehole 80-47, the 
potassium and apparent conductivity logs can best be used as 
an aid in locating the gold mineralization. 

Borehole 80-05 

Figure 2.15 shows the comparisons between the 
resistivity, temperature, temperature gradient logs and the 
geological log for borehole 80-05. A negative correlation is 
observed between the temperature gradient and the 

resistivity profiles between 10 and 15 m in the logs, ie. low 
temperature gradient values almost correspond to resistivity 
highs. A similar relationship has been observed in a coal 
mining environment by Beck (1976). Of interest is the 
discrepancy that exists in this pattern from 22 rn to  29 m, 
where the resistivity and temperature gradient are positively 
correlated. Low temperature gradients (approximately zero) 
in the region below 20 m are similar to  the results from 
boreholes 80-17 and 80-47. This may be caused by an 
increase in carbonate content observed in the core. This 
section also corresponds with an increase in gold assays. The 
low resistivity values a re  associated with an increase in 
pyrite content. 

It is interesting to note the changes in temperature that 
occur between 11 m and 20 m. Drury (1982) and Drury and 
Lewis (1981) have suggested that temperature variations are  
the result of water flow along the borehole and along 
fractures that intersect the boreholes. Using their models as 
a basis for explaining the temperature logs, the changes from 
Zl  to Z2 are perhaps due to cooler water entering the 
borehole a t  Z1, flowing downwards and leaving the borehole 
a t  Z2. Therefore, i t  is likely that depths Z1 and Z 2  
correspond to fracture zones. According to the core geology, 
Z1 corresponds to the unit of graphitic schist, which is the 
Kerr break. Also, warmer water appears to enter a t  ZI, and 
flow upwards leaving a t  Z3 and Z2. Thus, depths Z 3  and Z s  
likely correspond to fracture zones. The value of the 
temperature gradient logs in this case implies that the 
resistivity anomalies between L O  and 1 5 m  are almost 
certainly due more to major fractures with moving fluids, 
than they a re  to  changes in the host rock properties. 
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Figure 2.15. ~ o r r e l h i o n s  between the resistivity, temperature and temperature gradient logs with 
the gold assays and geological log for  borehole 80-05. Z corresponds t o  the Kerr break, Z 2  t o  ZI, 
correspond to possible fractures. 

Borehole 80-25 .--- 
Comparisons between the gold assays, total count log 

and potassium log for borehole 80-25 are shown in 
figures 2.16 and 2.17. The sections of gold mineralization 
fall within regions of decreased potassium content. At the 
upper and lower ends of the mineralized zones the potassium 
level increased. The relationship between the potassium log 
and the gold mineralization corresponds to a negative type 
enveloping halo as described by Boyle (1982). According to 
Boylk, these enveloping halos mark zones where there is a 
dispersion of major, minor or trace amounts and indicator 
elements adjacent to the mineralization, typically 
symmetrical about the mineralization. For example, a t  
approximately 46.5 m and 48.5 m, the decrease in potassium 
values corresponds to the increase in gold, while increases 
occur at  the upper and lower edges of the ore zone. The 
lower ore zone from 59.8 m to 63.3 m falls within a section 
of increased quartz-carbonate content. This section 
corresponds to a lower potassium content. 

Borehole 80-13 

Besides logging boreholes that intersected 
mineralization, borehole 80-13, which intersected a similar 
geologic sequence which did not interest any mineralization, 
was logged. Analysis of the electrical logs indicates the 
following relationships (Fig. 2.18): The graphitic schist is 
clearly defined by a high apparent conductivity and high IP; 
the grey flow breccia and tuff has high apparent resistivity 
values, except for the three decreases in resistivity a t  
67.5 m, 68.7 m and 79 m (no increases in pyrite or graphite 
were observed in the core corresponding to these low 
resistivity zones) and the low resistivity zones are  higher 
than (approximately 1000 ohm-m) in the boreholes which 
intersected mineralization. Since the electrical 
measurements generally have a larger sample volume than 
the core, the logs may indicate offhole mineralization. The 
following qualitative observations can be made on the gamma 
ray spectral logs (Fig. 2.19): In general, the radioactivity 
observed in the total count log is due to potassium and a 
slight increase in potassium values due to the presence of 
sericite is associated with the graphitic schist. 
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Figure 2.16. Correlations between the total count and 
potassium logs with the gold assays and geologic log for  
borehole 80-25. The geology abbreviations are: 
arg - argillite; g r f l -  grey flow; grpy - pyritic grey tuff and 
flow; gecb - green carbonate. 

The temperature gradient log obtained for 80-13 
(Fig. 2.19) does not contain any information that could be 
related to mineralized and non-mineralized boreholes. 

Summary of results 

The results obtained may be summarized as follows: 

1) SP logs were used to determine changes in lithology ie. 
from the greywacke to volcanic unit and from the 
volcanic unit to the green carbonate unit. 

2 )  Electrical logs outlined quartz - carbonate rich zones 
(incresed resistivity values) and pyrite, or graphite rich 
zones (decreased resistivity values). In non-mineralized 
sections the resistivity level was higher. 

3 )  Potassium logs were used to outline increases in sericite 
content. Within the gold mineralized zones, a lower 
potassium content was observed, although lower 
potassium contents were also observed in non-mineralized 
zones. 

4)  Temperature logs in one example outlined fracture zones 
associated with water flow along the borehole. This was 
valuable additional information in that the obvious 
correlation of these zones with resistivity anomalies made 
it almost certain that these resistivity anomalies were not 
associated with pyrite and other conductive 
mineralization, a conclusion which might otherwise have 
been made. 

G e o  l o g y  g o  l d TC  K 
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Figure 2.17. Correlations between the total count and 
potassium logs with the gold assays and geologic log for  
borehole 80-25. The total count and potassium logs are  
averaged over the gold assay sample intervals. The geology 
abbreviations are: arg - argillite; g r f l -  grey flow; 
grpy pyritic grey tuff and flow; gecb - green carbonate. 

Conclusions 

It may be concluded that the application of 
multiparameter logging techniques provides a method for 
outlining highly altered rocks and may prove useful in 
locating alteration zones associated with gold mineralization. 
If so, then it may provide a means of optimizing the core 
sampling process. In the Larder Lake region, the ore deposit 
investigated was related to pyrite, sericite and carbonate 
content. The unique balance of these types of alteration 
processes required for mineralization was observed by 
visually comparing electrical, temperature and radioelement 
measurements. Although these observations were made, 
effective and consistent analysis of the data was not easy due 
to the large number of variables examined. Thus, the study 
can be considered as preliminary, as statistical analysis of 
the data has to be carried out in order to clarify and 
substantiate the qualitative correlations, and to determine 
the degree of significance geophysical logging techniques can 
play as an exploration technique for gold. Statistical analysis 
of the data is now in progress. Further investigations are 
also being carried out with additional parameters 
eg. magnetic susceptibility and density, a t  the Barber Larder 
property as well as other gold mining areas. 
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examine the geological logs and gold assay data, and 
permitt ing us to publish these data. We would also l ike to 
thank R.C. Bailey of the Universi ty of Toronto, P.G Ki l leen 
and Q. Bristow of the Geological Survey of Canada for  their  
constructive cr i t ic ism and advice, and B i l l  Hya t t  and 
Yves Blanchard (GSC) for assisting in  the data acquisition 
process. 
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A SYSTEM OF DEEP TEST HOLES AND CALIBRATION FACILITIES FOR 
DEVELOPING AND TESTING NEW BOREHOLE GEOPHYSICAL TECHMQUES 

P.G. ~ i l l e e n '  

Kil leen, P.G., A system o f  deep test holes and cal ibrat ion faci l i t ies for  developing and test ing new borehole 
geophysical techniques; Borehole Geophysics fo r  Mining and Geotechnical Applications, ed. P.G. Kil leen, 
Geological Survey o f  Canada, Paper 85-27, p. 29-46,1986. 

Abstract  

The Geological Survey o f  Canada has established a system o f  model boreholes and dr i l led test holes for  
cal ibrat ing and testing borehole geophysical equipment. These include: nine models a t  Bells Corners, Ontario, 
near Ottawa, for calibration o f  gamma ray spectral logging probes; two models i n  Fredericton, New Brunswick, 
for  cal ibrat ion o f  to ta l  count gamma ray logging probes; four models i n  Saskatoon, Saskatchewan fo r  
cal ibrat ion o f  to ta l  count gamma ray  logging probes; the Lebreton N Q  test hole near the GSC building i n  
Ottawa, dr i l led t o  a depth o f  442 m; the Bel ls Corners geophysical test  area: four NQ holes o f  approximately 
300 m depth and two o f  120 m depth separated by  distances o f  10, 20, 30, 70, and 100 m; the Bancroft, 
Ontario, test holes; two BQ and two HQ, dr i l led t o  depths o f  up t o  100 m; the recently completed Aberdeen 
Street cal ibrat ion fac i l i ty  i n  Ottawa, which w i l l  eventually contain mul t ip le  interchangeable zones w i t h  
d i f ferent  physical properties; two part ial ly completed model holes i n  Dartmouth, Nova Scotia, fo r  cal ibrat ion 
o f  coal  logging tools i n  Eastern Canada; and two  planned model holes i n  Calgary, Alberta, f o r  cal ibrat ion o f  
coal logging tools i n  Western Canada. 

Information available on the various test holes include gamma ray count rates, thorium, uranium and 
potassium distributions, temperature, temperature gradient, XRF measurements, IP, resist iv i ty,  SP, seismic 
measurements, VLF and t ime domain EM measurements, density, porosity, caliper and magnetic susceptibil ity 
logs. N o t  a l l  measurements have been made i n  a l l  holes. 

The model holes are described and examples o f  the d i f ferent  types o f  borehole geophysical measurements 
which have been made i n  some o f  the test holes are presented. The test holes and models are available f o r  use 
by mining industry, university and government groups involved i n  developing, calibrating, o r  improving the 
qual i ty o f  borehole geophysical instrumentation and measurements. 

L a  Commission g6ologique du Canada a mis en place un systbme de modbles de t rou de sondage e t  for6 
des trous d'essais, a f in  de proceder B l18talonnage e t  B I'essai de mater ie l  de sondage geophysique de fond. E n  
voici  1'6ventail: neuf modhles B Bells Corners, B Ot tawa (Ontario), pour 116talonnage de sondes de diagraphie 
spectrale par rayons gamma; deux modbles B Fredericton (Nouveau-Brunswick), pour 1'6talonnage de sondes de 
diagraphie par rayons gamma B comptage total; quatre modbles B Saskatoon (Saskatchewan), pour 1'Btalonnage 
de sondes de diagraphie par rayons gamma B comptage total; un t rou  d'essai de diambtre N Q  Lebreton B 
Ottawa, B proximite dlun bet iment  de l a  Commission g6ologique du Canada, B une profondeur de 442 m; quatre 
trous de diametre N Q  d'environ 300 m e t  deux autres de 120 m, dans l a  zone d'essais geophysiques de Bells 
Corners, B Ottawa; les trous sont s6pare.s de 10, 20, 30, 70 e t  100 m; les trous d'essais for& A Bancrof t  
(Ontario): deux trous de diamhtre BQ e t  deux trous de diamstre HQ, for& A des profondeurs al lant jusqulB 
100 m; I'am6nagement recent d'une instal lat ion d'btalonnage B Ottawa, rue  Aberdeen; ces installations 
comporteront Bventuellement des modble de t rou A zones ar t i f ic ie l les mult iples e t  interchangeables af f ichant  
des proprietes physiques variees; deux modbles de t rou  en cours de forage B Dartmouth (~ouvel le-fkosse), pour 
I'btalonnage d'instruments servant B l a  diagraphie du charbon, dans llEst du Canada; e t  deux modeles de t rou 
que Iton pro jet te  de construire h Calgary (Alberta), pour 1'Btalonnage d'instruments servant h l a  diagraphie du 
charbon dans I'Ouest du Canada. 

Les renseignements disponibles sur les divers trous d'essai portent sur les taux de comptage de rayons 
gamma; l a  repar t i t ion du thorium, de I'uranium e t  du potassium; l a  temperature; l e  gradient thermique; les 
mesures XRF; l a  polarisation induite; l a  r6sistivit6; l a  polarisation spontanBe; les resultats des mesures 
sismiques, des mesures Blectromagn6tiques B t rbs basses frequences (VLF) e t  du domaine temporel (EM); l a  
densit0; l a  porositB; le  diametrage e t  l a  susceptibil it6 magn6tique. Certaines des mesures n'ont pas Bt6 
effectuees B tous les trous. 

L a  presente etude decr i t  les modbles de t rou  de sonde e t  presente des exemples des divers types de 
mesures geophysiques de fond qui ont  Bt6 prises B certains des trous d'essai. Les  trous d'essai e t  les modbles 
sont mis B l a  disposition de groupes qui, dans I'industrie minihre, dans l e  mi l ieu universi taire e t  au 
gouvernement, sont engages dans l a  mise au point, I1btalonnage e t  Itam61ioration des instruments e t  des 
mesures de sondage geophysique de fond. 

Geological Survey of Canada, Ottawa, Ontario K I A  OE8 



Introduction these boreholes i n  the i r  research and development work. 
Each type o f  measurement has provided additional 

A number of at the Survey of information on the physical properties o f  the rocks i n  the 
Canada (GSC) have been concerned w i th  various aspects o f  vicinity of the boreholes, making the test holes more 
borehole geophysics, ranging f rom the development of new valuable. Detai led geological logs of the diamond d r i l l  core, 
interpretat ion techniques to the design and construction of combined w i th  geophysical measurements on selected 
innovative logging tools. These projects u l t imate ly  depend on 

sections of core have been a fundamental part  of this work. 
measurements i n  boreholes to evaluate the i n t e r ~ r e t a t i o n  
techniques and to  test the downhole equipment. I n  slpport o f  Examples i l lus t rat ing some results o f  the broad range o f  
these act iv i t ies several test holes have been dri l led i n  the geophysical measurements which have been made are 
Ot tawa area as wel l  as i n  the Precambrian pegmati t ic rocks presented fo r  several o f  the test holes. These demonstrate 
i n  the Bancroft  area, about 125 k m  west o f  Ottawa. Over a the potent ial  fo r  the i r  fu ture use by other interested parties. 
period of years, in  addition to the borehole geophysical 
measurements conducted by the GSC, several groups f rom In addition to  the dr i l led test holes, several model 

boreholes have been constructed of concrete mixtures to universities, institutes and private industry have ut i l ized provide controlled homogeneous zones w i th  documented 

Figure 3.1. The geology and geometry o f  the Borehole Geophysics Test Area at Bells 
Corners near Ottawa. The depths of the six vertical N Q  boreholes are as follows: BC-81-1, 
BC-81-4, and BC-84-6 are 300 rn; BC-81-2 and BC-81-3 are 120 rn; and BC-84-5 is 250 rn. 
Boreholes BC-81-1, 81-4, and 84-6 form a triangle with 100 rn sides, and BC-81-1, 81-3, and 
84-5 form a 30 rn triangle for  3 dimensional hole-to-hole experiments. The inset plan view 
shows the relative locations of the test  holes. The unconformity a t  65 m depth is  also 
indicated in the diagram by  a dashed line. 
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Figure 3.2. Geological logs, resistivity logs (derived from IP  logs) and total  count logs (derived 
from gamma ray spectral logs) f o r  the fence of four holes a t  Bells Corners. Resistivity logs were 
recorded with a normal 40 cm array, a logging speed of 6 m/min, and a digital sample time of 
1 second. The total count log was obtained with a 32 mm x 125 mm CsI (Na) detector  a t  1 m/min and 
a sample time of 3 s. All logs were obtained with the  GSC research logging system. 

physical properties. These make it  possible t o  calibrate 
logging tools to produce quantitative logging measurements 
of the physical properties of rocks. The first model boreholes 
were designed for the calibration of gamma ray logging tools, 
including spectral gamma ray probes which distinguish 
between the radioelements potassium, uranium and thorium. 
These model boreholes were constructed in three localities 
(Ottawa, Ontario; Fredericton, New Brunswick; and 
Saskatoon, Saskatchewan) partially in support of uranium 
exploration activities by the mining industry. More recently, 
model boreholes for calibration of logging tools used in the 
coal mining industry have been designed. These are  being 
constructed near the coal mining areas of eastern and 
western Canada. 

The model borehole calibration facilities and some 
examples of their use in calibration of logging tools a re  
described later. 

Borehole geophysics test area a t  Bells Corners 

The test  area is located near the entrance to the 
Canada Centre  for Mineral and Energy Technology 
(CANMET) Research Laboratory. All of the holes are drilled 
vertically and are  NQ size (76 mm diameter). The first four 
(described by Bernius, 1981) were spaced horizontally along a 
line a t  intervals of 10, 20 and 70 m to conduct experiments in 
the use of hole-to-hole electromagnetic and seismic 
equipment. In 1984, two new holes were drilled, offset from 
the previously drilled line of holes to allow an expanded range 
of hole-to-hole measurements to be used and thereby develop 
methods to produce a three dimensional picture of the 
geology and structure. 

Figure 3.1 shows the relative positions of the boreholes 
which in plan view are drilled a t  the corners of equilateral 
triangles. The depths of the holes a re  also indicated in the 
figure as well as  their generalized geological logs. Core 
(47.6 mm diameter) recovery was very high-99 per cent in 
most cases- which will allow detailed petrological and 
geophysical studies to be made. 

Six holes have been drilled to depths up to 300 m to In this test area the top 65 m of Upper Cambrian and 
form a borehole geophysics test area a t  Bells Corners Ordovician sandstone and dolomite are separated from the 
approximately 10 km west of Ottawa. They were drilled in underlying Precambrian mixed granite and gneiss by an 
1981 and 1984 as part of an ongoing program by the Resource unconformity marked by a thick weathered alteration zone. 
Geophysics and Geochemistry Division of the Geological Numerous fractures were recognized in the core. The 
Survey of Canada to construct calibration and test facilities geology has been described in more detail by Bernius (1981). 
for the development of borehole geophysical instruments and 
techniques (Killeen, 1978; Killeen and Conaway, 1978). 



Figures 3.2 t o  3.7 i l lustrate the broad range of 
borehole geophysical measurements which have been made i n  
the test area. Figure 3.2 shows the electr ical resist iv i ty log, 
the natural gamma ray log and the geological log for  the 
upper 120 m of the four boreholes which fo rm the fence 
(BC-81-1, 2, 3, and 4) shown i n  Figure 3.1. The logs in  
Figure 3.2 were recorded w i th  the GSC research logging 
system. The resist iv i ty logs were derived f rom results of an 
Induced Polarization log (IP) (Bristow, 1986) and the 
radioact iv i ty log is a to ta l  count log obtained f rom the 
0.4 MeV t o  3.0 MeV window of a gamma ray  spectral log 
(Killeen, 1979). The logs show an increase i n  radioact iv i ty 
and decrease i n  resist iv i ty a t  the unconformity at about 
65 m. The thick weathered or altered zone below the 
unconformity is characterized by relat ively high radioact iv i ty 
and extremely low resistivity. I n  BC-81-2 a less altered 
section i n  the middle o f  the weathered zone shows up as a 
rise i n  resist iv i ty accompanied by a decrease i n  radioact iv i ty.  
The very narrow uraniferous zone a t  the base o f  the March 
Formation can be seen as a narrow gamma ray high at  a 

depth of about 20 m. The general character o f  both types of 
logs is considerably d i f ferent  i n  Precambrian rocks compared 
t o  the overlying Paleozoic sedimentary rocks. 

Figure 3.3 shows a suite o f  logs recorded i n  borehole 
BC-81-2 w i th  the GSC research logging system. These 
include magnetic susceptibil ity log (Bristow and 
Bernius, 1984; Bristow, 1985), the resist iv i ty,  and induced 
polarization log f rom an IP logging tool, the to ta l  count, 
potassium, uranium and thorium logs f r o m  a gamma ray 
spectral logging tool, temperature and temperature gradient 
log (Bristow and Conaway, 1984). 

Some of the more interesting features that  can be seen 
i n  the suite of logs, relates to the measurements i n  the 
v ic in i ty  of the weathered zone at about 65 m to 80 m. The 
magnetic susceptibil ity values are low i n  the sedimentary 
column and i n  the weathered zone, except for  the section 
f r o m  72 t o  74 r n  which is relat ively unaltered. This section is 
also indicated by the resist iv i ty high and a decrease i n  the 
radioact iv i ty i n  the otherwise potassic altered zone. 
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Figure 3.3. The geological log and nine geophysical logs in Bells Corners borehole BC-81-2, 
obtained with the GSC research logging system. The magnetic susceptibility log was run at 6 m/min 
with a sample time of 0.2 s. The resistivity and I P  logs were recorded with a 40 cm normal electrode 
array, at 6 m/min and a sample time o f  1 second. The total count (0.4 to  3.0 MeV), K ,  U and Th logs 
were recorded at 1 m/min and a sample time of 3 s, using a 32 mm x 125 mm Csl (Na) detector. The 
temperature and temperature gradient logs were recorded a t  6 m/min and a sample time of 0.375 s. 
A 15 point smoothing filter has been applied to  the temperature log. 



The t e m p e r a t u r e  and t e m p e r a t u r e  g r a d i e n t  logs show t h a t  geo logica l  s t r u c t u r e  is obviously a f f e c t i n g  t h e  signal .  T h e  
w a t e r  is flowinq a t  t h e  unconformi ty  due  t o  increased  H-f ie ld  rece ived  by a n t e n n a e  ( f e r r i t e  c o r e  coils)  w a s  
poros i ty  and f r a c i u r i n g  assoc ia ted  with i t .  

Addi t iona l  logs recorded  in B C - 8 1 - 2  by C e n t u r y  
Geophys ics  L i m i t e d  of C a l g a r y  a r e  shown in F i g u r e  3.4. They  
include t h e  e l e c t r i c a l  res i s t iv i ty  log, n a t u r a l  g a m m a ,  g a m m a -  
g a m m a  dens i ty ,  and ca l iper  logs. C o m p a r i n g  t h e  f i r s t  t w o  
logs w i t h  those  shown in F igure  3.2 recorded  by t h e  GSC, 
very  good a g r e e m e n t  is a p p a r e n t ,  e x c e p t  f o r  t h e  d e g r e e  of 
smooth ing  used f o r  t h e  presen ta t ion  of t h e  logs. I t  is also 
i n t e r e s t i n g  t o  n o t e  t h a t  t h e  ca l iper  log i n d i c a t e s  t h a t  t h e  
borehole d o e s  no t  have  any  cave-ins,  and is essen t ia l ly  
smooth-wal led  f r o m  t o p  t o  b o t t o m .  

essen t ia l ly  z e r o  response  and is no t  shown. T h e  logging 
s y s t e m  is a p r o t o t y p e  deve loped  by t h e  Minera l  Explora t ion  
R e s e a r c h  I n s t i t u t e  (MERI) in M o n t r e a l  and  modified and  
upgraded  by t h e  GSC. S o m e  of t h e  f e a t u r e s  which  c o r r e l a t e  
w i t h  zeros  o r  c rossovers  in t h e  logs a r e  ind ica ted .  

Also ava i lab le ,  b u t  n o t  shown h e r e ,  a r e  t h e  r e s u l t s  of a 
t r a n s i e n t  EM survey  of borehole  B C - 8 1 - 1  using t h e  GSC1s  
p r o t o t y p e  of t h e  C r o n e  Pulse  EM S y s t e m .  D a t a  w e r e  
ob ta ined  using a t r a n s m i t t e r  loop 300 m s q u a r e ,  placed a b o u t  
50 m t o  t h e  s ide  of t h e  hole.  R e s u l t s  i n d i c a t e  t h e r e  a r e  no  
d e t e c t a b l e  c o n d u c t o r s  p r e s e n t  in t h e  v ic in i ty  of t h e  borehole.  

F i g u r e  3.5 shows t h e  resu l t s  of a borehole  VLF survey  F i g u r e  3.6 i l l u s t r a t e s  t h e  r e s u l t s  of a n  i n t e r e s t i n g  
of hole BC-81-1. Two logs a r e  shown; t h e  inphase and t e m p e r a t u r e  logging e x p e r i m e n t  in borehole  BC-84-6 .  
q u a d r a t u r e  E f ie ld  d a t a  f r o m  t w o  d i f f e r e n t  VLF t r a n s m i t t e r s  Ut i l i z ing  t h e  GSC high sens i t iv i ty  logging s y s t e m ,  and  logging 
(NAA C u t l e r  Maine,  2 5  kHz and NSS Anapolis  Maryland,  a t  6 m/min ,  a s e t  of e i g h t  t e m p e r a t u r e  and  t e m p e r a t u r e  
21.4 kHz). NAA is l o c a t e d  e a s t ,  and NSS is  sou th  of t h e  a r e a .  g r a d i e n t  logs w e r e  r e c o r d e d  a f t e r  dri l l ing t h e  hole. T h e s e  
The  E f ie ld  is measured  by P b  e l e c t r o d e s  b u f f e r e d  by high logs  w e r e  recorded  a t  a p p r o x i m a t e l y  t h e  fol lowing t i m e s  
i m p e d a n c e  c i rcu i t ry .  The  e l e c t r i c a l  s t r u c t u r e  and  h e n c e  a f t e r  t h e  dri l l ing had s topped:  4 hours,  28  hours,  5 2  hours,  

NATURAL GAMMA 
GEOLOGY RESISTIVITY GAMMA - GAMMA CALIPER 

Dolomite 

Dolomitic 
sandstone 

Sandstone 

Precambrian 

Figure 3.4. Geological and geophysical logs obtained at 6 m/min with a 0.5 s sample t ime 
in borehole BC-81-2 b y  Century Geophysics o f  Calgary. The resistivity log was a focused 
resistivity 3-electrode guard-type. The natural gamma log used a 13 m m  x 75 m m  N a l  (T1) 
detector in a 'gross count' mode (low level energy threshold set very low) t o  increase count 
rates. The gamma-gamma density log used a collimated Cs-137 source and detector. All 
raw data have been smoothed with a 15 point f i l ter.  



BC -8 1 - 1 GEOLOGY NSS (E-FIELD) N A A  (E-FIELD) 

Oxford Form., dolomite 
March F., dol. sandstone 

Precambrian. - - 
Grenville 
complex ~ racp ,$ j  
gneisses, -- - -- - - 
granites  fracture-^:: -- 

Figure 3.5. The geological log and borehole VLF measurements  in Bells Corners  hole BC-81-1. 
Shown a r e  the  inphase (solid line) and quadrature  (dashed line) E-field logs f o r  two  di f ferent  VLF 
t ransmit t ing stations,  NSS and NAA. Logs were obtained a t  about 3 m/min using P b  electrodes. 
Some of the  zeroes  o r  crossovers in the  logs may  re l a t e  t o  the  conductivity of f r ac tu re  zones  
indicated on t h e  geological log. 

100 hours, 6 days, 8 days, 1 2  days and 1 6  days. The re turn  to  
thermal  equilibria can be seen and i t  is  interesting to  no te  
the  relatively rapid change t h a t  takes place in the  f i rs t  f ive 
logs. I t  is  believed t h a t  two events  occurred during drilling 
which a r e  both seeking re-adjustment t o  equilbrium. First ,  
zones tha t  a r e  more  porous than average (fractured?) a r e  
disturbed t o  a g rea t e r  degree  than average by the  heating 
e f f e c t  of t he  drilling fluid (water), since the  fluid en te r s  the  
porous zones. Second, zones with higher thermal  
conductivity than average will transport  hea t  away  f rom the  
holes quickly, and a f t e r  drilling will also re turn  t o  equilibrium 
(cool down) relatively quickly. These e f f e c t s  can be seen in a 
qualitative sense in the  logs where  f rac tured zones a re  
indicated. I t  is possible t h a t  high sensit ivity t empera tu re  
logs recorded immediately and shortly a f t e r  drilling can 
provide useful information which was previously disregarded. 
A t  present it is generally considered that  the  only useful 
temperature  d a t a  can be obtained a f t e r  the hole has returned 
to thermal  equilibrium which may take  months or even years. 

Figure 3.7 i l lustrates some of the results of an 
interesting borehole seismic tomography experiment 
conducted by a research group f rom the University of 
Toronto. (Wong e t  al., 1982). The experiment was conducted 

between boreholes BC-81-1 and BC-81-4 which a r e  
separa ted by a distance of 100  m. Using multiple receiver 
positions in one hole and multiple t ransmit ter  positions for  
each  receiving position in the  o the r  hole, t h e  tomographic 
technique produces a two-dimensional image of the  seismic 
properties of the rock between the  two boreholes. In this 
way an image of any anomalous f ea tu re  (ore body? f r ac tu re  
zone?) located between t h e  two boreholes would appear in 
the  resulting reconst ructed image. 

With the  addition of the  boreholes BC-84-5 and 
BC-84-6 in 1984, i t  is now possible t o  conduct 3-dimensional 
tomographic measurements  of the  volume of rock contained 
inside the  triangular ar rangement  of boreholes. 

Lebreton t e s t  hole LB-1 

This NQ s ize  t e s t  borehole is located a t  the  edge of a 
parking lot  near the  GSC building in Ot tawa.  Only the  
bottom approximately 75 m of this 442 m deep tes t  hole 
penetra tes  Precambrian basement rocks. The upper par t  of 
the  hole in tersects  a thick section of l imestone and shale 
before i t  reaches  the  format ion in which the  Bells Corners 
t e s t  holes a re  collared. 



FRACTURE TEMPERATURE 
ZONES 

TEMPERATURE GRADIENT 

Figure 3.6. Fracture log and time dependent temperature and temperature gradient 
logs o f  BC-84-6. These logs were recorded with the GSC high sensitivity temperature 
probe at 6 m/min and a sample time o f  0.375 s. The data were deconvolved and 
smoothed as described by Bristow and Conaway (l984). The eight logs are numbered 
relative t o  the time elapsed since the drilling of  the hole was completed. The time- 
after-drilling for logs numbers 1 t o  8 are from 4 hours to 16 days as given in the text. 



SURVEY S I T E  : BELL'S CORNERS 
BACK PROJECTION TOMOGRAPHY 
USING LOU FREO. AMPLITUDES 

BC-4 BC- l 

RECEIVER POSITIONS 

v TRANSMITTER POSITIONS 

4 s.. \ u r  . n.. a4.4 - -= Tq-Q--.* - 

Figure 3.7. Receiver and transmitter positions ( l e f t )  for a seismic tomography experiment 
conducted between borehole BC-81-1 and BC-81-4 at Bells Corners. On the right is shown a 
reconstructed image of seismic properties o f  the rock, contoured t o  represent the generalized 
geology between the holes. The layering o f  the geology is generally replicated. Further details on 
this experiment are given by Wong et al. (1982). 

SINGLE RESISTIVITY 
SPONTANEOUS POINT 16"(THIN) FOCUSED NATURAL GAMMA NEUTRON 

GEOLOGY POTENTIAL RESISTANCE 32"(THiCK) BEAM GAMMA - GAMMA - NEUTRON CALIPER 

Limestone 

Shale 

Dolomlte 

Sandstone 

Primarily 
Marble, with 
Gneiss and 

Pegmatite 

0 250 0 20  0 40 0 6 0 0  0 500 2 3 0 60 0 10 
relative mV Q x 100 n - m  x 1000 0 - m  x 1000 A.P.I. units Q lcm3 A.P.I. units x100 dia. in cm 

Figure 3.8. Geological log and geophysical logs recorded in borehole LB-1 near the GSC building in 
Ottawa. They were recorded in 1979 by Roke Oil Enterprises of Calgary at 4 m/min with an analog 
system. The density tool was a side-walled type with a Cs-137 source. The neutron tool used a 
Am/Be source and was calibrated in API units as was the natural gamma tool. The upper 375 m of 
this 442 rn borehole is in sedimentary rock. 
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Figure 3.13. The nine concrete test columns a t  Bells 
Corners viewed from inside the quarry showing the "ore 
zones" and a logging truck parked above in the working area 
fo r  calibrating logging systems. (GSC 203254-0). 

Figure 3.8 shows the general geological column and 
eight borehole logs recorded by Roke Oil Enterprises of 
Calgary, a logging service company. These logs include the 
spontaneous potential (SP), single point resistance, 16 inch 
and 32 inch normal resistivity logs, focused beam electric 
log, natural gamma, gamma-gamma density, neutron-neutron 
porosity, and a caliper log. Additional statistics are given in 
the figure caption. 

This suite of logs presents a good overview of a 
representative number of physical properties of the rocks 
intersected by this test hole. For researchers interested in a 
thicker sedimentary section (about 370 m) than the boreholes 
a t  Bells Corners (about 65 m), test hole LB-1 should be used. 
An interesting feature on these logs is the presence of the 
uraniferous marker zone at  about 290 m which coincides with 
the basal March Formation gamma ray peaks a t  a depth of 
about 20 m, seen in the logs of Figures 3.2 to  3.4 a t  Bells 
Corners 15 km to the west. 

The unconformity is also easily seen a t  about 375 m in 
both the electrical and radiometric logs. The caliper log 
shows that borehole LB-1 does not deviate by much more 
than 1 cm from its nominal NQ diameter of 76 mm. It should 
be noted that due to its location, surrounded by buildings and 
city traffic, for some experimental high sensitivity seismic or 
electrical measurements this test hole would be considered 
too noisy. 

Bancroft area test  holes 

Bancroft, Ontario is a world famous mineral collecting 
location, from which many museum quality samples of 
minerals originate. Most of these come from the numerous 
pegmatites which cut the Precambrian gneisses and granitic 
rocks in the area. In 1979 two test boreholes (BN-79-4, 
BN-79-5) of BQ diameter (60 mm) were drilled to  intersect 
uranium- and thorium-bearing mineralized zones, primarily 
for testing a gamma ray spectral logging system. In 1981 two 
additional large diameter (HQ;100 mm) boreholes (BN-81-1, 
BN-81-2) were drilled 60 m apart a t  the same location, 
primarily to test  and evaluate a new borehole XRF (X-ray 
fluorescence) probe. These test boreholes have also proven 
to be extremely useful for other purposes because of the 
variations in the physical properties of the rocks intersected 
by the holes. Figure 3.9 shows a magnetic susceptibility log 
and a total count log for  the 92 m deep borehole BN-81-1. 

Figure 3.14. Lowering a gamma ray spectral logging probe 
into one of the model boreholes a t  Bells Corners. This view 
of the working area shows the overhead pulley assemblies, 
the black plastic extension pipes fo r  aligning the probes with 
the holes in the model below (as well a s  permitting 
calibration when snow covers the work area), and the  storage 
drums f o r  antifreeze used in the boreholes. (CSC 202942-R.) 

The magnetic susceptibility logs are discussed in greater 
detail and compared to measurements made on drill core by 
Bristow and Bernius (1984). Examples from these Bancroft 
test holes have also been used to illustrate papers on gamma 
ray and gamma ray spectral logging (Killeen, 1982, 1983; 
Conaway and Killeen, 1978; Conaway e t  al., 1980; 
Conaway, 1980). 

Figure 3.10 shows uranium and thorium logs from a 
section (47 m to 65 m) of borehole BN-81-1, obtained by both 
the XRF and gamma ray spectrometric methods. The XRF 
probe was developed a t  the Karlsruhe Nuclear Research 
Institute, West Germany, and was brought to Canada for 
testing and evaluation as a joint project with the GSC. The 
probe, which has a 70 mm diameter, utilized a low energy 
Cobalt 57 gamma ray source (122 KeV) to excite X-ray 
fluorescence in the wall rocks of the borehole. The detector 
was a solid s ta te  hyperpure germanium crystal cooled to 
liquid nitrogen temperature and housed in an appropriate 
cryostat container in the probe. The energy spectrum of 
these X-rays was recorded using the GSC research logging 
system. The X-ray peaks were analyzed and converted into a 
count rate  which is directly proportional to the uranium and 
the thorium content of the rocks as  shown in the logs of 
Figure 3.10. This is a direct technique which is sensitive to 
the uranium metal and thorium metal irrespective of the fact  
that  they a re  radioactive elements. 

The GSC gamma ray spectral logging system, calibrated 
in the model boreholes a t  Bells Corners (Killeen, 1978, 1979; 
Killeen and Conaway, 19781, was used to produce an indirect 
measurement of the uranium and thorium content. It is 
indirect because the technique actually counts the gamma 
radiation of radioactive daughter products of uranium and 
thorium, rather  than these two elements themselves. Results 
of these tests  were reported by Lubecki e t  al. (1982). 
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1 T.C. 

Figure 3.15. Gamma ray spectral log recorded digitally in the highest-grade thorium test  column a t  
Bells Corners (BT-9-OT). The four channels recorded a r e  total  count, potassium, uranium 
and thorium. 

Another interesting series of experiments conducted in 
borehole BN-81-1 relates to the GSC developments in IP 
logging (Bristow, 1986; Mwenifumbo, 1986). The logs shown 
in Figure 3.11 demonstrate the variability in both the 
resistivity and polarizability of the rocks intersected by the 
borehole. The figure shows the generalized geological log, 
the resistivity log, the standard IP log (chargeability), and a 
set  of six IP logs representing results from six different time 
gates or windows in the decaying IP transient pulse. The GSC 
research logging system records the entire IP wave form so 
that different (nonstandard) IP gates may be selected as 
desired during post processing of the recorded data. This 
makes it possible to optimize the time gates for the 
particular environment being measured. 

Additional information is available on the Bancroft tes t  
holes although not as much as for the Bells Corners test area. 
The holes are also suitable for hole-to-hole experiments, 
since their greatest separation is about 60 m. It should be 
noted that these test  holes are  drilled approximately 
perpendicular to the dip of the rocks and are  therefore 
inclined a t  an angle of about 60° from the horizontal. The 
two large diameter boreholes EN-81-1 and BN-81-2 present 
a unique opportunity to  test  prototype probes which are  often 
of larger diameter than their final version. 

Model boreholes for  calibration purposes 

In October 1977, construction was completed near 
Ottawa of extensive calibration facilities for borehole 
gamma-ray spectrometry equipment. These facilities were 

BARREN 
ZONE 

ORE 
ZONE 

BARREN 
ZONE 

Figure 3.16. Schematic diagram of the model boreholes fo r  
calibration of gamma ray logging probes in Ottawa, Canada 
(BU-6); Adelaide, Australia (AM-1) and Grand Junction, 
United States (N3). The dimensions of the ore zones and 
barren zones a r e  shown, a s  well a s  a cross-section of each 
model. 
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constructed as par t  o f  the 
Geological Survey of Canada 
program to  implement the 
recommendations o f  the 
Internat ional A tomic  Energy 
Agency (IAEA, 1976, 1982) 
regarding cal ibrat ion of radio- 
metr ic  exploration equipment. 
The cal ibrat ion fac i l i t ies  are 
located on the property o f  the 
CANMET laboratory complex 
near Bells Corners, Ontario. 
Their locat ion and description 
are given i n  deta i l  by 
Ki l leen (1978) and Ki l leen and 
Conaway (1978). 

For  cal ibrat ion of borehole 
gamma ray  spectrometers under 
control led conditions, nine 
concrete test columns were 
constructed along the wal l  o f  an 
abandoned rock quarry. Each of 
these columns is 3.9 m in  height, 
w i th  a simulated 1.5 m thick ore 
zone sandwiched between upper 
and lower barren zones 
(Fig. 3.12). Each test column 
contains 3 boreholes, w i t h  
nominal diameters of 46 m m  
(size A), 60 rnrn (size B) and 
75 m m  (size N), intersecting the 
ore zones. Three o f  the test 
columns contain ore zones of 
d i f ferent  concentrations f o r  
potassium, three for  uranium and 
three fo r  thorium. Nominal 
radioelement concentrations i n  
the ore zones are: for  models 
BK-1, BK-2, and BK-3-OT: 
0.796, 1.1% and 3% potassium; 
fo r  models BU-4, BU-5 and 
BU-6-OT: 15 ppm, 100 pprn and 
950 pprn uranium; and fo r  models 
BT-7, BT-8 and BT-9-OT: 
8 ppm, 35 pprn and 350 pprn 
thorium. 

Figure 3.13 is a view of the 
nine concrete test columns as 
seen f r o m  inside the quarry, 
showing the 'ore zones' and a 
logging truck parked above i n  
the working area fo r  cal ibrat ing 
logging systems. Figure 3.14 
i l lustrates the procedure for  
lowering a gamma ray probe 
through the holes i n  the deck 
covering the models. Each test 
column is supplied w i t h  a 'wel l  
head' pulley assembly which can 
be positioned over any one of 
three holes i n  each test column. 
The meta l  drums shown i n  the 
photograph are used to  store the 
ant i freeze which is used i n  the 
water- f i l led boreholes to  prevent 
freezing i n  winter. The holes 
may be logged wet  o r  dry by 
pumping the f lu id  out o f  the 
holes and in to the storage drums. 



Figure 3.18. The two  model boreholes located in 
Fredericton, New Brunswick a t  the Department of Minera l  
Resources. The 1.5 m th ick 'ore zones' nominal ly contain 
100 ppm U (BU-I-F) and 1000 ppm U (BU-2-F) for cal ibrat ion 
of natural gamma ray  logging tools. (GSC 203255-U.) 

A typical raw gamma ray spectral log recorded i n  
borehole BT-9-OT (the 350 ppm thorium model) is shown i n  
Figure 3.15. The contribution of the thorium decay series 
gamma rays to  the uranium and potassium channels of the 
spectral logging system can be easily seen i n  the figure. This 
type o f  calibration data can be used to  derive stripping 
factors as wel l  as sensitivit ies as described by Ki l leen (1979). 

The sensitivit ies (often called I<-factors) for  gamma ray 
logging systems are derived f rom logging measurements made 
i n  model boreholes w i t h  known radioelement concentrations. 
The determination of the known radioelement concentrations 
is found by laboratory analysis of samples taken f rom the 'ore 
zones' during their construction. 

The equipment manufactured fo r  gamma ray logging is 
distributed internationally and i t  is reasonable to  assume the 
calibration measurements i n  standard model holes i n  any 
country should give the same answer. A t  the 
recommendation of the NEA/IAEA Working Group on R&D i n  
Borehole Logging for  Uranium Exploration, the Canadian 
model boreholes established i n  Ot tawa i n  1977 were t o  be 
intercalibrated w i th  the United States Department o f  Energy 
(USDOE) models i n  Grand Junction, Colorado. 
Intercal ibrat ion measurements between the models in  Grand 
Junction and the models i n  Ot tawa were conducted by the 
GSC and by the USDOE. A n  inconsistency i n  results was 
found, and further intercal ibrat ion measurements i n  1981 
were conducted using the GSC research logging system. 
A t  the same time, mining companies i n  Australia, using the 
cal ibrat ion faci l i t ies established i n  Adelaide found 
discrepancies for  equipment previously calibrated i n  Grand 
Junction. The Geological Survey o f  South Australia, arranged 
through the NEAIIAEA, to  have the GSC research logging 
system taken to Australia to help resolve these differences. 

The schematic diagram o f  Figure 3.16 shows the major 
features o f  the model boreholes for  cal ibrat ion o f  gamma ray 
logging probes i n  Ottawa, Canada (BU-6); Adelaide, Austral ia 
(AM- l ) ,  and Grand Junction, United States (N3). The 
dimensions of the ore zones and barren zones are shown, as 
we l l  as a cross section o f  each model. Model BU-6 contains 
three boreholes o f  d i f ferent  diameters 46 mm, 60 mm, and 
75 mm. The hole diameters o f  A M - 1  and N3 are 108 mrn and 

Figure 3.19. The four model boreholes located in 
Saskatoon, Saskatchewan, designed for  cal ibrat ion of gamma 
r a y  logging tools. They nominal ly contain: BU-1-S, 0.01% U; 
BU-2-S, 0.1% U; BU-3-S, 1.0% U; and BU-4-S, 4.0% U. 
(GSC 202942-9.) 

114 m m  respectively. Further details on the models are 
given i n  Ki l leen (1978), K i l leen and Conaway (1978), 
Mathews e t  al. (1978), Wenk (1980), M i l ton  (1982) and Wenk 
and Dickson (1981). 

The results o f  the internat ional intercal ibrat ion 
measurements have been described by Bristow e t  al. (1982), 
George (1982), and Ki l leen e t  al. (1983). A n  example of a 
gamma ray log recorded i n  model BU-6-OT a t  Bells Corners 
(Ottawa) compared t o  logs obtained w i t h  the same system i n  
model N3 (Grand Junction) and A M - 1  (Adelaide) is shown i n  
Figure 3.17. I t is this type of data which was analyzed to 
intercal ibrate the model boreholes. 

Model  boreholes a t  Fredericton, New Brunswick 

Two model boreholes were constructed i n  Fredericton 
for  the cal ibrat ion o f  gamma ray logging equipment, on the 
property o f  the Department o f  Minera l  Resources o f  the 
province of New Brunswick. The models are housed below 
ground i n  corrugated steel tanks w i th  approximately the 
upper 50 cm exposed above ground level (Fig. 3.18). Each 
model contains a single, H size (100 m m  diameter) borehole 
which penetrates an 'ore zone' sandwiched between upper and 
lower barren zones. The 1.5 m thick ore zones have nominal 
uranium concentrations of 100 ppm (model borehole BU-1-F)  
and 1000 ppm (model borehole BU-2-F). 

These model boreholes are designed primari ly fo r  
cal ibrat ion o f  'gross-count' natural gamma ray  logging tools, 
f o r  which it is assumed that  the radiat ion f r o m  potassium and 
thorium is negligible. 

Model  boreholes a t  Saskatoon, Saskatchewan 

I n  collaboration w i th  the Saskatchewan Geological 
Survey and the Saskatchewan Research Council, a set of four 
model boreholes was constructed i n  Saskatoon. These are 
designed pr imar i ly  f o r  cal ibrat ion of gross-count natural 
gamma ray logging tools, and i n  part icular were meant t o  
support the uranium exploration act iv i t ies being carr ied out 
in  the area of the Athabasca sandstone to  the north. The 
four model boreholes shown i n  Figure 3.19 are constructed i n  
a conf igurat ion simi lar t o  the Fredericton boreholes, being 
single hole models i n  below-ground tanks. The ore zones have 
nominal uranium concentrations and thickness fo r  the four 
models as follows: model BU-1-5, 0.01%U, 1.4 m thick; 



G.S.C. CALIBRATION FACILITY 

MODEL BOREHOLE 

WITH MULTIPLE ZONES 

Figure 3.20. Configuration of  cylindrical concrete zones at Aberdeen Street, Ottawa used for 
calibration o f  borehole logging probes. Each zone will have specific known physical properties. The 
horizontal configuration makes it easy t o  interchange zones using an overhead crane assembly. Some 
calibration zones will be shipped to  other areas in Canada to  establish field calibration model 
boreholes. 

model BU-2-S, O.l%U, 1.6 m thick; model BU-3-S, l.O%U, 
1.6 m thick; and model BU-4-S, 4.0°hU. The last  zone is 
meant  to  be a high grade zone, and is only 2 1  c m  thick. The 
borehole is 76 mm in diameter.  

Aberdeen S t r e e t  calibration facil i ty in O t t a w a  
A multiple-zone model borehole has  been const ructed 

for  calibration of logging probes, and for  testing and 
evaluation of the  calibration zones to  be used in fu ture  field 
calibration models. The new calibration facil i ty,  located in 
Ot tawa,  consists of a ser ies  of zones in the  form of conc re t e  
cylinders placed in con tac t  with each other  in a horizontal 
configuration a s  shown in Figure 3.20. Each cylinder 
represents a 'zone' with specific known physical properties 
for  which the logging tool response can be evaluated. The 
horizontal model borehole is produced by the  alignment of 
t he  axial  holes in the  individual zones. Logging tools will be 
calibrated by pulling them through the successive zones. 

The Ot t awa  primary facil i ty has provision fo r  
sa tura t ing the  model borehole with wa te r  to s imulate  most 
field conditions. The horizontal configuration of the model 
borehole makes it a versati le facil i ty allowing removal and 
placement of d i f ferent  calibration zones during testing and 
evaluation. 

Initial construction of the calibration facil i ty includes a 
ser ies  of calibration zones made of conc re t e  (Fig. 3.21) with 
di f ferent  densities covering the  range of in teres t  fo r  coal  
logging. These zones, when tes ted  for  homogeneity and 
accurate ly  measured for density, will be shipped t o  field 
calibration facil i t ies which a r e  being established in western  
and eas tern  Canada fo r  coal logging. 

Figure 3.21. The multiple-zone horizontal model borehole 
in i ts  below-ground tank, located in the Borehole Geophysics 
Laboratory at Aberdeen Street, Ottawa (GSC 204145-B). 



The Ottawa facility will also be used to develop 
standardized calibration zones for other physical properties 
such as porosity or magnetic susceptibility. These will be 
added to the field calibration facilities as  they become 
available. 

Coal logging calibration facilities 

Field logging calibration facilities are  being developed 
in Dartmouth, Nova Scotia, for the coal mining areas of 

FIBER GLASS TANK ASSEMBLY 
G.S.C./SCHOCK 11184 

Figure 3.22. Schematic diagram of the tank assembly used 
in the field calibration facilities showing a vertical s tack of 
calibration zones aligned with the run pipe in the below- 
ground tank. The optional drill rod is shown suspended from 
the cover inside the model borehole formed by the zones. 
The reducer a t  the bottom allows smooth transition from the 
below-tank run pipe t o  the zone borehole. 

eastern Canada and in Calgary, Alberta for the western 
Canadian coal mining activities. Figure 3.22 illustrates the 
design of the inground fiberglass tank assembly and the 
vertical stack of calibration zones which form each model 
borehole. The central hole in each cylindrical zone is aligned 
such that the stack provides a continuous hole through all the 

Figure 3.23. Positioning the fiberglass tank in the 
excavation a t  the Nova Scotia Research Foundation 
Corporation. The run pipe f o r  the second tank can be seen in 
the foreground protruding through the concrete base. The 
hole in the bottom of the tank is positioned over the run pipe. 
Af te r  installation i t  is a t tached t o  the tank with a watertight 
fiberglass bond. (CSC 203256-W.) 

Figure 3.24. The completed coal logging field calibration 
facility a t  the Nova Scotia Research Foundation Corporation 
showing insulated tank and cover, and overhead gantry. 
(GSC 204145-2.) 



zones, which is fur ther  aligned w i th  a run pipe protruding 
below the tank. Some calibration measurements require that 
a steel d r i l l  rod (or pipe) be temporarily suspended i n  the 
model borehole to simulate logging inside the d r i l l  rod. For  
this reason the insulated fiberglass cover for  the tank was 
designed t o  support the weight of two d r i l l  rod sections as 
we l l  as a maximum o f  four workers. During the cal ibrat ion 
procedure, logging tools w i l l  normally be lowered into the 
model borehole on a cable which runs over a pulley suspended 
on an overhead gantry assembly. Continuous logging at  a 
un i form speed through the ent ire simulated borehole during 
the cal ibrat ion procedure is ensured by the 'run pipe' beneath 
the tank. 

The optimum borehole diameter was determined based 
on common regional coal dr i l l ing practice, to be 100 m m  in 
Western Canada and 75 m m  in Eastern Canada requiring an 
appropriate reducer allowing smooth transition f rom below- 
tank run pipe (200 m m  diameter) t o  the borehole. 

F ie ld  logging cal ibrat ion fac i l i t ies  a t  Dartrnouth, Nova Scotia 

Two fiberglass tank assemblies have been installed at  
the si te of the Nova Scotia Research Foundation Corporation 
i n  Dartmouth, Nova Scotia. Figure 3.23 shows one of the 
tank assemblies being lowered in to place on a concrete 
supporting base, and centralized over the run pipe which 
extends beneath the model as shown i n  Figure 3.22. The 
completed installation of two tanks is shown in  Figure 3.24. 
Addit ional details and the descriptions of the installation 
procedure are given by Ki l leen et  al. (1984) and Schock and 
Ki l leen (1985). 

Cal ibrat ion zones are being constructed and tested at  
the Ot tawa primary cal ibrat ion fac i l i ty  before being shipped 
to  Nova Scotia for  instal lat ion inside the tanks. 

F ie ld  logging cal ibrat ion fac i l i t ies  a t  Calgary, A lber ta 
The Western site is t o  be located i n  Calgary, a t  the 

Inst i tu te o f  Sedimentary and Petroleum Geology (a division o f  
the GSC), adjacent to  cal ibrat ion pads for  portable gamma- 
ray spectrometers which were constructed in  1977 
(Killeen, 1979). A t  this location, the water table is variable 
and the ground is unstable, which required an engineering si te 
evaluation w i th  appropriate recommendations pr ior to 
instal lat ion o f  the new fiberglass tanks. Detai ls o f  the 
procedure fo r  instal lat ion have been determined and the 
Western tanks have already been designed and constructed to  
withstand the condition of saturated soil surrounding them to  
the top. These tanks are 60 c m  longer than the Eastern tanks 
to  allow a greater amount of concrete inside for  additional 
load against upl i f t .  It is expected that the Calgary set o f  
inground tanks w i l l  be installed i n  the summer o f  1985. 
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Abstract 

Gamma r a y  logging as an indirect measurement technique does n o t  produce absolute results i n  
terms o f  uranium concentrations. Although this f a c t  is widely recognized, it is o f  some concern t o  
people having to  evaluate logging data i n  an advanced stage o f  exploration. Most o f  the gamma-log 
results being radiometr ical ly determined are expressed i n  eU concentration. However, discrepancies 
i n  results f r o m  cal ibrated probes are unacceptable t o  the user, and the question o f  how t o  repor t  
"true" uranium values arise. 

This paper i l lustrates an at tempt  to  meet the problems mentioned and how a set o f  model 
boreholes was constructed, i.e. simulating wi th in  certain l im i t s  the natural conditions o f  a crystall ine 
environment. A least squares f i t  for chemically determined U-content and measured act iv i ty  rates i n  
the model boreholes was made. L inear i ty  covers a range o f  0.02 t o  0.7% U and permits d i rect  
conversion o f  to ta l  counts t o  concentrations. 

Such borehole models, pr imari ly bu i l t  for f ie ld  cal ibrat ion of logging equipment, o f fer  additional 
advantages of ten overlooked by theorists. By means of regular maintenance checks, er rat ic  
measurements due to  malfunct ion o f  the logging system or  decreased sensitivity o f  the crysta l  can be 
detected early and before f i e ld  operations start. Finally, fo r  monitor ing the long t e r m  behaviour o f  
the ore-enriched models, a l l  the measurements taken are referred t o  a cal ibrated cesium source 
giving absolute act iv i ty  values. 

A t i t r e  de technique de mesure indirecte, l a  diagraphie par  rayon gamma ne donne pas de 
resultats absolus pour ce qui est des concentrations d'uraniurn. Bien que generalement reconnu, ce 
f a i t  nlen preoccupe pas moins certaines personnes chargees d16valuer les donnees de diagraphie au 
cours d'une &ape avanc6e des travaux d'exploration. L a  plupart des resultats t i res des diagraphies 
gamma e t  d6termin6s de f a ~ o n  radiometrique sont exprimes en equivalents d'uranium (eU). 
Toutefois, I 'uti l isateur ne peut se contenter de resultats divergents provenant de sondes Btalonnees e t  
il faut  savoir comment presenter les teneurs "r6elles" en uranium. 

Ce t te  etude explique comment on a tent6 de r6soudre ces problhmes e t  comment on a construit 
des maquettes de sondages qui simulent, a I1int6rieur de certaines limites, les conditions naturelles 
d'un mi l ieu cristall in. On a ef fectue I'ajustement par l a  methode des moindres carr6s des 
concentrations en uranium chimiquement e t  des taux d1activit6 mesur6s dans les maquettes. L a  
l ineari t6 couvre l a  gamme de 0,02 0,7% d ' l l  e t  permet l a  conversion directe des quantit6s totales en 
concentrations. 

Ces maquettes, construites principalement des f ins dtBtalonnage sur l e  ter ra in  des appareils de 
diagraphie, presentent d'autres avantages que les theoriciens oublient souvent. L a  ver i f icat ion 
regulihre des appareils permet de d6celer, avant l a  mise en oeuvre des travaux, le  mauvais 
fonctionnement qui donne l ieu a des mesures erratiques ou provoque l a  d6croissance de l a  sensibilit6 
du cristal. Enfin, pour permet t re  l a  surveillance du comportement long terme des maquettes 
min6ralisees, toutes les mesures sont comparees a une source de cesium Btalonnee qui donne des 
chif fres de I 'act iv i t6 absolue. 

Saarberg-Interplan U r a n  GmbH, Saarbrucken, F.R.G. 



Introduct ion resulted i n  poor core recovery and consequently only a 

Cal ibrat ion faci l i t ies for  gamma ray detect ion instru- 
ments have existed since the 1960s. Logging equipment is 
checked by the manufacturer in  model boreholes before 
distribution around the world. Logging probes are normally 
accompanied by calibration cert i f icates containing factors 
for  conversion of gamma-activit ies into eU content. 

However, intercal ibrat ion tests between fac i l i ty  owners 
in  the United States, Canada and Australia revealed 
discrepancies between the various stations and models in  the 
order o f  7 t o  18 per cent (Bristow e t  a]., 1982). Because o f  
these facts, the conversion problem is of serious concern to  
the exploration team that is i n  charge of gamma log 
interpretation. I n  advanced stages o f  exploration, report ing 
i n  terms o f  uranium concentration, which is usually demanded 
for  decision making, can be a nightmare. 

I n  summary this means that  cal ibrat ion of gamma ray 
detection equipment, i n  part icular logging equipment, is 
subject to numerous imponderabilities which a f fec t  the f ina l  
result. 

l im i ted  number o f  samples were available fo r  a-nalysIs. 1n-the 
face o f  the conf l ict ing requirements o f  the problem, keeping 
dri l l ing costs at  a predetermined level, and get t ing reliable 
information on the zones intersected, a method for making 
grade estimations had to be found. Therefore, concentration 
cal ibrat ion of gamma-probes based on chemically assayed 
U-content  seemed to be a reasonable approach to  minimize 
the risks. 

Requirements 

A number o f  requirements must be considered for  the 
construction o f  model boreholes: 

- simulation o f  rock mat r i x  which should correspond i n  
chemical and physical properties to  the country rocks 
being drilled; 

- simulation o f  borehole conditions such as: a i r lwater  
fi l led, casing, etc.; 

- simulation o f  an in f in i te  medium normal to  the hole; 

What can be done for the logging geoloqist who - homogeneity of the ore zone; 
presumes correct calibration and operation b f  the equipment - equilibrium of the ore; and wants "true" uranium concentration? 

This paper, mainly resulting f rom f ield experience, - concentration range of ore zones should cover the 

demonstrates that construction of borehole models for  a maximum/minimum detect ion range of the probe; and 

 articular aeoloaical environment can def ini telv contr ibute - mobi l i tv  o f  the models. 
t o  the prod;ction o f  rel iable data t o  fo rm a basis'for resource 
evaluation. E ight  pallet-mounted concrete models were bui l t  i n  a 

sandwich-laver construction. coverina a concentration ranae 

His tory  
f r o m  200 p p k  U t o  2.4% U. ' A s c h e k t i c  diagram is given ;n 
Figure 4.1. 

The reasons for  such an at tempt  can be reported as 
follows: several years o f  exploration i n  a stronqlv tectonized Mate r ia l  and ~ r o c e d u r e  
area w i th  vein-type depdsits resulted in  ;'number of 

One important factor  fo r  simulating natural or standard promising targets. The program for detailed subsurface 
investigation of each target consisted of percussion dri l l ing conditions is the selection of material  compounds, in  

and a number of diamond core drillings. Some of the la t te r  part icular the matr ix  o f  the model. 

Ore Grades 

200 pprn U 

Radioactive Mix 

- 80 O/o Granite - ore 

Concrete * 8 '10 

Additive * 2 O/O 

Water -. 10 O/O 

Ore mix : Concrete = 10: 1 

Density 2.25 g/cm3 

Total weight - 800 kg 

400 pprn U 

800 pprn U 

1400 pprn U 

3000 pprn U 

--- 70cm- - - 

. 
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Figure 4.1. Model borehole wi th  ore-mix between two  barren zones. Mater ia l  compounds and 
mixing rat ios are indicated. 
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From geological knowledge o f  the area being explored, Table 4.1. Average composition o f  the granite used 
the main rocks dr i l led are granites and granitoids originating fo r  mat r i x  i n  weight - % 
f rom metasediments. Therefore, a granite o f  the 
composition listed i n  Table 4.1 was selected for  the mat r i x  
thus representing the average country rock. The 55 ppm 
Th  concentration o f  the granite matr ix  was not  considered to  
be a significant contribution to  the count ra te because 
thorium yields only about half  the act iv i ty  o f  uranium. Even 
i n  the worst case (the 200 ppm U model) it would contr ibute 
the equivalent of about 25 ppm U or about 10% of the 
act iv i ty .  

A high grade ore containing 10% U, consisting of 
pitchblende and secondaries, was blended w i th  granite. This 
in i t ia l  mix  w i th  a concentration of approximately 2.7% U was 
used for  further spl i t t ing and blending. A f t e r  crushing to 
5 m m  grain size, the material  was blended to the concentra- 
tions l isted i n  Figure 4.1. 

Si02 66.50 
T i 0 2  0.60 
A1203 15.85 
Fen03 0.61 
FeO 2.69 
CaO 1.38 
M9O 1.17 
MnO 0.06 
Nan0 2.93 
K 2 0  5.56 
L 01  2.21 
p 2 0 5  0.25 

U PPm 5 
Th PPm 55 

The uranium grade was determined chemically by 
col lect ion 10 random samples before pouring. The samples 
were dried, crushed and ground before packing about 300 g of 
the powder into containers for  analysis. Uranium determina- Table 4.2. Equi l ibr ium of uranium ore 
tions were performed by XRF and fluorometry. The averaged 
results were taken for assigning ore grade to  the models. 
Homogeneity was tested by placing a-part ic le f i lms  on the 
surface o f  cyl indrical disks made f rom the act ive mix. The 
results f rom the track patterns showed that the uranium 
minerals were regularly distributed. 

Anal  sis of secular equilibrium of the ore resulted i n  a Y 
2 3 8 ~ :  ' ~ a  rat io  of 1.2 + 0.1. The individual rat ios 
(Table 4.2) re f lec t  the varying proportions of secondary 
uranium minerals present i n  the samples. 

Closely l inked w i t h  equilibrium is radon w i th  i t s  
tendency t o  emanate f r o m  crushed and porous samples. The 
fol lowing precautions were taken to  prevent or minimize 
radon release f rom the ore zone: 

Uranium-238 Ra-226 
Sample Equi l ibr ium 

nr. IJ 919 pCi/g pCi/g U-238fRa-226 

2 285.59 95.96 67.64 1.42 
3 477.65 160.49 127.31 1.26 
4 854.11 286.98 238.29 1.20 
5 1 655.45 556.26 433.78 1.28 
6 3 416.70 1 148.01 960.29 1.20 
7 8 169.26 2 744.87 2 233.39 1.23 
8 13 074.28 4 392.96 4 131.79 1.06 
9 24 803.57 8 334.00 7 944.05 1.05 

1. Increase of the pore volume of the ore m ix  by adding 
synthetic Na-zeolite, a hydrated alumino-sil icate w i th  a Table 4.3. Physical properties and dimensions 

frame-work structure as shown i n  Figure 4.2. of the models 

A characteristic feature of zeolites is the channel 
system, formed by d i f ferent  combinations o f  l inked 
tetrahedra-rings. I n  the case o f  zeolite-A, the tetrahedra 
are linked to  fo rm cubooctahedral cages. Cavit ies and 
channels act  as sieves for atoms and molecules of similar 
dimensions. The addition of zeol i te produces an increase of 
pore volume of approximately 1%. 

Model density (d) 2.3 9/cm3 
Model radius (r) 35 c m  
Product (d x r )  = 35 x 2.3 = 78.75 g/cm2 
IAEA product 

recommended (d x r )  75 - 120 g/cm2 
IAEA radius 

recommended 30 - 48 c m  

2. Sealing o f  the ore zones w i th  meta-sil ic acid a f te r  drying 
and reconstitution of equilibrium. 

The eff ic iency of sealing was tested by measuring 
a-act iv i ty  o f  the free act ive surface before covering w i th  
barren material. Results showed that  radon emanation was 
negligible. 

Physical properties o f  the models 

F o r  0.6 MeV ( 2 1 4 ~ i )  gamma-energy the model simulates 
98.6% o f  an in f in i te ly  thick source. 

Assuming that the Internat ional Atomic Energy Agency 
rule o f  thumb (IAEA, 1976) is correct, then the ef fect ive 
sample volume for  gamma-probes i s  the product o f  the radial  
distance f rom the borehole to  the model exter ior and the 
density o f  the medium. Comparison o f  our model parameters 
(density, radius) w i t h  the recommended ones, (see Table 4.3) 
shows that the physical properties and dimensions o f  the 
models built, f i t  wel l  w i th in  the recommended ranges. 

Figure 4.2. Structure model o f  Zeolite - A, described in the 
t ex t .  



Table 4.4. Test runs in model boreholes 1982 and 1983 

Model U conc. Probe CPS 

nr. PPm nr. 1982 1983 

barren background 1011 180 180 
1010 178 178 
1009 184 180 

118 174 172 

I11 800 1011 1650 1650 
1010 1650 1600 
1009 1680 1640 

118 1640 1630 
@ 1655 

-- 
1630 

IV 1011 3320 3370 
1010 3220 3245 
1009 3300 3375 

118 3250 3370 
@ m - 

3340 

V 1011 6100 6200 
1010 6000 6200 
1009 6100 6250 

118 6000 6250 
@ 6050 

- 
6238 

VI 1011 13600 13850 
1010 13200 13200 
1009 13600 13850 

118 13400 13800 
8 13450 

- 
13675 

VII 1011 20600 22080 
1010 20500 21250 
1009 20500 22080 

118 20500 21870 
@ 2 m  

- 
21820 

VIII 1011 37500 39160 
1010 37250 37900 
1009 37750 39160 

118 37000 38740 
@ 37375 

- 
38740 

Cs-137-source 1011 1040 
1 1 ~ .  C i  1010 1000 

1009 1140 
118 1040 

8 1054 

The measurement Figure 4.3 shows that  to ta l  count rates plotted versus 

Stat ic and dynamic gamma ray measurements were true (chemically determined) uranium concentration are i n  
good agreement w i th  the regression line. L inear i ty  covers a taken i n  air- f i l led model holes. For  each probe a separate 

work sheet was made. Ten test runs were carr ied out i n  1982 range up t o  0.66% U or about 14  000 cps respectively. 

and 5 runs i n  1983. The averaae count rates are l isted i n  To exclude uncertainties i n  factors influencina correct 
2 2 

Table 4.4. measurement such as  robe function. aaina of the crvsta l  and 
apparent growing gamma-rates, a defined standard has been A 'Iiqht increase of gamma-activity in 1983 in the 
introduced in to the test package as a basis for  fu ther  control. 

enriched 'One was detected' This be due A calibrated gamma-reference source w i th  an energy of 
equil ibrium i n  the models not being fu l l y  reconst i tuted 
i n  1982. Secondly, the varying moisture content of the 0.66 MeV, simi lar to  '149i, should enable us to  correct 

measured gamma values, i f  necessary. For  that purpose a medium (9-11%) l ikely decreased the f i rs t  readings when 
1 3 7 C S  Seemed to  be the most appropriate with a 

moisture was higher than 1983. 
nominal ac t i v i t v  of 1 u Ci. and half  l i f e  of 30.17 vears. 

I n  the future, special attent ion w i l l  be paid to  these 
apparent growing count rates and their possible origin. 



c r y s t a l :  1 2 . 7  x 3 8 . 1  mm N a l  ( T I )  

p robe :  6 3 2 m m  

logg ing  s p e e d :  0 . 6  m l m l n  

K o r r .  0 . 9 9 4  (up t o  6  6 0 0  ppm U) 

S l o p e  2 . 0 0 3  (up to 6  6 0 0  p p m  U) 

Figure 4.3. Regress ion  l ine o b t a i n e d  f r o m  8 model  holes. Uranium c o n c e n t r a t i o n  based  o n  
c h e m i c a l  assay.  

Conclusions F o r  makino  a b s o l u t e  c o m ~ a r i s o n  and e v e n t u a l  
c o r r e c t i o n s  possibie, c o n t r o l  checks '  of t h e  f u t u r e  will be  

F r o m  t h e  resu l t s  p r e s e n t e d  t h e  following conc lus ions  r e l a t e d  t o  a c a l i b r a t e d  c e s i u m - g a m m a - r e f e r e n c e  source .  
c a n  be drawn: 

1. Simulat ion of n a t u r a l  condi t ions  in model  boreholes  f o r  a 2. Borehole models  a s  descr ibed  a r e  cons idered  t o  be  a 
usefu l  c o m p r o m i s e  b e t w e e n  in s i t u  borehole analysis ,  t o o  spec i f ic  geological  s e t t i n g  has  been  accompl i shed  
cos t ly  f o r  European  users  - and g a m m a  r a y  logging based 

successful ly.  on  r e l a t i v e ,  ( ind i rec t ,  i.e. rad iomet r ica l ly  d e t e r m i n e d ) ,  
The  reproducib le  condi t ions  of t h e  model  boreholes  U-concent ra t ion .  

p e r m i t  d i r e c t  conversion of t h e  gamma-readings  i n t o  3. T h e  design of t h e  models  (dimensions and w e i g h t )  w a s  
U - c o n c e n t r a t i o n  wi thout  c o r r e c t i o n  wi th in  t h e  r a n g e  of m a d e  w i t h  r e s p e c t  t o  t ranspor tab i l i ty .  This  is  a d e f i n i t e  
0.02-0.7% U. This  r e s u l t  is in fa i r ly  good a g r e e m e n t  w i t h  a d v a n t a g e ,  b e c a u s e  individual  models ,  e v e n  though t h e y  
Grand  Junc t ion  c a l i b r a t e d  g a m m a  probes.  Accord ing  t o  t h e s e  weigh a b o u t  800  kg, c a n  be t r a n s p o r t e d  t o  w h e r e v e r  t h e y  
probe spec i f ica t ions ,  2 0  000  c p s  cor respond wi th  1% eU.  a r e  needed .  

However .  rad ia t ion  r e a d i n a s  above  14  000 CDS h a v e  t o  
be considered h i t h  cau t ion ,  f o r  t h e  d i sc repancy  be'tween t r u e  
and equiva len t  u ran ium will i n c r e a s e  s iqn i f ican t ly  a b o v e  t h a t  A c k n o w l e d g m e n t s  

level .  The  a u t h o r s  a r e  indebted  t o  t h e  P r e s i d e n t  of Saarberg-  
In te rp lan  f o r  t h e  permission t o  publish th i s  paper.  
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A NEW TEST SITE FOR T M  CALIBRATION OF GEOPHYSICAL EQUIPMENT 

S.E. Osterlundl 

Osterlund, S.E., A new test si te fo r  the cal ibrat ion o f  geophysical equipment; Borehole Geophysics 
fo r  Mining and Geotechnical Applications, ed. P.G. Killeen, Geological Survey o f  Canada, 
Paper 85-27, p. 53-55, 1986. 

Abstract  

A new fac i l i ty  located a t  Mala, Sweden for  cal ibrat ing borehole logging equipment is described. 
The borehole models include provision for cal ibrat ion o f  gross count gamma ray and spectral gamma 
ray (K, U, Th) logging equipment and provision for  future addition o f  density, porosity and magnetic 
susceptibil ity models. The si te also includes seven concrete cal ibrat ion pads for  portable gamma ray 
spectrometers. 

Ce  rapport dbcri t  une nouvelle instal lat ion d'btalonnage des appareils de diagraphie des 
sondages d Mala, en SuBde. Les maquettes de sondages peuvent aussi accomoder un dispositif 
d'btalonnage des appareils de diagraphie gamma-gamma B cornptage brut  e t  des appareils de 
diagraphie spectrale par rayons gamma (K, U, Th); on pourra aussi y ajouter des modBles de densite, 
de porositb et  de susceptibilite magnetique. L'ernplacement comporte Bgalement sept patins 
d'btalonnage en beton pour les spectrom6tres por tat i fs  B rayons gamma. 

Swedish Geological Company, ~ule;, Sweden 
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Introduction 

Quantitative use of geophysical d a t a  has long been 
recognized a s  an important par t  of format ion evaluation by 
t h e  petroleum industry. Many of these  methods, originally 
developed fo r  large diameter  holes in sedimentary rocks, 
have now become available for  slim-hole applications in a 
hard rock environment. Hence, the  tradit ional qualitative 
'anomaly-searching' type of logging common in minerals 
exploration, has shifted towards more sophisticated use of 
t he  collected data.  This calls for  an accura t e  calibration of 
logs in absolute values. To mee t  these new requirements of 
the  mining industry and of engineering geology i t  was  decided 
to  const ruct  a calibration facil i ty where logging-tools could 
be calibrated in an  environment tha t  a s  close a s  possible 
resembled t h e  ac tual  measuring situation in the  field. 

The s i t e  is located a t  ~ a l ;  in northern Sweden, and was 
originally chosen for  off-set  adjustments of e lec t romagnet ic  
equipment since it provides a very low noise-level 
environment due to  few man-made or  natura l  disturbances in 
the  surroundings. Also located the re  a r e  seven calibration 
pads with known grades of t he  th ree  radioelements,  

Figure  5.2. Plan view of radiometric borehole model. 

Figure 5.3. Sect ion through radiometr ic  borehole model. 
G.L. indicates ground level. 

G.L. 

. BARREN 

ORE ZONE 1.2 rn 

potassium, uranium and thorium. These a re  used for  t he  
calibration of sc int i l lometers  and spect rometers .  The pads 
a r e  3 m in d i ame te r  and consist  of conc re t e  spiked with 
aggregate rich in potassium (K), uranium (U), thorium (Th) 
pius one blank pad (Z) (Fig. 5.1). 

BARREN 

The borehole models consist of a KUT-suite for  the 
calibration of both to ta l  count and spect rometer  tools. The 
geometry  of t he  models is  shown in Figures 5.2 and 5.3. The 
models were  poured a s  th ree  sepa ra t e  layers of conc re t e  with 
subsequent coring by diamond drilling. The nominal grades 
for  t he  o re  zones a r e  7.5% K, 650 ppm eU, and 380 ppm eTh 
respectively. 

The Swedish Geological Company is also constructing 
borehole models for  the  determinat ion of such parameters  a s  
porosity, density and magnet ic  susceptibil i ty,  using neutron, 
gamma-gamma and induction devices. Fur thermore  two high 
grade Ltranium models will be added t o  the  t e s t  si te.  

I I1 I I  
1 I l l  1 1  
I I 1 1  I  I 
I  I l l  I I  
I I l l  I I  
I  I l l  I I  
1 1 1 1  1 1  
1 1 l 1  1 1  
1 I l l  1 1  
1 I l l  1 1  

1.2 rn 

I I  L !u,  I I 





DRILLHOLE E M  MEASUREMENTS IN MINERAL EXPLORATION* 

A.V. ~ ~ c k '  and J.G. ~ a ~ l e s '  

Dyck, A.V. and Hayles, J.G., Dri l lhole E M  measurements i n  mineral exploration; Borehole 
Geophysics for Mining and Geotechnical Applications, ed. P.G. Kil leen, Geological Survey of Canada, 
Paper 85-27, p. 57-58, 1986. 

Abstract 

Di f fe ren t  aspects o f  three dril lhole E M  techniques are discussed. The techniques are: 

1) Time-domain E M  
Time-domain E M  using a large loop source is a proven technique for  detect ion o f  offhole 

massive sulphide conductors. The complexity o f  the targets can, however, produce discrepancies 
between observed responses and simple models, as shown by examples f r o m  the Sudbury basin. A n  
appreciation o f  the discrepancies could help t o  ref ine an interpretat ion as may be required, fo r  
example, as a guide to  advanced exploration dril l ing. 

2) VLF-EM 
Delineation of structural features, such as poorly conducting fau l t  zones, can be accomplished 

by measurements o f  the electr ic f ie ld  which is subject to  distort ion by relat ively small conduct ivi ty 
contrasts (current channelling). Simple current-channelling models provide a useful f i r s t  a t tempt  a t  
understanding f ie ld  surveys w i th  the United States mi l i tary  transmitters as sources. It appears that  
trend and la te ra l  extent o f  structural features can be estimated using orthogonal pr imary fields. 
Prel iminary results show that  local VLF loop sources could be used t o  supply the orthogonal fields 
when the mi l i tary  transmitters cannot. 

3) Dri l lhole AFMAG (Audio Frequency Magnetic) 
Using a method and hybrid computer developed by Marcel  St. Amant  o f  the Minera l  Explorat ion 

Research Institute, Montreal, dr i l lhole AFMAG is shown t o  give reproducible results i n  detect ing a 
known massive sulphide deposit w i t h  natural ly occurring pr imary fields. The coherence between 
downhole sensor and surface reference as a funct ion o f  reference azimuth can be used t o  determine 
the geological str ike o f  a conductor. As a re la t ive ly  inexpensive and l ightweight  method, dr i l lhole 
AFMAG could be useful i n  grassroots exploration, especially i n  low e lect r ica l  noise environments. 

These techniques could be considered individually for  application t o  a mineral explorat ion 
problem or  col lect ively as a mul t i - faceted approach t o  understanding the e lect r ica l  structure o f  a 
large volume o f  rock. They can therefore supply both d i rect  and indirect information t o  the 
explorationist. 

Divers aspects de trois techniques 6lectrornagn6tiques appliquees aux trous de sondage sont 
exposes. Ces trois techniques sont les suivantes: 

1) L e  sondage Blectromagnr5tique dimension temporelle 
L a  technique BlectromagnBtique ?I dimension temporelle e t  B large boucle de transmission a fa i t  

ses preuves dans l a  detection des gisements de soufre massif conducteur dloignes des trous. L a  
complexit6 des gisements peut toutefois donner l ieu B des dcarts entre les observations e t  les modeles 
simples, comme I'indiquent des exernples t i res du bassin de Sudbury. L'examen de ces differences 
pourrai t  aider 21 perfectionner I ' interpretat ion des donnkes selon les besoins, par exernple, pour guider 
les forages d'exploration avancee. 

2) L e  sondage 6lectromagn6tique & trbs basse frequence (VLF-EM) 
L a  del imitat ion des composants de structure, te ls  que les zones de fa i l le  peu conductrices, peut 

se fa i re  par l a  mesure du champ Blectrique, qui comporte des anomalies dues de pet i tes variations 
de conduct ivi te (durant l a  transmission du courant). Des modsles simples de transmission de courant 
procurent une comprehension prel iminaire u t i l e  des lev& sur l e  ter ra in  effectues 1 I'aide des 
Bmetteurs de IiArm6e americaine. I1 semble que les champs primaires orthogonaux puissent servir 1 

* Manuscript no t  submitted 
Geological Survey o f  Canada, 601 Booth St. Ottawa, Ontario 



determiner  approximativement la direction e t  la dimension l a t e r a l e  des  composants  de  l a  s t ruc ture .  
Des  r6sul ta ts  preliminaires indiquent que, f a u t e  d e  n e  pouvoir uti l iser l e s  Bmet teurs  mili taires,  on 
pourrait  c r e e r  des  champs Blectriques sur p lace  au  moyen d'une source  d e  boucle SI t r & s  basse 
freqilence. 

3) L e  sondage magnetique 3 audiofrequence (SMAF) 
Ef fec tue  B I'aide d'une rnethode e t  d'un ca lcula teur  hybride conGus pa r  Marcel  St .  Aman t ,  de  

1'Institut d e  recherche  e n  exploration minera le  d e  Montreal ,  l e  sondage magnet ique  B audiofrequence 
, donne des  resul ta ts  reproduisibles lors  d e  la de tec t ion  de  gisements connus de  soufre  massif g race  b 

I'utilisation des  champs magnktiques pr imaires  naturels.  I1 e s t  possible d e  determiner  la d i rec t ion  
d'un corps  conducteur e n  m e t t a n t  e n  corre la t ion  la l ec tu re  du de t ec t eu r ,  p lace  dans le t rou ,  e t  la 
r e f e rence  d e  surface ,  e n  fonction d'un az imuth  d e  referene .  Commc? la methode des  sondages  
magnet iques  B audiofrkquence e s t  peu coOteuse e t  uti l ise du ma te r i e l  lkger,  e l le  peu t  fac i l i te r  
I'exploration d e  base,  en  particulier e n  milieu ob le bruit  d e  fond Blectrique e s t  peu BlevB. 

C e s  techniques peuvent 8 t r e  prises en  consideration individuellement, e n  vue d l&t re  appliquees b 
la r6solution d'un probleme d'exploration minerale,  ou col lec t ivement ,  c o m m e  un ins t rument  
polyvalent a idant  .?I comprendre  la composante  e lec t r ique  d'une format ion rocheuse  massive. El les  
peuvent donc procurer des  renseignements  d e  facons  d i r ec t e  e t  indi rec te  B I'explorateur. 



7. FIELD EXAMPLES OF BOREHOLE PULSE EM SURVEYS USED TO DETECT AND 
W T L I N  CONDUCTIVE ORE DEPOSITS 

J. Duncan crone1 

Crone, J.D., F ie ld  examples o f  borehole Pulse E M  surveys used to  detect and outline conductive ore 
deposits; Borehole Geophysics for  Mining and Geotechnical Applications, ed. P.G. Kil leen, 
Geological Survey o f  Canada, Paper 85-27, p. 59-70, 1986. 

Abstract  

The f i rs t  example is o f  a borehole Pulse EM survey i n  1978 tha t  led t o  the discovery o f  a small  
ore lens adjacent to  a mine being prepared for  production. This conductive sulphide body was located 
o f f  t o  the side and below the bo t tom o f  the dril lhole leading t o  the discovery. Depth t o  the body was 
950 m. 

The second i l lustrates how the use o f  mul t ip le  transmit loops on surface helps t o  determine the 
position o f  a conductive body relat ive t o  the dril lhole and also t o  some extent i t s  shape. 

The th i rd  case history, f r o m  a recent quartz-vein copper discovery i n  Chibougamau, Quebec, is 
an excellent example o f  the unique type o f  anomalies obtained when a borehole cuts the edge o f  a 
body. Information derived f rom this type of survey response helps t o  define the cont inuity and extent 
o f  a deposit. 

The f ina l  example consists of borehole survey results f rom the deep Ansi l  discovery of 
Corporation Falconbridge Copper i n  1981, a t  a depth o f  1266 m. The survey results are complex and 
i l lustrate the necessity fo r  detailed correlat ion between geological and geophysical data t o  obtain a 
meaningful interpretation. One application o f  the survey was t o  determine how far  the edge of the 
massive-sulphide deposit was f rom a borehole tha t  missed the zone. This information was used t o  
decide i f  the hole should be "wedged1' i n  an at tempt  t o  obtain an intersect ion through the deposit. 
Since a wedged hole has a l im i ted  str ik ing distance o f  approximately 50 m the borehole survey could 
evaluate the possibil ity o f  i t  intersect ing or missing the massive sulphide zone. 

Dans l e  premier exemple, il s'agit dlun lev6 6 lect romagn~t ique B impulsions entrepris en 1978 
qui a men6 b l a  decouverte dlune pe t i te  lent i l le  de minerai contigue B une mine que I1on slapprbtait B 
met t re  en production. Ce t te  masse conductrice de sulfure, situee B une profondeur de 950 metres, se 
trouve B quelque distance du sondage menant B l a  decouverte e t  sous celui-ci. 

L e  deuxieme exemple rnontre comment I1util isation de boucles 3 transmission mult iples 
install6es en surface permet de determiner l a  position et, dans une certaine mesure, l a  forme dlun 
corps conducteur par rapport 2 un sondage. 

L e  troisieme exemple est t i re  dlune decouverte r6cente dlun f i lon de quartz cupri fere B 
Chibougamau, au Qu6bec; clest un excellent exemple de ce type unique dlanomalies obtenues lorsqulun 
sondage traverse l e  bord dlune masse min6ralis6e. Les renseignements derires de ce genre d16tude 
permettent d16tablir l a  cont inuit6 e t  l16tendue dlun gisernent. 

L e  dernier exemple pr6sente les resultats de I1btude dlun sondage for6 B une profondeur de 
1 266 m dans l e  gisement profond Ansi l  de l a  Corporaton Falconbridge Copper en 1981. Les r6sultats 
sont complexes e t  montrent qu'il est n6cessaire dleffectuer une corrdlat ion detail lee entre les 
donnees g6ologiques e t  les donnees g6ophysiques a f i n  dlobtenir une interpretat ion uti le. L e  lev6 
avait, entre autre, pour objet de determiner l a  distance entre l a  marge du gisement de sulfure massif 
e t  un sondage qui nlavait pas a t te in t  l a  zone. Ce t te  in format ion a servi  B determiner slil f a l l a i t  fa i re  
devier l e  sondage de facon B c e  qu'i l arr ive en contact avec l e  gisement. Puisqu'un sondage d6vi6 ne 
peut se fa i re  que sur une distance l im i t6e  dlenviron 50 m, l1btude pourrai t  determiner slil est possible 
que l e  sondage puisse rejoindre l a  zone de sulfure massif. 

Crone Geophysics Limited, Mississauga, Ontario 



I', l Conductor 

Figure 7.1. Large transmit loop borehole P E M  system used Figure 7.2. Multiple transmit loop borehole PEM system 
for surveying a group of drillholes from surface or used for surveying isolated drillholes. Multiple small 
underground. The position of a conductor is determined from transmit loops must be used to determine the position of a 
the response obtained from adjacent holes. conductive target. 

HOLE INTERSECTING CONDUCTOR - HOLE OUTSIDE CONDUCTOR 

Figure 7.3. The four basic type response curves obtained when the transmit loop 
is located above the conductor. 



Introduct ion 

The role of a borehole Pulse EM (PEM) survey is usually 
thought o f  i n  terms of detecting a conductive ore deposit 
that  exploration dr i l l ing has missed. The anomalous response 
measured by the system is however dependent on physical 
properties of the body other than i t s  conductivity. These 
properties of size, shape, continuity and position provide 
valuable information in  various stages of the exploration and 
mining process. As a result the industry is using the survey 
method not  only i n  early exploration dr i l l ing but  also as a 
guide i n  development drilling, tonnage estimation, shaft si te 
location and searches at producing mines for  satel l i te 
deposits. The following case histories i l lus t rate some o f  
these applications 

Survey method 

The PEM survey equipment consists o f  a single-turn 
transmit loop that  is la id  out on surface. I t s  size may vary 
f r o m  lOOm x lOOm t o  l k m  x l k m .  A pulsed current is placed 
through the loop w i th  a peak current i n  the order of 10 to  20 
amps. The receiver probe is lowered down the dril lhole - the 
probe has a diameter o f  3 cm. Eight measurements are taken 
during the t ime-o f f  in terva l  and one measurement during the 
current-ramp shut-off  period. The eight sample 
measurements are proportional to the rate of change of the 
secondary f ie ld  components along the axis of the probe. 

Two basic survey methods are used. I n  areas where a 
group o f  holes are being surveyed (Fig 7.1) one large loop is 
la id  out and a l l  holes surveyed f rom the same loop. 
Information as to  location of a conductive body is derived by 
the change i n  response f rom hole t o  hole. I n  the case o f  an 
isolated dril lhole usually 5 transmit loops are la id  out on 
surface (Fig 7.2) and the hole is surveyed f r o m  a l l  5 loops. 
Information as to shape and location is determined by the 
change in  response f rom the 5 loops. I n  this type o f  survey 
the loop size is usually one th i rd  t o  one half  the depth o f  the 
hole. 

There are four basic type response curves (Fig 7.3) 
obtained when the transmit loop is located above the 
conductor. Model study curves have been produced by Woods 
(1975) and a computer model program by Dyck e t  al. (1980). 
A n  atlas o f  pr imary fields by Macnae (1980) fo r  a f ixed 
transmitter loop is also useful when planning surveys and 
interpret ing results. 

Case history o f  a smal l  sulphide body a t  a depth of  950 m 

This discovery was made as a result of a borehole 
survey for  Corporation Falconbridge Copper i n  the Dufaul t  
area o f  Quebec. Included i n  the survey were a number o f  
deep holes dr i l led f rom surface i n  the v ic in i ty  o f  a massive 
sulphide copper-zinc mine being prepared for  production. A 
shaft had been sunk and underground levels established. As a 
mining plan was being formulated, i t  was important to locate 
any existing satel l i te ore lenses and f i t  them in to this plan. 
A delay o f  two or three years i n  their  discovery could result  
in  their being uneconomic to  mine. 

One o f  the holes surveyed f rom surface (Fig 7.4) 
produced an anomaly a t  the bot tom o f  the hole a t  920 m 
indicating the presence o f  a conductive body o f f  t o  the side 
and below the bot tom o f  the hole. A nearby hole was then 
located and surveyed (Fig 7.5), obtaining a clear of f -ho le 
anomaly at  a 950 m depth. The conductor was interpreted to 
be lying between the two ver t ica l  holes whose collars were 
only 70 m apart. This anomaly was tested by dr i l l ing f r o m  
underground. Ore grade copper sulphides were intersected in  
the f i rs t  hole. This ore lens has now been completely dr i l led 
o f f  and incorporated into the mining plan. I t  was our f i r s t  
ore discovery w i th  the Pulse EM borehole logging system. 

Case history i n  the use o f  mul t ip le  transmit loops f r o m  
surface t o  detect a massive lead-zinc deposit i n  Virginia 

This was a test survey over a known massive-sulphide 
body. The results are typical o f  survey responses obtained 
when working i n  areas o f  extensive, scattered sulphide 
mineralization. The dri l lhole surveyed cut  several sections o f  
pyr i te  w i th  low lead, zinc and minor copper values (Fig 7.6). 
The borehole surveys f r o m  5 t ransmit loops are shown 
(Fig 7.7, 7.8). The f i r s t  observation is that  the ear ly- t ime 
samples 1, 2 and 3 have completely d i f ferent  anomaly 
patterns than the la te - t ime samples 6, 7 and 8. This means 
that the early t ime induced current paths are completely 
d i f ferent  f rom the la te t ime  paths - i.e., we have two 
separate conducting bodies. The upper conductor is detected 
as an in-hole, up-dip, edge (type B, Fig. 7.3) anomaly located 
at  155 m (510 feet) where bands of sulphides were cut  by the 
hole. This zone of poor conduct ivi ty (thickness x 
conduct ivi ty = 10 mhos) would be expected to  continue up-dip 
towards surface. It would also be expected t o  terminate just 
below the hole, i n  the down dip direction. The lower off-hole 
anomaly is located a t  225 m (740 feet) i n  a section of the 
hole where no sulphides were intersected. The conduct ivi ty- 
thickness o f  this zone is 60 mhos which would imply massive 
sulphides i n  this area. The amplitude o f  the lower anomaly is 
strongest f rom the south and east transmit loops, indicating 
the zone occurs i n  this direct ion about 30 m f rom the hole. 
The reversed anomaly obtained f rom the west transmit loop 
can be explained by the reversed energization as shown i n  the 
pr imary f ie ld  direct ion diagrams (Fig 7.9). Since the anomaly 
shapes are a l l  s imi lar (varying only in  amplitude and sign) we 
conclude that the induced currents are restr icted to f low 
along the same paths f rom a l l  t ransmit loops. This means 
that  the conductors are tabular i n  shape. 

Case history o f  edge-type borehole anomalies obtained i n  two  
holes f r o m  a recent copper discovery in the Chibougamau 
area of Quebec 

The Corner Bay deposit discovered by Riocanex consists 
of a steeply dipping quartz vein, mineralized primari ly by 
chalcopyrite. I t  occurs i n  a host of intrusive rocks. The 
survey was run whi le the property was i n  the development 
dr i l l ing stage. Two o f  the surveyed holes were o f  part icular 
interest since they both produced almost ident ical anomalies 
of the type where a borehole cuts the lower edge of a 
conductive body. I n  hole "A" (Fig 7.10) there is excellent 
geological control. The dri l lhole emerges f r o m  a gabbro 
dyke, then a f te r  a few metres, intersects 9 m o f  high grade 
copper mineralization. This is a classic example o f  an edge 
type anomaly, since we know the ore zone terminates 
abruptly against the dyke 5 to  8 m down dip f rom the core 
intersection o f  sulphides. I n  borehole "B" (Fig 7.11) a section 
100 m away, a simi lar borehole PEM survey response is 
obtained a t  a depth o f  390 m. The hole i n  this case cut  I m o f  
quartz vein at  this depth; it contained only minor sulphides 
w i th  no significant values. Farther down the hole a t  450 m a 
small  intersection o f  massive sulphides was c u t  that  carr ied 
copper values. I n  this case our interpretat ion is quite 
clear - i n  hole "B" the massive mineral izat ion must continue 
along the section to  wi th in  a few metres of the quartz vein 
intersection at  390 m. The massive sulphide vein at  450 m is 
no t  related t o  the main mineralized vein and is o f  such a 
small  size tha t  it was no t  detected by the PEM survey. 

* Tex t  continues on page 69. 



Figure 7.4. Results o f  a borehole Puke E M  survey for Figure 7.5. Results o f  a borehole Pulse E M  survey for a 
Corporation Falconbridge Copper in the Dufault area, hole collared only 70 rn away from the borehole in Figure 7.4. 
Quebec. Conductive body detected, below and o f f  to  the Conductive body detected at 950 rn (3100 fee t )  o f f  t o  the side 
side, from the bottom o f  the hole at 950 rn (3100 feet). o f  the hole. 

LEAD-ZINC 
VALUES 

\ 

Figure 7.6. Geological section showing a borehole which intersects lead-zinc 
mineralization in Virginia, United States o f  America. 
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Figure 7.7. Results o f  Pulse E M  logging o f  the borehole shown in Figure 7.6 with transmitter 
loop located t o  the north, south and around the borehole collar. 
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Figure 7.8. Results o f  Pulse EM logging as in Figure 7.7 for  transmitter loops located t o  the 
west, east and around the borehole collar. 
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Figure 7.9. Primary field direction diagrams for transmitter loops located t o  the north, south 
and around the collar o f  the Virginia lead-zinc borehole. 
top: T x  loop north of borehole; negative "in-holeff anomaly, positive lloff-hole" anomaly. 
middle: Tx  loop around borehole collar; positive "in-hole1' anomaly, negative lloff-holell 
anomaly. 
bottom: Tx  loop south o f  borehole; positive "in-hole" anomaly, negative "off-holerr anomaly. 



a'
>

 
a'

>
 

- ;5 a
u

; 
i 

I 
I 

I 
I 

I 
t 

I 
;1

:1
1

;:
1

1
 
=

 
I 

I 
I

T
 

I 
I 

I 

. 
-

; 
• 

'
~
,
~
,
,
~
 

-
. -

-..
 ·:

 
~ 
~
B
f
 h

 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

1 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I 

I 
I o

 

lll
m

 

B
O

R
E

H
O

L
E

 "
A

" 
1

0
1

• 

,,..
. 

--
-

... ;
:;:

:.:
~-=

-=-
·=

-=
-=
=-
--
--
::
. -
~
-

-.:_
-_ 

-...
... _

_ 

~-
=-
--
=-
~-
= 
-~

.:.--
-::

_-;
:-;

 __
 _

 --
-
-
-
-
-
-
-
~
-
-

-
--

-
.....

....
.... 

-"
\ 

\ 
I 

l 
/ 

'A
' 

H
E

M
 

~
-

:·
·.-a
O 

.:
n

o 
o

. 
-~
~
~

o-'
0 ~<

1-
Yn

n'
..;.

-c:r
.-•.-
~

•A
Y
X
b
 

_7
,,

,J
 0

 

G
E

O
L

O
G

IC
A

L
 

S
E

C
T

IO
N

 

G
ab

br
o 

D
yk

e 

~
 
-

-
S

ul
ph

id
es

 
lO

O
M

 

2
0

0
M

 

3
0

0
M

 

'
4

0
0

M
 

5
0

0
M

 

F
ig

u
re

 
7.

10
. 

P
u

ls
e 

E
M

 
su

rv
e

y 
in

 
b

o
re

h
o

le
 

'A
', 

p
e

n
e

tr
a

ti
n

g
 a

 
m

a
ss

iv
e 

su
lp

h
id

e
 

d
e

p
o

si
t,

 C
h

ib
o

u
g

a
m

a
u

 a
re

a,
 Q

ue
be

c.
 

G
e

o
lo

g
ic

a
l 

se
c
ti

o
n

 a
ls

o
 s

ho
w

n.
 

:.
 --.

..
 

H
 n
r
~
 
~ 

~'
 •n

 ~ 
' 

B
O

R
E

H
O

L
E

 "
B

" 

- ' 
- • 

'
~
,
~
,
,
~
 

-
c::

._:
:.::

-:-
:-:

-:-
t:_

 
:::::

::---
----

G
E

O
L

O
G

IC
A

L
 

S
E

C
T

IO
N

 G
a

b
b

ro
 

D
yk

e 

's
' 

o_
rf."

:,..
;·.n

 _o
:;c

 

-
i 

;;
;;

,·
; 

• 
• 

•
•
 l

' 
• 

5D
m 

u
e
. 

IS
O

• 

---
~ 

\,i 
)
/
 I•S

O
• 

( /
/!

 
IS

O
D

• 

.. 
' 

's
so

. 

,,o
. 

·•r
.·s

··
o lO

O
M

 

2
0

0
M

 

3
0

0
M

 

4
0

0
M

 

5
0

0
M

 

F
ig

u
re

 
7.

11
. 

P
u

ls
e 

E
M

 
su

rv
e

y 
in

 b
o

re
h

o
le

 '
B

', 
C

h
ib

o
u

g
a

m
a

u
 a

re
a,

 Q
u

e
b

e
c

, 
w

it
h

 
g

e
o

lo
g

ic
a

l 
se

c
ti

o
n

 1
00

 m
 a

 w
a

y 
fr

om
 t

h
e

 s
e

c
ti

o
n

 i
n

 F
ig

u
re

 7
.1

 0
. 



01- -- a 0) - 
J 

02- -- a, 
k 

0s- -- 0 

0b- -- 2 Li 
09- -- , a, 
09- -- J CI 

on- -- 3 3 
001- -- % 0' 

u- 
002- -- 00 u c; E 
00s- 
00b- 
003- 
009- 

008- 

-I u 
-- d u -- 
-- 
-- 
-- 

OOOI- - 
r) 

4 t 
0 

a a r r: c r: r! 0 t 
u U U Y u 

w w 

0 0 
0 0 0 

W 
0 0 0 0 0 

U 
0 2 W 

I0 i N N N R ... a m P, Y) 
0 

0 

8 2 " " w * ", 



I 
F

ig
ur

e 
7.

14
. 

R
es

ul
ts

 o
f 

P
uk

e 
E

M
 s

ur
ve

y 
o

f b
or

eh
ol

e 
'C

', 
A

ns
il

 d
ep

os
it

, 
N

or
an

da
 a

re
a,

 Q
ue

be
c.

 

I 

Fi
gu
re
 7

.1
5.

 
R

es
ul

ts
 o

f 
P

ul
se

 E
M

 s
ur

ve
y 

o
f 

bo
re

ho
le

 '
Dl
, A

ns
il

 d
ep

os
it

, 
N

or
an

da
 a

re
a,

 Q
ue

be
c.

 



Borehole Pulse EM a t  t h e  Ansil discovery Noranda area ,  
Quebec 

In 1981, drilling from surface,  Corporation Falconbridge 
Copper discovered a massive sulphide, copper, zinc deposit a t  
a depth of 1266 m. This is probably a record for discovery of 
a massive sulphide body based on extrapolation of geological 
information. Corporation Falconbridge Copper were  the  
early advocates  of surveying deep exploration holes with 
Pulse EM. At  the  t ime of the  Ansil discovery their  
equipment was l imited by the  cable length t o  1000 m. A f t e r  
the  Ansil ore  grade intersection in borehole 63 their  Pulse EM 
equipment capabili t ies were  quickly increased to  2000 m and 
new records were  also established for  deep downhole EM 
logging. 

The Ansil deposit was not a simple,  textbook type 
geophysical target .  Directly above the  massive sulphides, 
occurring a t  the  rhyolite-andesite contact ,  was  an a l tera t ion 
pipe some 200 m high. This a l tera t ion zone carr ied  f r a c t u r e  
filling and pillow lining sulphides, predominantly pyr i te  and 
pyrrhotite.  Although these  sulphides were  minor in con ten t ,  
they did in terconnect  t o  form a very large,  complex zone of 
high conductivity. Also below the  massive sulphides \was a 
stringer copper zone of excellent conductivity. The ear ly  
discovery boreholes, drilling down through the  cen t r e  of this 
complex s t ruc tu re  of a l tera t ion pipe, massive sulphides and 
footwall  f r ac tu re  zone produced strong e r r a t i c  pulse EM 
anomalies extending over  a distance of 500 m, f rom 1000 t o  
1500 m deep. The ore  bearing massive sulphide zone 

West - 

Alteration Zone 
Stringer Sulphides 

Massive Sulphide a Zone 

,X,, Stringer Copper 
x Zone 

Andesite - Rhyolite 

Figure 7.16. Simplified geological s ec t ion  showing the  Ansil deposit, a massive sulphide 
copper-zinc body, Noranda area ,  Quebec 



produced only a small  "blip" i n  this complex zone of 
conductive anomalies. The pulse E M  surveys f rom these 
early holes therefore did not  contribute much information as 
to  shape or size o f  the deposit. Fortunately where the 
geophysical information was min imal  the geological 
information was very positive. With holes that missed 
mineral izat ion the geophysical response patterns simpl i f ied 
and started to produce more positive information as to  the 
boundaries o f  the various sulphide zones. 

The borehole results f rom holes "A", "B", "C" and "DM 
are shown (Fig 7.12 - 7.15), along w i th  a simpl i f ied geological 
section (Fig 7.16). The broad "off-hole" anomaly obtained i n  
hole "A" is caused by the ent ire complex zone o f  conduct ivi ty 
not  just the ore bearing massive sulphides. The distance to  
the nearest conductive edge would be i n  the order o f  100 m. 
I n  hole "6" this broad anomaly separates in to three zones, the 
lower of which, f rom geological correlation, is the 
massive-sulphide conductor a t  the contact. Distance to  this 
edge is calculated at  50 m - the marginal reach of a wedged 
hole - the borehole PEM survey conclusion would be that 
wedging this hole could be r isky in  that the wedged hole may 
not intersect the massive sulphide zone. In  borehole "C" the 
hole cu t  through and alongside the central  al terat ion zone, 
then intersected the massive high grade sulphides and then 
went into the footwal l  stringer copper mineralization. As 
mentioned the anomaly f rom the massive sulphide zone is 
hidden within this complex pattern of E M  responses. Wedging 
here is determined ent irely on the basis of geological 
information. In  borehole "DM the hole misses the alterat ion 
zone detected as "off-hole" conductors. A t  the contact a 
narrow intersection of sulphides carrying weak zinc values 
was intersected. The borehole PEM anomaly is however a 
typical "edge" type indicating the sulphides are part of the 
main massive-sulphide body. I n  this case wedging of the hole 
was def ini tely recommended. The wedged hole subsequently 
cu t  a wide intersection o f  good grade copper mineralization. 

The Ansi l  borehole EM survey program is an excellent 
example o f  where accurate interpretat ion o f  the complex 
geophysical data is completely dependent on detailed 
correlat ion w i t h  the known geological information. The 
interpretat ion is carr ied out by comparison o f  the downhole 
PEM logs w i th  geological sections - i n  most cases every 
"wiggle" o f  the geophysical log could be at t r ibuted to  known 
o r  extrapolated sulphide zones. The impor tant  anomalies 
then by this process could be recognized and evaluated 
accordingly. 
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TRANSIENT ELECTROMAGNETIC BOREHOLE LOGGING 
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Abstract  

Explorat ion for  electr ical ly conductive sulphides can be carr ied out  using a transient 
electromagnetic technique i n  which the transmitter consists of a large loop la id  out on the surface, 
and the receiver co i l  i s  lowered in to  a borehole. Wi th the Geonics EM37, the transmitter waveform is 
a bipolar current pulse exhibiting a rapid turn-off, and measurement is made o f  the t ime derivat ive 
o f  the axial  magnetic f i e ld  i n  the borehole a t  20 t ime  intervals during the period tha t  the t ransmi t ter  
is off .  Since measurement is made during the o f f - t ime  the system response is essentially invariant to 
changes i n  transrnitter/receiver coupling, making i t ideally suited fo r  borehole work. 

Several advantages arise f r o m  commencing the measurement a t  a short t ime a f te r  transmitter 
turn-off. F o r  example poorer o r  smaller conductors exhibi t  a response which has large in i t i a l  
amplitude bu t  decays rapidly, so that signal is lost a t  la te  times. Measurements made a t  early t imes 
on bet ter  conductors are diagnostic o f  conductor geometry, since the currents are essentially on the 
conductor surface; however, a t  early time, there is also significant response associated w i th  currents 
induced i n  the overburden and host rock, even when they are quite resistive. I t  is necessary t o  
distinguish between these responses and that  f rom conductive targets. This paper presents the results 
o f  calculations i l lustrat ing the response f r o m  overburden, host rock, and confined targets. 
Techniques for  separating out  the responses using both spat ial  and temporal variat ion are 
demonstrated. 

L a  prospection des sulfures conducteurs peut &t re effectuge a I1aide dlune technique 
Blectromagn6tique transitoire qui u t i l ise un  Bmetteur constitug dlune grande boucle installee en 
surface e t  dlune bobine receptr ice d6posee au fond du trou. Dans le  cas de I'appareil Geonics EM37, 
l a  forme d'onde de 116metteur est une impulsion bipolaire 3 blocage rapide; on mesure l a  d6riv6e 
temporelle du champ magnetique axial  dans l e  sondage 20 reprises pendant que 116meteur est ferm6. 
Puisque les mesures sont prises lorsque I'bmetteur ne fonctionne pas, les rBsultats sont 
essentiellement insensibles aux changements dans l e  couplage Bmetteur-rkcepteur, ce qui  rend ce t te  
methode idgale pour les travaux dans les sondages. 

I1 y a plusieurs bonnes raisons de commencer tI prendre les mesures peu aprhs avoir ferm6 
I1bmetteur. Par  exemple, les conducteurs de moindre qualit6 ou de plus p e t i t  calibre donnent une 
rBponse fo r te  amplitude in i t ia le  qui s'amortie rapidement de sorte que plus tard, l e  signal se perd. 
Les mesures effectuees t 6 t  sur de meilleurs conducteurs sont caract6ristiques de l a  geometric du 
conducteur puisque les courants se trouvent essentiellement tI l a  surface de celui-ci; toutefois, au 
debut il y a aussi production dlun 6cho associ6 aux courants induits dans l a  couverture e t  l a  roche 
encaissante meme lorsque celles-ci sont trhs r6sistantes. I1 est n6cessaire de faire l a  dist inct ion 
entre ces reponses e t  celles qui proviennent des cibles conductrices. C e t t e  Btude pr6sente les 
rBsultats des calculs montrant l a  reponse provenant du ter ra in  de couverture, de l a  roche encaissante 
e t  des cibles retreintes. E l le  decr i t  des m6thodes de separation des reponses qui ut i l isent l a  fo is  les 
variations spatiales e t  les variations ternporelles. 

' Geonics Limited, 1745 Meyerside Dr., U n i t  8, Mississauga, Ontario L5T 1C5 



Introduct ion 

The technique o f  transient or t ime  domain 
electromagnetic (TEM) surveying is finding ever wider 
application i n  the f i e ld  o f  resource exploration and 
development. This paper describes the technique as 
embodied i n  the Geonics EM37/BH43 borehole system, 
outlining the basic physical principles which come in to play. 
The nature of the instrument response to  conductive 
overburden, host rock, and confined bodies are discussed. 
More detailed treatments can be found i n  the references 
listed at  the end of the paper. 

Measurement technique 

The procedure used i n  borehole logging is to lay a large 
loop transmitter (Fig 8.1), typical ly hundreds of metres on a 
side, in  the v ic in i ty  of the borehole. Several d i f ferent  loop 
positions commonly are used to aid i n  interpretation. The 
receiver is lowered into the borehole, and data are collected 
a t  each station chosen for  measurement, using a magnetic 
tape data logger located a t  the surface. A n  HP85 computer 
is used for f inal data edit ing and reductions. 

Transient E M  is distinguished f rom the more fami l iar  
frequency domain E M  by the transmitter waveform, and by 
the way i n  which the receiver signal is analyzed (Fig 8.2). I n  
the case o f  the EM37, a steady current o f  up t o  30 amperes is 
caused to f low in  the transmitter loop, for  a t ime  suff ic ient ly 
long to allow transients induced i n  the ground by the switched 
current essentially to dissipate. This current is then turned 
o f f  sharply, which results in  currents being set up in  the 
surrounding medium so as to oppose any instantaneous change 
in  the magnetic field. These currents then decay away 
according to the conduct ivi ty structure of the medium (as 
w i l l  be discussed in  more detai l  below) and it is the f ield due 
to these currents - or more precisely the t ime derivative of 
this field, dB/dt, - which is measured a t  the output of the 
receiver coil. 

The EM37 receiver divides the t ime period a f te r  turnof f  
i n to  20 segments or gates, covering a range o f  2 decades i n  
t ime  f r o m  the earliest to  the last, or 3 gates per "octave". 
The signal for  each qate is added t o  the signal for  the same 
gate for previous repeti t ions o f  this basic cycle (stacking), 
un t i l  adequate signal-to-noise is reached. 

Figure 8.1. Typical borehole Transient E M  logging 
arrangement showing large transmitting loop on the surface 
near the hole and receiver lowered downhole to make 
measurements. 

One principle advantage o f  TEM over frequency domain 
E M  is that, i n  the above manner, responses which are 
analogous to  responses fo r  20 single frequencies ranging over 
2 decades, are gathered a t  the same time, ra ther  than having 
to  be recorded separately. With the EM37 operating a t  a 
base frequency of 30Hz, the earliest gate, is centred 89 y s  
a f te r  the end of turnoff, and the latest gate a t  7.2 ms. I f  
later times are important a lower base frequency may be 
used. 

Another advantage is that, since measurements are 
made while the TX current is turned off ,  the measurements 
are insensitive to small variations in  the RX orientation, 
which could other wise produce changes in  coupling w i th  the 
pr imary field. 

One complication in  analyzing the response arises due 
t o  the fact  that the transmitter turnof f  is not actually 
instantaneous, but rather takes place over a f i n i te  period of 
time. I n  fact, for  the 3OHz base frequency, the turnof f  ramp 
is typical ly 300 y s  long, whereas the 1st gate starts less than 
100 y s  a f te r  the end o f  turnoff .  This means that  the 
response measured by the instrument is no t  quite the same as 
would be expected fo r  an ideal impulse, but  is rather the 
ideal impulse response convolved w i t h  a rectangular 
waveform o f  width equal to  the duration o f  the turnoff. As 
the di f ference can be quite significant for  the earl ier gates, 
this must be taken in to account, and a deconvolution 
operation may be carr ied out as par t  of the data reduction 
procedure. 

Other TX waveforms are used in  TEM work as well. 
One part icular case of interest is the UTEM system, in  which 
the waveform used is essentially triangular i n  shape. The 
e f fec t  is to  provide a response which corresponds to the B 
f ie ld  which would be obtained for  the case o f  an EM37 type 
of waveform, as opposed to  dB/dt. The cost is having to  
make measurements while the TX is on. 

Tronsrn~ t te r  current t (and Drlrnary rnognerlc f~eld) 

t Induced e m f  

Secondary ( lo rge l )  cu r ren t  and 
rnagnel lc  held 

Figure 8.2. Transient EM ( T E M )  wave form, showing 
induced e m f ,  the secondary magnetic field, and initial 
sampling time gates for a typical transient. 



Horizontal Thin Sheet 

Thickness 

At late time (horizontal coi l  receiver) 

s Signal voltage oc - 
t 4  

Figure 8.3. Current  flow f o r  the  unconfined s i tuat ions  of a thin conductive horizontal  shee t  
overlying a highly resistive medium considered a s  f r e e  space.  

The EM37 reduction sof tware  routinely provides B, a s  i t  
is automatically calculated in the  process of deconvolving the  
waveform, and so may be used with in terpre ta t ion techniques 
based on this quantity ra ther  than dB/dt. 

Secondary responses 

Resistive environment 

Returning to  the  secondary response due to  currents  s e t  
up in the  surrounding medium, i t  is instructive to examine 
wha t  we might expect  in some idealized situations. The 
simplest ca se  is, of course, f r e e  space. In pract ice  this 
means an environment with resistivity so large tha t  the 
currents  have decayed to  levels below the  detect ion l imit  by 
t h e  t ime  the  1st g a t e  begins; r a the r  uninteresting except  t o  
note tha t  this has happened. 

Thin sheet  

Not quite so trivial  is  the  situation of a thin conductive 
overburden, overlying a highly resistive medium which may 
be considered again a s  essentially f r ee  space  (Fig 8.3). In this 
case a current  flow is s e t  up in the  sheet  which a t  very early 
t imes  is concentra ted  very closely in the  vicinity of t he  TX 
loop. (This distribution mirrors the  field which existed 
immediately prior to turnoff). However, t he  current  rapidly 
diffuses across the  shee t  and the  field eventually decays a s  
t -3 .  The field for t he  thin sheet  may be easily calculated, a s  
image theory tells  us tha t  t he  response is t ha t  which would be 
obtained for a current  loop which is the  s ize  and shape of the  
TX loop, but which moves away from the  measurement  point, 
in a direction perpendicular to the sheet ,  with a velocity 
inversely proportional t o  t h e  p la te  conductance. 

Half -space 

In the  case  of a conductive half-space,  t h e  current  
distribution is again initially confined to  the  vicinity of t he  
TX loop; in this case, however, t he  diffusion of the  current  
proceeds downards a s  well a s  outwards. Figure  8.4 shows 
current  density contours calculated by Nabighian (1979). 
(Hoversten and Morrison, 1982, have published similar 
contours for  up to  3 layers.) The peak cu r ren t  density is seen 

Metres x 100 Metres x 100 

c o n t o u r s  x I O . ~ A / ~ ~  Contour5 x 16' A / ~ Z  

- = O O l s e c / m h o / m  - t = 0 . 1  sec / m h o / m  
0 

Metres a 100 
LOOP 4 

8 
0 
E! 12. 

,. 20- 

I Contours  x lo-' A l m 2  I Con tou rs  r 1 0 ' I O A / m ~  

Figure 8.4. Cur ren t  density contours, computed by 
Nabighian (1979), passing through the  loop cen t r e  f o r  a loop 
of dimensions 400 x 800 m. 
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to move downwards and outwards at  about 30° f rom confined conductors. The i m p t a n t  factors t o  be considered 
horizontal. The shape of the current distribution i n  the are the electr ic f ie ld  vector, E,-and the ra te  of change of the 
qround is a funct ion of pt, the product o f  the resist iv i ty and magnetic f ie ld  vector, dB/dt or B. 
the measurement time: indeed- the peak in  current density The ef fect  of the E f ie ld  is rather involved, and 

at a distance from the TX given by dependent on the conduct ivi ty and shape of the target  body, 
1.6 ( ~ ) ' k m *  ''bighian also pointed out that  the f ield as and the conduct ivi ty of the host rock as wel l  ( ~ d ~ ~ ~ d ~ ,  1974; 
measured a t  the surface at la te time, is in  fact close to that Kaufman, 1978); however the net result is current flow in the 
due a current loop as 'It and downward conductive body in the direction of and in proportion to the 
and outward a t  47O. This is a simpl i f icat ion which is useful i n  f ield i tse l f  - the so-called current gathering e f fec t  or 
understanding the type of response we see i n  pract ical cases. Galvanic resDonse - accompanied bv a diffuse return current 

Figure 8.5 shows responses alonq a 45O borehole i n  the host medium. No te ' tha t  if ;he host medium is highly 
extending to a depth of 500 m in  a 50 ohm-metre half-space, resistive, the fie1 dies away rapidly, as does this current, 
fo r  3 di f ferent  positions o f  a 200 m radius circular TX loop: accordinq t o  a t - 4 ~  power law. 
centred over thk upper end, middle portion and deep end bf 
the borehole respectively. The responses p lot ted are for the 
axial  downhole component o f  the f ie ld  i n  units o f  n v / m 2  for  a 
1 amp TX current. (EM37 noise levels are not discernable 
w i t h  this p lo t t ing scale, so these responses w i l l  occur a t  high 
signal-to-noise ratio). I n  Figure 8.5a we see results for  
earlier gates 2,5, and 8, corresponding to  pt  values of 
approximately 0.005, 0.01 and 0.02 ohm-m-s. The response 
tends to peak i n  the upper portion of the drillhole, although 
there is some indication of the peak becoming deeper and 
broadening towards the la ter  times. A t  points wi th in  the 
borehole, it can be seen that a t  earlier times the response 
may actual ly increase i n  amplitude w i th  time. The detailed 
shape o f  the response, as might  be expected, depends very 
much on T z  position. I n  fact, for these gates, the response 
w i t h  the TX loop centred over the deep end o f  the hole is 
opposite i n  sign to  the responses for the other 2 TX positions: 
the upper port ion o f  the borehole is outside the ef fect ive 
current loop i n  the ground for the one Tx, inside for the 
other 2. 

Figure 8.5b shows the responses for la ter  gates, p t  
being 0.04, 0.08 and 0.16 for gates 11, 14 and 17. As the 
currents move farther f r o m  the original TX positions, the 
responses become smaller, deeper, and broader, and the 
differences i n  TX position become less and less important. 

Confined conductors 

The response o f  confined conductors is of considerable 
interest, as this is a model which can often be used to  
represent ore bodies. Figure 8.6 i l lustrates the physical 
e f fects  which combine to  set up current f low i n  

The secondary f ie ld  produced by the Galvanic 
component of the current can be useful i n  determining the 
position o f  the body; much more information, however, can 
be obtained about the body i f  e f fects  o f  vortex currents, 
produced by dB/dt, can be observed. As i n  the case o f  the 
thin sheet or half-space, any change in  the magnetic f ield 
sets up currents which in i t ia l ly  are confined to  the surface of 
the body and which oppose the change i n  the field. The 
currents at  this t ime can be considered as loops at  the 
surface o f  the body, circulat ing i n  planes p_erpendicular t o  the - 
B vector excitation. Once the in i t i a l  B disappears, these 
currents diffuse to the inter ior of the body i n  a manner which 
is determined by i t s  shape and conductivity. Conceptually, 
the currents may be resolved in to component currents, the 
paths o f  which are character ist ic o f  the body's shape 
(eigencurrents). These eigencurrents each decay 
exponentially a t  rates which re f lec t  the ef fect ive L/R t ime 
constants for  the d i f ferent  current paths. A t  suff ic ient ly 
la te t ime  (late stage), the current path w i th  the largest decay 
t ime constant w i l l  dominate (Kaufman, 1978). 

I n  the case o f  a thin, p la te- l ike body, the currents w i l l  
quickly be reduced to those i n  the plane of the plate, 
although the distr ibut ion wi th in  the plane w i l l  continue to  
change un t i l  the la te stage for the largest loop is reached. 

Examination of the secondary f i e ld  due t o  vortex 
currents i n  a confined conductor can reveal several 
properties. The longest decay t ime constant is proportional 
t o  the conductivity t imes the smallest cross section o f  the 
body. The spatial variat ion of the f ie ld  is indicat ive not only 
o f  the position o f  the body, but also of the or ientat ion of the 
ef fect ive plane of the vortex current. For  example, a thick 

Figure 8.6. Current flow for the situation of a confined conductor showing induced currents and 
secondary electric and magnetic fields a t  the receiver.  



body w i l l  produce a response which corresponds to  currents i n  
a plane determined in i t ia l ly  by the direct ion o f  the pr imary 
field, but  which eventually rotates to  a direct ion 
character ist ic of the body's own geometry. It may of ten be 
distinguished by this type o f  behaviour f rom a thin plate- l ike 
target in  which the vortex currents always remain in  the 
plane of the plate. 

A t  suff ic ient ly early and suff ic ient ly la te times, the 
Galvanic currents due to  the E f ie ld  w i l l  dominateJhe vortex 
currents set up i n  the confined conductor by 6. Under 
favourable conditions, however, the vortex response may be 
strong enough to be useful i n  interpretation. It can be shown 
that  the ra t io  of the vortex current to  the Galvanic current is 
a t  i ts  maximum at  a t ime  af ter  turnoff  equal to a few vortex 
decay t ime constants. 

Figure 8.7 shows the borehole response for  the la te 
stage vortex currents i n  a plate- l ike confined conductor. The 
shape is constant, but the amplitude decreases exponentially 
w i th  time. The asymmetry o f  the shape is characteristic o f  a 
body which is dipping w i th  respect to the borehole direction, 
while the width of the response ref lects the distance f rom 
the borehole. The actual plate-borehole geometry is shown 
i n  Figure 8.8 - the curves o f  Figure 8.7 being generated by 
the plate w i th  the solid boundary. A n  interpretat ional 

Figure 8.7. Borehole T E M  response for late stage vortex 
currents in a plate-like confined conductor. 

problem arises i n  borehole work when only the f ie ld  
component along the borehole axis i n  measured, as the 
response produced by currents i n  a body i n  one part icular 
position does not change i f  the body is ro tated arb i t rar i ly  
about an axis along the borehole. Thus the f la t - l y ing  plate 
(dashed boundary i n  Figure 8.8), when suitably excited, can 
produce the same shape response as the vert ical plate. The 
main difference w i l l  be the amplitude of the response. 
Indeed, by using several d i f ferent  positions o f  the T X  loop it 
i s  possible t o  resolve such ambiguities, through consideration 
of the response amplitudes for  d i f ferent  possible body 
positions and how these vary w i th  the TX positions. 

Figure 8.9 shows the vortex response o f  the vert ical 
plate i n  Figure 8.8, combined by simple addition w i t h  the 
response for  the 50 ohm-metre half -space, for  the same 3 TX 
positions used earlier. (Simple adding of the responses is not  
s t r ic t ly  correct, but  o f ten close enough.) The la te  gates only 
are shown; a t  the earl ier t imes the plate response is almost 
completely lost in  the half-space response. As can be seen 
the plate response is strongest w i t h  the TX to  the le f t .  Note 
also the change in  sign of the response between the l e f t  and 
the other two TX positions. The variat ion in  behaviour would 
be very d i f ferent  were the plate ly ing i n  the horizontal 
position. 

Another point i l lustrated by this set o f  responses is the 
importance o f  recognizing the influence of the half-space on 
the prof i le shapes. Any at tempt  to determine at t i tude 
parameters for the plate, for  example f rom the shape of the 
curves w i th  the l e f t  T X  position, is l ikely to be considerably 
in  error if the e f fec t  of the half-space response is no t  f i r s t  
removed w i t h  suff ic ient accuracy. 

I n  conclusion, transient EM can be a powerful  tool i n  
borehole applications; however, attent ion must be given t o  
the various interpretat ional complications i f  it is to be used 
most effect ively. 

Special acknowledgement is extended to Mark Goldman 
of the Inst i tute fo r  Petroleum Research and Geophysics, 
Holon, Israel, who provided the or iginal computer programs 
for  calculating the borehole half-space fields. 

Figure 8.8. Plate-borehole geometry. The curves in Figure 8.7 were generated by the plate with 
the solid boundary. 
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DIRECTIONAL EM MEASUREMENTS IN BOREHOLES 
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Abstract 

The objective o f  geophysical exploration f r o m  boreholes is t o  indicate direct ion and distance t o  
promising targets. To improve the possibilities for  3 -D  interpretat ion o f  the surrounds, a system 
capable o f  measuring three magnetic f ie ld  components i n  the hole has been developed. 

The system generates a continuous wave electromagnetic f i e ld  f r o m  a large ground transmitt ing 
loop, working a t  2 frequencies, 200 and 2000 Hz. A n  ef f ic ient  noise reduction is performed i n  the 
receiver. This makes measurements in  mines possible even when mining operations take place. 

The probe measures the EM-f ie ld  parallel t o  the hole and the horizontal f i e ld  perpendicular to  
the hole. The th i rd  component is perpendicular t o  the two other components. The three components 
create a right-hand system. The amplitude and phase are recorded f o r  each component. Phase 
reference is transmitted t o  the receiver by a radio communication link. I n  underground work a 
separate small loop can be used t o  provide a local  phase reference. 

Measurements have been made down t o  a depth of about 1000 m. Continuous operations have 
been undertaken during the last 3 years. The potent ial  range fo r  the detection o f  a conductive target 
of economic size is a t  least 75 m. 

The interpretat ion scheme has been developed according t o  two  lines. I n  general everyday work 
a computerized in teract ive system based on graphics and s impl i f ied fast  calculations i s  used. I n  
addition, a more advanced interpretat ion system has been developed, describing a l l  components and 
their phases i n  the presence o f  an in f in i te  surface, a layered earth, and a buried bounded 
inhomogenei ty. 

L'exploration geophysique des sondages a pour objet d'indiquer l a  direct ion e t  l a  distance des 
cibles prometteuses. U n  systbme pouvant mesurer les trois composantes du champ magn6tique dans 
un sondage a 6t6 mis au point en vue d'ameliorer les possibilites en mathre d1interpr6tation 
tridimensionnelle des environs. 

L e  systhme produit  un champ Blectromagn6tique B ondes continues au moyen dtune grande 
boucle au sol qui transmet 2 frequences, soit 200 e t  2000 Hz. L e  b ru i t  est attenue eff icacement dans 
l e  recepteur, ce qui permmet de prendre les mesures dans les mines meme pendant les travaux 
d'exploitation. 

L a  sonde mesure l e  champ 6lectromagn6tique parallhle au t rou e t  l e  champ horizontal 
perpendiculaire A celui-ci. L a  troisibme composante est perpendiculaire aux deux autres. Ces t ro is  
composantes cr6ent un  systhme A droite. L'amplitude e t  l a  phase de chaque composante sont 
enregistrBes. L a  reference de phase est transmise au r6cepteur par l iaison radioelectrique. Pour les 
travaux souterrains, on peut ut i l iser une pe t i te  boucle dist incte pour fournir  une r6f6rence de phase 
locale. 

Les mesures ont 6 th effectu6es A une profondeur maximale d'environ 1000 m. Les travaux se 
sont poursuivis sans interrupt ion depuis trois ans. L e  rayon de detect ion possible dtune cible 
conductrice de dimension rentable est d'au moins 75 m. 

L e  plan d'interpr6tation a 6t6 mis au point en ut i l isant deux m6thodes. Pour les travaux 
courants, on ut i l ise un systhme in teract i f  informatis6 fond6 sur des graphiques e t  des calculs rapides 
e t  sirnplifi6.s. On a Bgalement mis au point un systgme dVinterpr6tat ion plus detail16 qui d6cr i t  toutes 
les composantes e t  leurs phases en presence d'une surface infinie, d'un ter ra in  s t ra t i f ie  e t  d'une 
h6terogeneite l im i t6e  enfouie. 

Boliden Mineral AB, 5-936 00 

Inst i tute o f  Theoretical Physics, S-412 96 Gothenburq, Sweden 



Reference - 

Figure 9.1. A sketch of the system arrangement in a field application. 



Introduct ion - 
The exploitation of outcropping massive sulphide ore 

bodies is the basis for the 9 productive mines i n  the Skellefte 
f ie ld  i n  northern Sweden. Exploration has been carried out 
during more than 60 years and probably the most important 
outcropping deposits have been found today. To maintain the 
ore reserves beyond the year 2000 we have t o  f ind some new 
deposits. Such deposits can probably be found a t  greater 
depth. 

To access the deeper parts o f  an old mining d is t r ic t  we 
have t o  improve the performance of the exploration 
technique and to  a larger extent use expensive boreholes t o  
gain new information. Geophysical borehole techniques 
therefore become of great importance (Malmqvist and 
Malmqvist, 1983). 

The py r i te  dominated massive sulphide ore bodies o f  the Bh 5 
Skellefte f ie ld  are generally steeply dipping and have a high 
conduct ivi ty (Rickard and Zweifel, 1975). Consequently, they 
are ideal targets for  EM-techniques. I 200m , 

To gain new information f rom measurements i n  a 
borehole we specified, a t  the beginning of the work, the Figure 9.3. Finnsjon area. The horizontal projection of  the 
system to have an abi l i ty to  locate a massive conductive ground loop and the boreholes investigated. 
sulphide deposit o f  economical size 50 t o  100 m f rom 

J 
X 

Figure 9.2. The arrangement of  the coils and the definition 
of the x - ,  y- and z-directions. 

I 
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Figure 9.4. ~inns jon  Bh 6 .  A comparison between the 
theoretical model and the measured data for the 
x-component a t  2000 Hz. The solid line represents the 
measured data and the broken line the theoretical model. 
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the hole. We also wanted the system t o  have the abi l i ty t o  
determine the att i tude of the target, and the direction t o  the 
target f rom a single hole. We also required the system to be 
usable i n  an operating mine. By now, i t  has been operating 
f o r  3 years. I n  this paper we present a br ie f  review of the 
system. 

Equipment 

The system basically consists of a large ground loop 
transmitter and a receiver register ing the three 
perpendicular components of the magnetic field. A sketch o f  
the system is  given i n  Figure 9.1. 

The transmitter can feed the loop w i t h  a 4 ampere 
alternat ing current. I t s  maximum power is 1000 W and i t  
operates a t  two frequencies, 200 and 2000 Hz. A 
character ist ic size o f  the transmitt ing ground loop is 
1000 m X 1000 m. 

The receiver measures the magnetic f ie ld  i n  three 
perpendicular directions. The coils are placed w i th in  
the 3 2 m m  wide probe and f o r m  a righthanded 

2 00 400 600 
Depth ( r n )  

Figure 9.5. Finnsjon Bh 5 .  A comparison between the 
theoretical model and the measured data for the 
x-component at  2000 Hz. The solid line represents the 
measured data and the broken line the theoretical model.  

co-ordinate system. One coi l  measuring the x-component is 
f ixed w i th  i t s  axis paral lel  t o  the hole. The other two, 
y and z, are f ixed on a gimbal mounted f rame using gravity as 
a reference. I n  the system the y component is chosen t o  be 
horizontal (Fig. 9.2). 

The coi ls are tuned t o  a bandwidth o f  150 Hz. The 
signals f rom the three coils are preampli f ied and transmitted 
t o  the surface through a coaxial cable. A reference signal is 
transmitted t o  the receiver f r o m  the t ransmi t ter  by  a radio 
communication link. I n  the receiver, located on the ground, 
the signals are processed and the amplitude and phase fo r  the 
three components are computed. To  improve the  signal t o  
noise rat io  the bandwidth of the detector is reduced t o  1 Hz. 

The accuracy of the instruments is of the order of 
+ 2% of the measured amplitude and f 2 degrees i n  phase 
w i th in  the range 0.05-16 nT. 

The data are recorded i n  the instrument. A t  the end of 
the day the data are transferred t o  floppy disk and sent t o  a 
central  computer f o r  processing. Together w i t h  in format ion 
about the at t i tude o f  the borehole the measured components 
are transformed t o  a co-ordinate system suitable f o r  
presentation. 

To be able t o  f i nd  low amplitude anomalies caused by 
distant targets, and t o  be able t o  in terpret  the in format ion 
inherent i n  the phase measurements, a quite general 
theoret ical model of the propagation of the electromagnetic 
f ie ld  i n  the ground has been developed. Such calculations 
consume much computer t ime  and are mainly used t o  guide 
the interpretat ion under specific circumstances. Therefore, 
a simpl i f ied model for  the treatment of the borehole data is 
also applied. This procedure is much faster and allows 
interact ive interpretat ion work. We have found i t  possible t o  
use it i n  areas o f  we l l  known bedrock properties. Examples 
w i l l  be given f r o m  both models. 

Lad/ 

Figure 9.6. Kankberg Bh 109. Vertical projection. 



Theoret ica l  modelling 

Consider a completely homogeneous space  with 
dielectric c o n s t a ~ $ c ,  permeability and conductivity a. A 
cur ren t  density J ( r )  in a volume V will c r e a t e  a radiation 
f ie ld  H. If we assume stationary t i m e  conditions with 
frequency f (a f a c t o r  e-Iwt is suppressed ttiroughout the  
paper, w = 27rf) we have+the following representation of the  
radiating magnet ic  field H (;t) according t o  Kristensson, 1983: 

-. +I 

= J ~ J  (7) [ i k - r  4% 17- 7'1 (1) 

k i s  he re  the  wave number defined by 

The magnetic field k (?) in Equation (1) satisfies radiation 
cond iQo9  fo r  large  distances f rom t h e  sources  in V ,  i.e. t h e  
field H ( r l i s  essentially an  outgoing spherical wave e lkr / r  for  
large r = (r). The boundary conditions a r e  continuit  of t e 
horizontal or  tangent ia l  e l ec t r i c  and magnet ic  f i e l d s f  a n d R ,  
respectively. 

When introducing the  ground a s  an  in t e r f ace  t h e  
situation will become somewhat  more  complicated and by 
using Maxwell's equation (3) w e  obtain t h e  following boundary 
condition (4) 

I I I 
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Figure 9.7. Kankberg Bh 109. A comparison between the 
theoretical model and the measured data for the 
x-component at 200 Hz. The solid line represents the 
measured data and the broken line the theoretical model. 
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Figure 9.8. Kankberg Bh 109. A comparison between the 
theoretical model and the measured data for the 
x-component at 2000 Hz.  The solid line represents the 
measured data and the broken line the theoretical model. 
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Hxn 1 continuous (4) 

$ cvxF)x: j 
n is here a normal vector t o  the interface. 

On the other hand, i f  the source is a plane wave, 
generated outside V, the ef fect  of the interface can be 
handled as a ref lected and a transmitted part,,such that the 
boundary conditions i n  &quation (4) are satisfied. The 
radiating magnetic f ie ld  H i n  Equation (1) is decomposed i n  
plane waves. The mathematical details are given by 
Kristensson (1983). I n  conclusion, we can wr i te  the f ie ld  i n  
Equation (1) as a superposition o f  plane waves, formal ly as 

+ 
where $(k;r) are the plane vector waves and h(k) is the 
amplitude for each plane vector wave. 

The mathematical analysis soon becomes rather 
complicated and has to  include such things as complex angles 
o f  propagation. The f ie ld  represented i n  Equation (5) can now 
very easily be generalized to  include the e f f e c t  o f  an 
interface. 

The ef fect  of each plane wave i.e. ;bG;? upon ref lect ion 
and transmission a t  the interface w i l l  simply be a 
mult ipl icat ion by a ref lect ion and a transmission coeff ic ient,  
respectively. Thus, we get 

for  the ref lected and the transmitted field, respectively. 

The ad antage o f  this formulat ion is that  the 
amplitudes h&) i n  Equations (5) and (6) are the same 
functions. We have essentially 

This is a volume integral over the sources o f  the 
1 antenna. For  a wi re antenna this integral w i l l  reduce t o  a 

single integration. For  some simple shapes o f  the wire loop 
e.g. magnetic dipole, horizontal circular and rectangular 
loops, the single integral can be evaluated exact ly 
(Kristensson, 1983). The remaining step for  the calculation 
of the to ta l  magnetic field, given by Equation ( 6 ) ,  is the 
synthesis of the plane waves. For  the wire antennas 
mentioned above (e.g. magnetic dipole, horizontal circular 
and rectangular loops) this synthesis eventually reduces t o  a 
single integrat ion over an in f in i te  interval. 
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Figure 9.9. Kankberg Bh 109. A comparison between the Ffgure 9.10. Vertical projection of  the Kankberg orebody 
theoretical model and the measured data for the and an interpretation of  the conductive alteration zone. The 
y-component at  ZOO0 Hz. The solid line represents the points where the boreholes are intersecting or passing the 
measured data and the broken line the theoretical model. mineralized zone are marked by dots .  



Calculat ion and tests of the model i n  a homoqeneous 
half  -space 

The f i rs t  step is to  compare the measured fields and the 
theoret ical model i n  a situation when the geology has a 
degree o f  homogeneity. We think these comparisons to  be 
important to establish the modelling of the background as the 
basis for  the shape and amplitude of any anomaly expressed 
as residuals. I n  the fol lowing we w i l l  give two examples. 

I n  the Finnsjon area in  central  Sweden a number of 
holes, about 600 m deep, had been dril led in  a large granit ic 
body t o  investigate the rock properties as par t  o f  a program 
fo r  nuclear waste disposal i n  geological formations (Fig. 9.3). 
The transmitt ing ground loop is placed almost symmetr ical ly 
around the vert ical borehole 6. I n  the figure a second hole, 
Bh  5, dipping about 50 degrees towards the edge o f  the loop, 
is also shown. 

A comparison between the theoret ical model of a 
homogeneous half-space and the measured data fo r  the 
x-component f rom Bh 6 is shown i n  Fig. 9.4. The resist iv i ty 
used i n  the model is 10 kR-m which corresponds to the mean 
value o f  the apparent. resist iv i ty recorded i n  a downhole 
Schlumberger survey (Oquist, 1981). 

The agreement between the model and the measured 
data is almost perfect fo r  both the amplitude and the phase. 
However, a small di f ference between the curves for  the 
x-component i n  Bh 5 appears i n  Figure 9.5. I t  is probably 
caused by the small topographical irregularit ies. The 
irregular i t ies i n  the area are of the order o f  5-10 m. 
Nevertheless, the results show that  the theoret ical model can 
also handle the situation very close to  the edge of the loop. 

A second test i n  more conductive rocks was made i n  the 
Kankberg area where the acid volcanics have a typ ica l  
apparent resist iv i ty of 1 kn-m. Bh 109 is intersecting an 
alterat ion zone at  a depth of 600 m w i t h  an apparent 
resist iv i ty down t o  0.1 kQ-m (Fig. 9.6). I n  this case the 
transmitter is a square loop, 800 m x 800 m. A t  200 H z  there 
is a good correspondence between the measured data and the 
theoret ical calculation (Fig. 9.7). Using the higher 

Figure 9.11. Horizontal projection of the Kankberg orebody 
a t  about 350 level.  The vectors  are representing the in-phase 
residuals at  200 Hz. 

frequency, 2000 Hz, the influence f r o m t  the al terat ion zone, 
becomes, as expected, stronger (Fig. 9.8). The phase o f  the 
y-component f i t s  reasonably wel l  to the model i n  the f i r s t  
500 m of the homogeneous bedrock, but it is shif ted about 
180° under the approach o f  the conductive zone (Fig. 9.9). 
This shif t  takes place along a 100 m section o f  the hole ahead 
of the conductive zone which probably re f lects  the increasing 
influence f rom the eddy currents i n  the conductor. Thus, 
measuring and modelling the phase give i n  this case 
additional information t o  the interpretat ion of the measured 
amplitudes. 

Tests in  areas w i th  conductive targets 

I n  another example f rom the Kankberg area, we have 
included a buried conductive target (Fig. 9.10). It is a 
massive sulphide body mainly composed o f  pyr i te  and 
pyrrhot i te bearing traces of Cu, Zn and Pb. 
EM-measurements were carr ied out i n  exploratory holes 
no. 101-105 towards the deeper parts o f  the ore body. 

Figure 9.10 shows a ver t ica l  project ion of the ore and 
an interpretat ion o f  the conductive al terat ion zone based on 
geological and geophysical information. The points where the 
holes intersect or pass by the mineralized zone, are marked 
by dots in  the figure. 

I n  the fol lowing examples we have used a simpl i f ied 
model for the calculations, which allows us to work 
interact ively w i th  the computer. 

A horizontal project ion o f  the ore body and the 
boreholes intersecting the zone a t  the ver t ica l  depth o f  about 
350 m is given in  Figure 9.11. The vectors shown i n  the 
f igure represent a horizontal project ion o f  the residual f ie ld  
measured at  200 Hz. 

I n  the vector ial  representation the magnetic f ield 
induced by the eddy currents i n  the two conductive zones is 
clearly demonstrated i n  Bh  103 which misses the target by 
about 30 m. The superposition of the fields f rom the two 
current centres is also revealed. 

Figure 9.12. Horizontal projection o f  the in-phase rediduals 
a t  200 Hz in Kankberg Bh 105. The residuals are represented 
by  vectors.  The interpreted good conductors at about 500 m 
level are shaded. 



Borehole depth ( rn ) 

Figure 9.14 

Kankberg Bh 105. In-phase 
residuals for the x- ,  y - ,  and 
z-component at 200 Hz. 



Figure 9.17. Horizontal projection of the 610 m level in the ~Angse le  mine. The vectors are 
representing in-phase EM-residuals at  2000 Hz. The lowest level of the orebody, coloured 
grey, is situated about 70 m above the measured boreholes. The interpreted conductive 
target is coloured black. 
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Figure 9.15. Horizontal prolection o f  the in-phase residuals Figure 9.16. Horuontal projection of the interpreted 
at  2000 Hz in Kankberg Bh 105. The residuals are situation around Kankberg Bh 105. The alteration zone is 
represented by vectors. The mterpreted alteration zone is shaded and the structures of high conductivzty are black 
shaded. 
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The primary f ie ld  imposed on the conductor is directed 
to  the north. F rom the measurements i n  the holes 
intersecting the target the southerly directed secondary f ie ld  
is demonstrated. Superimposed on this is the influence f r o m  
the eddy current i n  the eastern part of the target which 
reveals tha t  Bh  104 s t i l l  is si tuated i n  the eastern hal f  o f  the 
target. 

A n  even deeper intersection of the al terat ion zone a t  
the ver t ica l  depth o f  500 m is shown i n  Figure 9.12. The 
horizontal projections o f  the residual vectors show that 
Bh 105 passes east o f  the conductor. Here again the residual 
vector diagram indicates an unchanged situation w i th  
conductors. 

These two situations are chosen also t o  demonstrate the 
information inherent i n  a simultaneous interpret ion o f  the 
x, y and z-residuals. The residuals measured i n  B h  103 are 
given i n  Figure 9.13. The y-residual is antisymmetric and i t  
is zero a t  the point where the x-residuals have i t s  maximum. 
The amplitude of the z-component is very small. This means 
that the direction of the eddy current is almost parallel t o  
the z-direct ion i n  the borehole system giving the at t i tude of 
the edge o f  the conductor a t  the depth o f  350 m. 

By comparing the y-  and z-residuals i n  B h  105, a t  a 
depth o f  500 m, it is seen that  the i r  peak-to-peak values are 
the same (Fig. 9.14). This means that  the edge o f  the 
conductor is dipping about 45 degrees i n  the borehole system. 
The fact  tha t  both the y-  and z-components have their 
positive peaks before the maximum o f  the x-component 
together w i t h  the relations i n  amplitude differences gives us 
an opportunity t o  locate the conductor. Thus, it is situated 
t o  the l e f t  o f  the hole and it i s  dipping about 45 degrees down 
to the le f t .  The half  peak width o f  the x-anomaly or the hal f  
distance between the positive and negative peak o f  the y-and 
z-components give us a rough estimation of the distance to 
the conductor f rom the hole to  be approximately 30 m. 

These results however were measured at  a frequency o f  
200 Hz. Since the Kankberg ore body is surrounded by 
disseminated pyr i te  it is an interest ing environment fo r  
showing the differences a t  the two frequencies o f  200 and 
2000 H z  and how these frequencies can give us information 
about the conductivity o f  the targets. 

A t  the higher frequency the system w i l l  be more 
ef f ic ient ly  coupled to  targets o f  lower conduct ivi ty than a t  a 
lower frequency. Figure 9.15 shows the corresponding 
residuals a t  2000 H z  f r o m  B h  105. A t  2000 H z  the 
measurements show a southerly directed secondary f i e ld  
originating i n  the secondary currents i n  the target. This 
indicates that  the borehole intersects the conductor, whereas 
the 200 I-lz residuals indicate that  the hole passes about 30 m 
to  the r ight  of the conductor (Fig. 9.12). 

Considering the results f rom the two frequencies we 
may conclude that  the borehole intersects the outer parts of 
a pyr i te  dissemination and that  there i s  a much bet ter  
conductor about 30 m t o  the west. Summarizing, we 
conclude that  the most conductive par t  o f  the target  i s  
approximately perpendicular t o  the borehole and that  it has a 
plunge o f  about 45O (Fig. 9.16). 

As a f ina l  example we w i l l  show a si tuat ion which 
appeared when we measured a number o f  boreholes made 
under the known deposit o f  ~ ~ n g s e l e .  

EM-measurements were carr ied out i n  f i ve  boreholes 
dr i l led f r o m  the 610 m level i n  the ~ & - t g s e l e  mine. The holes 
were dr i l led i n  order t o  investigate deeper parts o f  the ore 
body about 70 m below the deepest level o f  earl ier 
investigations. None o f  the boreholes struck any ore. 
However, the results o f  the EM-measurements gave a very 
unexpected pattern o f  residual vectors shown i n  Figure 9.17. 
The source of this residual f ie ld  was interpreted to  l i e  behind 
the boreholes. 

T o  check the anomaly B h  733 was drilled. I t  showed 
tha t  there were banks o f  massive py r i te  altogether about 
20 m thick. 

Over the last  3 years o f  operation we have found the 
system t o  be useful i n  many situations. The possibil ity of 
determining the direct ion t o  and the at t i tude o f  conductive 
targets is o f  great importance fo r  geological interpretation. 
I n  fact, it also reduces the number of expensive boreholes i n  
our exploration work. 
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INDUCTION LOGS APPLIED T O  MINERAL EXPLORATION 
A N D  DEVELOPMENT 
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for  Mining and Geotechnical Applications, ed. P.G. Kil leen, Geological Survey o f  Canada, 
Paper 85-27, p. 89-100, 1986. 

Abstract  

Two induct ion probes ("ROMULUS" and "ERIC") have been developed f o r  slimhole logging i n  
mineral exploration. Both have f ixed coaxial transmitter-receiver geometry and an external 
diameter o f  40 mm. They may be operated i n  dry and plastic cased holes. 

The ROMULUS probe operates a t  4 kHz w i t h  a transmitter-receiver spacing o f  0.85 m. The 
resulting low induction number permits "In phase" and "Quadrature" secondary f ields t o  be related t o  
magnetic susceptibil ity and electr ic conductivity, respectively. Penetrat ion is about 1 m for  
conductivity, and several decimetres for  susceptibility. Hole e f f e c t  i s  negligible on both parameters. 
I n  sulphide exploration problems the method has proved ef fect ive i n  determining the conduct ivi tv 
contrast between sulphides and surrounding rocks. Theoretical and experimental comparisons 
between induction and normal array resist iv i ty logs have been made and indicate that induction is 
more rel iable fo r  determining conductances o f  intersected veins. 

The ERIC probe has been designed fo r  penetrating up t o  10 r n  around the hole. I t  has three 
spacings (5, 10, 20 m), and an operating frequency of :L kHz. The induction number is high enough 
that conductivity may a f fec t  both "Quadrature" and "In phase" secondary fields. Penetrat ion is such 
that conductive bodies narrowly missed by the hole may be detected. As wel l  the geometry o f  an 
intersected conductive target may be inferred. 

Deux sondes B induction "ROMULUS" e t  "ERIC" ont  Bt6 dBvelopp6es pour l a  prospection dans 
les sondages miniers. Elles ont  un diarnetre de 40 mm, sont composBes d'un Bmetteur e t  dlun 
recepteur co-axiaux e t  peuvent &re utilisees en t rou sec e t  tube plastique. 

L a  sonde "ROMULUS" opgre l a  frkquence de 4 kHz avec un espacement Bmetteur-rBcepteur 
de 0.85 m: l e  faible nombre dlinduction qui en rBsulte permet de re l ier  sBpar6ment l a  phase e t  l a  
quadrature du champ magnetique secondaire B l a  susceptibil ite magnetique e t  3 l a  conduct ivi te 
Blectrique des roches autour du forage. L a  penetrat ion est metr ique en conduct ivi te e t  plur i-  
dBcimBtrique en susceptibilit6; I 'e f fe t  de t rou est negligeable pour les diamhtres courants. L a  
technique slest rBv616e eff icace pour ddterminer les conductances relat ives des veines sulfurBes e t  de 
leur encaissant. Des comparaisons theoriques e t  experimentales entre les diagraphies de conduct ivi te 
par induction e t  de resist iv i te avec l e  dispositif normal montrent que l a  sonde B induction est mieux 
adaptBe B l a  determination des conductances. 

L a  sonde ERIC a Bt6 concue pour I1investigation des dix premiers metres autour du forage. Sa 
frequence est de 1 kHz e t  des separations Bmetteur-recepteur de 5, 10 e t  20 m sont utilis6es. L e  
nombre dlinduction devient suffisamment BlevB pour que l a  conductivite Blectrique af fecte 
simultanBment l a  phase e t  l a  quadrature du champ secondaire. L a  pdnetration decamgtrique apporte 
une information sur l a  geometrie de corps conducteurs recoup& par l e  forage e t  permet  de detecter 
des cibles non intersectees. 

Introduct ion The ROMULUS and ERIC induct ion probes described i n  

I n  principle, an induction probe is similar t o  loop-loop this paper have been developed for  slimhole logging (40 m m  

electromagnetic prospecting systems used i n  airborne or in  diameter). They are derived f rom a ground system used 

ground mineral surveys. Induct ion logging was introduced by f o r  e lect r ica l  conduct ivi ty and magnetic susceptibil ity 

Do l l  as an alternat ive t o  resist iv i ty measurements mapping i n  archeological investigations (Clerc and 

(Doll, 1948). Induction tools are widely used i n  the o i l  Frignet, 1982). 

industry, but  their  large diameter makes them impract ica l  
f o r  mineral applications. 

Bureau de recherches geologiques e t  minieres, Orleans, France 
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Figure 10.1. ROMULUS and ERIC induction probes a re  
co-axial loop-loop EM systems. In-phase and Quadrature 
secondary field are detected a t  the receiver. 

Table 10.1. Characteristics of ROMULUS and ERIC 
induction probes 

Probe ROMULUS 

Frequency 
Spacing 0.85 m 5 m 1 0 m 2 0 m  

Each probe is composed of a coaxial transmitter and 
receiver coils (Fig. 10.1). In the presence of magnetic or 
conductive rocks, the transmitter coil induces magnetic and 
electric fields in the rocks around the hole. These fields 
generate In-phase and Quadrature secondary magnetic fields 
a t  the receiver. ROMULUS has been designed for electrical 
conductivity and magnetic susceptibility logging within 1 m 
of the hole. ERIC has three different spacings to  investigate 
conductive rocks up to 10 m from the hole. Their frequency 
and transmitter-receiver spacings a re  listed in Table 10.1. 

Simplified theory of induction probes 

Each probe may be approximated by a pair of coaxial 
dipoles, characterized by their half-spacing, L,  and 
frequency, f or w ( w  = 2nf). 

@ QUADRATURE 

1 0 6 x  H s I H P  @ IN PHASE 

@) IN  PHASE /QUADRATURE 

C T = 1 M U O / M j E R C - 5 M  ' 1  1 
ERlC - 10 M 

\ ERlC - 20 M 

Figure 10.2. Response of conductive and nonmagnetic 
homogeneous earth t o  an induction probe (u is conductivity of 
the earth, probe is characterized by i ts  angular f r e q u e n c y , ~ ,  
and half-spacing, L. Hp and Hs a r e  primary and secondary 
fields a t  the receiver). 

In free space, the transmitter of magnetic moment, M, 
will generate a primary magnetic field Hp a t  the receiver: 

Hp = M 
32Lj 

(1) 

In the presence of magnetic or conductive rocks, a 
secondary field Hs is produced. We shall describe its 
relationship to  the magnetic susceptibility and electrical 
conductivity in simple cases. 

Effect of conductive rocks 

The theoretical response of an induction probe buried in 
a homogeneous, nonmagnetic conductive medium was first 
calculated by Duesterhoeft (1961) and is shown in 
Figure 10.2. 

At low conductivities, the In-phase secondary field is 
negligible compared to the Quadrature field, which is 
proportional to  conductivity. This is the "linear" or "small 
induction number" domain. Induced current flows along the 
electrical field lines, which are  concentric circles 
perpendicular to  the hole axis (Fig. 10.1); linearity of 
response expresses lack of mutual inductance between loops 
of induced current. 

As conductivity increases, the In-phase secondary field 
reaches and ultimately dominates the Quadrature field, and 
linearity between conductivity and Quadrature field 
disappears. This is the "non-linear" or "large induction 
number" domain. 



RECEIVER I z - L  
H = H p + H s  

TRANSMITTER i z + L 
M ,  W 

Figure 10.3. The earth is decomposed into a s tack of thin 
discs a t  depth z characterized by electrical conductivity a(z), 
magnetic susceptibility X(z), and internal and external 
radii R1 and R2. The probe centre, receiver and transmitter 
are a t  depth Z ,  Z - L ,  Z+L.  

Responses for both probes are shown for a conductivity 
of one mho/m, which is representative of sulphide 
mineralization. ROMULUS clearly remains in the "linear 
domain1' for conductivities up to 10 mho/m. In contrast, 
In-phase and Quadrature fields for ERIC differ by less than 
an order of magnitude a t  1 rnho/m, particularly for 10 m and 
20 m spacings. 

Effect of maqnetic r& 

The Primary field, A, generated around the probe by 
the transmitter within any elementary volume,dv, 
characterized by magnecic susceptibility, Y, will induce an 
elementary magnetic m o ~ e n t ,  dm = XdvH, which itself 
generates secondary field, dHs, a t  t l i c a  .-eceiver. Provided that 
magnetic viscosity is very rarely encountered, X is real and 
the secondary field, H,, a t  the receiver will be in phase with 
primary field Hp. When X is small enough SI units, 
Parchas, personal communication, 1978), the mutual 
interaction betwegn elementary induced magnetic moments 
is negligible, and Hs may be calculated by volume integration 
of dHs. The ROMULUS probe, which records the In-phase 
component, will measure the magnetic susceptibility of rocks 
around the probe, provided that  there is no In-phase 
secondary field due to  electrical conductivity. 

Quantification 

In order to calculate the response of an induction probe 
(specifically ROMULUS) to magnetic and conductive rocks, 
we shall make the following assumptions: 

Figure 10.4. Quadrature response of a thin conductive disc of fixed internal radius (R1 = L/10) and 
variable external radius R2: 



1) conduct ivi ty is low enough t o  be in  the fflow induction w i th  
number" domain, and 

P (Z, R1, R2) = 
2) susceptibil ity and conductivity are homogeneous along 

toroids perpendicular to  the hole axis. 

The space around the probe may be divided into a stack f ;  [2(L + z)? - R2 ]  [ 2 ( ~ - z ) ~  - R 2 ] -  9R2(L2 - z2ldR (3) 
of elementary discs characterized by conductivity, (z), 512 512 
susceptibility, X (z), internal and external radii, R l  and R2 [R2 + (Z + L ) ~ ]  [R' + (Z - L ) ~ ]  
respectively (Fig. 10.3). With such a model, induced current 
lines w i l l  be coaxial w i t h  the e lect r ic  field. The secondary 
f ie ld  a t  the receiver has been expressed by Clerc  and Fr ignet  
(1981) as a function o f  conduct ivi ty and susceptibility. Q (Z, R1, R2) = 

J -m 

(low induction number approximation) 

OHM-M 

10-1 1 0' 
OHM-M 

10-1 1 o3 

Figure 10.5. Simulation of ROMULUS and normal array electrical probe responses t o  a complex, 
conductive stratified model: 

a - 16 inch synthetic normal resistivity log 
b - stratified model (resistivity) 
c - stratified model (conductivity) 
d - ROMULUS quadrature synthetic log 



P and Q functions are the In-phase and Quadrature 
responses of the probe to a thin magnetic and conductive 
disc, respectively. Both are analytic expressions and possess 
even symmetry i n  Z (Clerc and Frignet, 1981). Equation ( 2 )  
expresses the secondary f ie ld  a t  the receiver as a correlat ion 
(or convolution) product of the ver t ica l  susceptibil ity (or 
conduct ivi ty) distribution by the instrumental f i l t e r  P (or Q). 

Figure 10.4 shows the Quadrature response of an 
induction probe to  a thin conductive disc o f  varying external 
radius R2 when R 1  is equal t o  the hole radius. 

Homogeneous conductive or magnetic earth 

I n  the case o f  a homogeneous conductive earth, we have 
R l  = 0 and R2 = m. Equation (2) reduces to: 

+Q) 
Hs = j p ,, woJ 13 (2, D, -1 dz ( 5 )  - w 

which may be analyt ical ly integrated: 
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Figure 10.6. Example of  a ROMULUS data set: In-phase and Quadrature raw logs are corrected for 
of fse t  and thermal drift, and converted to  magnetic susceptibility and electrical conductivity. 
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F r o m  e q u a t i o n s  ( 6 )  and  (l), w e  deduce :  In t h e  c a s e  of a homogeneous  m a g n e t i c  e a r t h ,  no 

1 I m a g  (Hs) 
a n a l y t i c  expression h a s  been founded.  It is  n o t  possible t o  

o =  - (7 )  t a k e  R1 = 0 b e c a u s e  of a n u m e r i c a l  s ingular i ty .  We 
2 p , , w ~ ~  H~ a p p r o x i m a t e d  t h e  homogeneous  e a r t h  i n t e r s e c t e d  by a ho le  by 

a cy l inder  having a he ight  of 1 0  L, a n  e x t e r n a l  d i a m e t e r  of 
Equat ions  (5), ( G ) ,  ( 7 )  express the relationships 1000 L and  a hole d i a m e t e r  of L/5 .  Numer ica l  i n t e g r a t i o n  

previously observed  in F i g u r e  10.2 in t h e  "l inear  domain". w a s  p e r f o r m e d  w i t h  a v e r t i c a l  s t e p  of L/50 giving: 
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Figure 10.7. Example of ROMULUS conductivity log in hole 1 intersecting a thick massive pyrite 
zone surrounded by volcano-sedimentary cover. Conductance contrast between mineralization 
(> 30 mhos) and graphitic shales (2.4 mhos, 1.7 mhos) suggests that remote detection of the ore body 
by EM or resistivity techniques is possible from the surface. 



H s  = X J -5L P(z, ~ 1 1 0 ,  500 L) dz (8) 

f rom which we obtain: 

X = 0.52 Real (Hs) (9) 
H P  

Equations (7) and (9) are used t o  compute apparent magnetic 
susceptibil ity Xa and e lect r ica l  conduct ivi ty ua f r o m  the 
secondary magnetic field. 

Conductance evaluation o f  a s t ra t i f ied earth 

Taking R 1  = 0 and R 2  = i n  equation (2), we get the 
probe response to s t ra t i f ied earth expressed in  te rm of 
apparent conductivity: 

oa (Z) = - ~ ( z )  Q (z - Z, 0, m) dz ".' (I, 
I f  we integrate this apparent conduct ivi ty i n  Z, we see 

that apparent conduct ivi ty calculated f r o m  an induction 
probe is equal to  true conductance o f  the strat i f icat ion: 

This property is part icular ly important i n  the presence 
o f  thin conductive layers. Their contr ibut ion to conductance 
w i l l  be ful ly taken into account, even though they are not 
individually resolvable by the probe. 

The example i n  Figure 10.5 i l lustrates this. A layered 
model composed o f  an irregular ly conductive zone bordered 
by resistive layers simulates heterogeneous mineralization o f  
7.5 mhos i n  conductance (integrated conductance). The 
simulated response o f  the ROMULUS probe is a smoothed 
anomaly w i th  no resolution o f  individual layers. However, 
the exact conductance o f  the mineral izat ion is easily 
determined by integrat ion of the conduct ivi ty log. The same 
model. converted t o  resistivity, was used to  simulate a 
16-inch normal resist iv i ty probe response (Straub, personal 
communication). The conductive zone appears without 
resolution of individual beds, because they are thinner than 
the probe spacing. The integrated conductance f r o m  the 
la t te r  method is 2.4 rnhos, which is only one th i rd  o f  the t rue 
value. 

Latera l  penetration 

Integrat ion o f  the P and Q functions allow us t o  
calculate the contribution of rocks a t  d i f ferent  distances 
f r o m  the hole to the secondary field. For the In-phase 
component, 75% o f  the signal comes f r o m  the region R<L, 
and for  the Quadrature component, 70% o f  the signal 
originates f rom R<3L. It shows that ROMULUS radius of 
investigation is no greater than l m ,  whereas ERIC 
penetrates to  more than 10 m around the hole. Hole e f fec t  is 
negligible when hole diameter is less than 20% o f  probe 
spacing. 

Operation of the probes 

ROMULUS is a single sonde while ERIC is composed of 
two  sondes (transmitter and receiver) l inked by 5, 10  and 
20 m jumpers. Both are 40 m m  i n  diameter and used w i t h  
standard armored four-conductor cable. Two conductors 
supply power f rom the surface, whi le the other two transmit 
D C  signals proportional t o  In-phase and Quadrature 
secondary field. Primary f i e ld  is compensated w i th in  the 
probe. A micro-computer monitors data acquisition, storage 
and plotting. One pract ical advantage of induction probes is 
that they can be used i n  water  or air  f i l l ed  holes, ei ther 
plastic cased or uncased. Operational logging speed is 6 m 
per minute. 

MAGNETIC ELECTRICAL 
SUSCEPTIBILITY COhIDUCTIVITY 

Figwe 10.8. Example of ROMULUS logs in mineralized 
volcano-sedimentary rocks in hole 2 .  Sulphide zone a t  30 m 
is moderately conductive but not magnetic. Surrounding 
rocks are locally magnetic (due t o  pyrrhotite), and do not 
correlate with the conductive mineralization. 



Temperature  variations have a sl ight e f f e c t  on t h e  Field cases 
probe electronics,  genera t ing  ze ro  o f f se t  and weak dr i f t  f o r  
both  In-phase and Quadrature.  Provided t h a t  t h e  probe is a t  Experimentation with ROMULUS 

thermal  equilibrium a t  t h e  bo t tom of t h e  hole, d r i f t  becomes Hole 1 in tersec ted  thick mineralization (315-375 m )  
linear with depth and may be removed. Processing of d a t a  under volcano-sedimentary cover.  It was  logged with 
includes offse t  and dr i f t  removal,  and conversion of voltages ROMULUS and the  conductivity log is presented in 
t o  conductivity or susceptibility. An example of raw and Figure 10.7. Metall ic joints be tween the  plastic pipes 
conver ted  ROMULUS logs is presented in Figure  10.6. c r ea t ed  low amplitude periodic noise. Several  conductive 
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M 

Figure 10.9. Example of ERIC raw logs in hole 3 with 5 m and 10 rn spacings. Linear offset  with 
depth is due t o  temperature variations. The In-phase signal is below the noise level showing that the 
conductivity is low enough t o  s tay within "low induction number" domain. 



zones appear in  the surrounding rocks and correspond to 
graphitic shales. Their conductance (integrated conductance) 
is less than 5 mhos. Unfortunately, the probe saturated wi th in  
the pyr i te  zone so tha t  only minimum conductance (30 mhos) 
could be evaluated for  the mineralization. These data were 
used to  model an EM surface survey, which has shown that  
the encountered conductivity contrast is high enough to allow 
detection of the mineralization f rom the surface. 

Hole 2 was dri l led through volcano-sedimentary shales 
and sandstone. Interbedded massive sulphide layers contain 
economic mineralization. Pyr i te  and pyrrhot i te are 
irregular ly disseminated within the shales. ROMULUS logs i n  
Figure 10.8 show the magnetic susceptibil ity and e lect r ica l  
conductivity distribution along hole. Both conductive zones 

at  28 and 30 -31  m correspond to  mineralized beds; their  
conductivity contrast w i t h  surrounding rocks is moderate, 
making their  detect ion f rom the surface d i f f icu l t .  The 
negative conduct ivi ty a t  30 m (associated w i t h  the positive a t  
3 1  m) is due t o  a geometr ical ar t i fact :  the ear th i s  not  
horizontally s t ra t i f ied and a negative anomaly indicates that  
the detected conductor has one boundary close to the hole 
and dips. (Due to  transmitter-receiver symmetry, any 
conductor perpendicular to  the hole would generate a 
symmetr ic anomaly). The magnetic susceptibil ity log shows 
that magnetic rocks are not  correlated w i t h  economic 
mineralization. Surface magnetic and EM surveys over this 
area have provided a complex pat tern of uncorrelated 
magnetic and conductive anomalies. Logging data conf i rm 

RESISTIVITY CONDUCTIVITY QUADRATURE 

OHM-M MHO/M 

Figure 10.10. 16-inch normal resistivity (a), ROMULUS conductivity (b)  and ERIC quadrature logs 
(c ,  d, el in hole 3. Conductive anomaly a t  130 m disappears with ERIC 10 m and 20 m spacings. 



this poor correlation; they further indicate that  in the search cases where the In-phase to  Quadrature ratio is small enough 
for  mineralized extensions, priority should be given to the that the Quadrature is in the "linear domain". This situation 
drilling of EM targets. has been encountered in many areas. 

A raw set  of ERIC Loqs (5 and 10 m spacinq) in hole 3 is 
Combined use of ROMULUS and ERIC presented in Figure 10.9. i h e  ~ u a d r a t u r e ' a n o ~ a l ~  a t  130 rn 

has a negligible In-phase counterpart. The anomalies have 
We have that  the In-phase component of very low amplitude and instrumental drift due to temperature 

may be affected by both magnetic and variation is clearly visible. Processed ERIC Quadrature logs 
electrical conductivity. Here, we shall limit ourself to  field (converted to apparent conductivity) are presented in 

CONDUCTIVITY QUADRATURE MODEL 1 MODEL 2 

Figure 10.11. Hole 3 - Starting from ROMULUS conductivity log (a), it is possible to simulate ERIC 
response (5 m spacing) in a stratified cylinder having ROMULUS conductivity vertical distribution and 
limited external radius (c:  100 m, d: 1 m). Simulated responses are compared to field log (b). 



Figure 10.10, together  with 16-inch normal resistivity and 1 mholm with ROMULUS, while the  normal resistivity 
ROMULUS conductivity logs. Hole 3 was drilled into a pipe minimum is 10-20 ohm-m. This conf i rms experimentally t h a t  
of microgranite mineralized by a network of sulphide the  conductance of a heterogeneous conductive zone is 
stringers.  A major conductive zone de tec t ed  by ERIC underestimated by the  normal resistivity log (see theoret ica l  
appears  on both the  normal resistivity and ROMULUS model in Figure 10.5). The ERIC conductivity anomaly is 
conductivity logs. Maximum conductivity is more than clearly visible with 5 m spacing, but i t  fades  out with 10  m 

CONDUCTIVITY QUADRATURE 

Figure 10.12. ROMULUS conductivity ( a )  and ERIC quadrature (b, c ,  d )  logs in hole 5 intersecting 
several conductive mineralized veins. At 40 m,  the ERIC log with 20 m spacing reveals significant 
extension of the mineralization. 



and 20 m spacings. This indicates that the conductive zone 
crossed by the hole a t  130 m has no significant lateral 
extension. To confirm this, we simulated the ERIC 
Quadrature log wi th 5 m spacing i n  the following models: 
vertically bounded cylinders having two different external 
radi i  (model 1: R = 100 m or inf inite extension and, model 2: 
R = 1 m or no extension) and a vertical conductivity 
distribution taken from the ROMULUS log (Fig. 10.11). The 
model 1 simulation is very similar to the experimental data i n  
shape, but the amplitude is overestimated by a factor of 10. 
With model 2, the simulated anomaly has the r ight amplitude, 
but the shape is very different from the f ield data. None of 
the models is satisfactory suggesting that the conductivity 
probably diminishes gradually away from the borehole. These 
models, however, indicate poor lateral extension of 
conductive rocks intersected by the hole. 

Hole 4 is located 100 m from hole 2 and intersects 
several mineralized veins (Fig. 10.12). They are clearly 
indicated on ROMULUS conductivity log. The ERIC 
Quadrature logs give significant new information. Close to 
surface, one down-dipping conductor is particularly visible on 
the 10 m spacing log. Two veins intersected about 80 and 
90 m generate low amplitude anomalies, lessening with larger 
spacings of ERIC. They have moderate lateral extension. 
Conversely, a high amplitude anomaly is revealed wi th 20 m 
spacing. I t  is caused by significant extension and probable 
lateral thickening of a mineralization crossed a t  40 m. This 
suggests good mineral potential i n  the area, and invites 
further geophysical development work (mise-A-la-masse, hole 
to surface EM survey, etc.). 

Conclusions 

We have shown several examples of combined use of 
ROMULUS and ERIC logs i n  mineralized zones. ROMULUS is 
used to  investigate physical properties (conductivity and 
susceptibility) which may be compared with core information. 

It allows the correlation of geophysical and geological logs, 
and the selection of geophysical targets of mineral interest. 
Use of the ERIC probe is restricted to the investigation of 
conductors lying within ten metres of the hole. Though 
qualitatively interesting, our interpretation of ERIC data 
remains poor. I n  the future, numerical modelling of complex 
geometries should enable us t o  extract more quantitative 
information from the logs. 
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FIBRE OPTIC DATA LINKS FOR BOREHOLE EM APPLICATION 

Y. Lamontagne and J.C.' Macnael 

Lamontagne, Y. and Macnae, J.C., Fibre optic data links for borehole EM application; Borehole 
Geophysics for Mining and Geotechnical Applications, ed. P.G. Killeen, Geological Survey of Canada, 
Paper 85-27, p. 101-106, 1986. 

Abstract 

A borehole EM system using a f ibre optic cable has been designed, constructed and tested i n  
field surveys. I n  this system, a large loop on the surface generates a magnetic f ield and the downhole 
sensor detects the f ield distorted by the ground. It was decided that a f ibre optic l ink would best suit 
the system because of the problems associated wi th conventional electrical cables i n  a downhole 
application, particularly with respect to common mode signals, cable channelling and signal 
degradation. Although these problems can be overcome with dif f iculty wi th electrical cables, f ibre 
optic cable does not have any potential for similar problems. As well, f ibre optic cable has an 
additional advantage in  that it is lighter in weight and lower in  cost than conventional shielded 
electrical cable. These advantages must be balanced against the cost of additional downhole 
electronics and battery operation, however, leading to a more expensive probe than is usual for  
borehole systems. Our results show that a fibre optic cable o f  this design can be used in  many 
borehole applications particularly where the data rate is high and where signal degradation can be a 
problem. 

Le  systgme de carottage Blectromagnetique des sondages qui util ise un cable en f ibre optique a 
Bt6 concu, construit et essay6 sur le terrain. Ce syst6me comporte une grosse boucle en surface qui 
produit un champ magnetique; le  capteur de fond d6cBle le  champ deform6 par l e  sol. On a decide 
qu'il serait preferable d'utiliser des fibres optiques Btant donne les probl&mes associes P I'utilisation 
de cables Blectriques classiques dans les sondages, notamment en ce qui a t ra i t  aux signaux. Bien que 
ces problemes puissent &re difficilement resolus dans le cas de cables 6lectriques, il en va autrement 
avec des cables en f ibre optique. En outre, ceux-ci sont plus IBgers e t  moins dispendieux que les 
cables Blectriques blind& classiques. I1 faut cependant comparer ces avantages au coat additionnel 
de I'alimentation par pile e t  de I'alimentation Blectronique qui augmente les d6penses engagees dans 
le  sondage. Nos rBsultats montrent que ce genre de cable en f ibre optique peut servir dans bien des 
cas, notamment lorsque les donnBes relevees sont nombreuses e t  que I'amortissement du signal peut 
presenter un probl8me. 

Introduction im~ossib le usina conventional electrical cable. Some in i t ia l  

With the success of the system in surface te i ts  by ~ ~ c k ~ l 9 8 l )  using a conventional borehole probe 

applications (West e t  al., 1984; Lamontagne, 1975), i t  became confirmed this suspicion. Three main areas of d i f f icul ty  

clear that there was a need for an EM sensor which could be detected i n  this analysis are summarized i n  Table 11.1. 

lowered into boreholes. Some of the unique characteristics 
of the system made adaptation to a borehole system perhaps Common mode interferences 
more di f f icul t  than for  other systems. These 'difficulties 
arise from'the unusually large bandwidth of the UTEM system With a transmitter loop excited by several hundred 

volts a t  the surface, it is dif f icult to  achieve a sufficiently and the unique fact  that the transmitter i s  always on during high common mode rejection ratio, and the complete system measurements. An additional problem posed by a borehole 
balance needed to  avoid spurious responses where conductive 'ystem, is the 'purious response likely to be caused the 
zones provide an electrical link to parts of the loop by long cable connecting the sensor to the surface equipment. 

The way i n  which this problem was solved by the use o f  a capacitive or resistive coupling. Some of the very sharp 

fibre optic cable and the advantages and drawbacks of this responses, seen even On late when 

technology are discussed i n  this report. crossing minor conductive zones, are probably caused by 
these effects. 

Conventional electrical cable problems 
Cable related signal degradation 

In i t ia l  analysis of existing borehole systems indicated 
that the task of supressing stray coupling effects to  the Over a long electrical cable, mechanical and/or 

required accuracy over the desired bandwidth was almost environmental effects caused by motion of the cable, flowing 
water, mechanical stress, temperature differences etc. can 
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introduce noise signals or change the electr ical is no t  only necessary for  an opt ical link, bu t  also can be done 
characteristics o f  the l ine (e.g. resistance), thus af fect ing without introducing much noise i n  dr iv ing the long 
any c r i t i ca l  adjustment o f  common mode rejection. transmission line, as would be the case f o r  electr ical 

transmission (Hewlett-Packard, 1978). 

Current channelling i n  the cable When the possibil ity was studied further, there 

When the probe depth is very large, a long shielded appeared a number o f  additional advantages fo r  the use of an 
opt ical link. A good number o f  disadvantages were also cable acts as a long antenna which can channel appreciable 
discovered, mostly having to do with the use of a new currents which are capacitively coupled t o  it. This 

disturbance i n  the induced current f low is more acut'e for  technology. Bo th  are summarized i n  Table 11.2. 

early sampling times, where, depending on the symmetry of 
the channelled current f l o w  i n  the vicini ty o f  the probe, a Desiqn problems associated w i t h  the use o f  a f i b re  
variety o f  a r t i f i c ia l  responses may result. opt ic  cable 

These effects can n o t  only introduce stray responses, Once the decision t o  use a f ibre opt ic  cable had been 
but  can also af fect  the system gain and fidelity, which would taken, i t  became necessary t o  f ind sat isfactory solutions for  
be interpreted as long t ime constant responses i n  UTEM. various aspects of system design. These can be summarized 

as follows: 

The need for an al l -dielectr ic link - incompatibi l i ty of. presently available standard f ibre opt ic 

F rom the start, the possibil ity o f  using f ibre opt ic w i t h  h igh hydrostatic pressure tolerance and tensile 
strength needed i n  logging operations 

transmission was considered as a way around a l l  these 
problems. Since an opt ical l ink  can be a l l  dielectric, 

- method o f  digi tal  data encoding to  be used 

complete e lect r ica l  isolation can be realized, thus avoiding - modif icat ions required t o  a conventional winch to  

common mode problems and cable channeling effects. Also, accommodate the special requirements o f  a f i b re  opt ic 

one way to  avoid signal degradation is signal encoding which cable 

Table 11.1. Problems w i th  conventional e lect r ica l  borehole cable 

LONG CABLE EFFECTS ON BH MEASUREMENTS 

UTEM CHARACTERISTICS 

- 'ON' TIME MEASUREMENTS 

- WIDEBAND 

- GAIN CALIBRATED 

- E FIELD MEASUREMENTS 

SOLUTIONS 

- BALANCED 
DIFFERENTIAL 
TRANSMISSION 

- SHIELDING 
- ELECTRICAL 

ISOLATION 

- ENCODING 
- CONTROLLED 

IMPEDANCE 
L I N E  

- ELECTRICAL 
ISOLATION 

PROBLEM 

I- COMMON 
MODE 

2- SIGNAL 
DEGRADATION 

3- CABLE 
CHANNELING 

EFFECT 

-SYSTEMATIC 
ERROR 

- NOISE 

- DISTORTION 
- GAIN VARIA-TION 

- 

- ART1 FICIAL 
RESPONSE 

MEASUREMENTS 
AFFECTED 

-'ON' T I M E  WORSE 

- WIDEBAND 

- H F WORSE 
- 'ON' T IME 

- H F  H FIELD 
- A L L  E F I E L D  



- types of electro-optical transducers required to  modulate 
and demodulate the opt ical carr ier used to transmit the 
"H1' f ie ld  signal f rom the borehole sensor. 

The f i r s t  two of these are discussed below and the th i rd  is 
addressed i n  the subsequent section which describes the 
overal l  system. 

Cable construction 

It was found surprisingly, that f ibre opt ic cables can be 
considerably cheaper than electr ical cables fo r  a comparable 
data handling capability. They are also much l ighter since no 
meta l l ic  members are needed. The ef fect ive density o f  a 
f ibre opt ic cable is near 1, giving i t  a near zero weight in  a 
water-f i l led borehole. This means that the winch system 
must only support the weight of the probe. One o f  the main 
d i f f icu l t ies encountered a t  the beginning was that there 
existed no f ibre opt ic cable capable o f  withstanding a 
suff ic ient ly high pressure without damage. This was due to  
the fac t  that i n  normal construction, the cables are made to  
resist crushing rather than hydrostatic pressure. I t  was then 
necessary to  specify a special cable that could withstand high 
pressures and also have a greater tensile strength to weight 
ra t io  than usual. A f t e r  several attempts, we arrived a t  a 
construction which could be made by our supplier and had the 
required properties. The normal f ibre opt ic cable 
construction is shown i n  Figure 11.1 and consists of: 
A. Tough outer jacket (high density polyethylene); 6. Soft 
plastic inner jacket to  help cushion crushing loads; 
C. Strength member (usually braided Kevlar); D. Rig id buffer 
tube (air filled); E. Fibre. The special f ibre opt ic cable 
custom designed fo r  borehole/high pressure work has a 
modif ied construction: 

A. Tough outer jacket as above. 
6. Heavier Kevlar strength member. 
C. Semi-rigid buffer tube. 

Table 11.2. Advantages and disadvantages o f  using f ibre 
opt ic cable 

ADVANTAGES 

- NO LONG CABLE EFFECTS 

- NO MECHANICAL EFFECTS 

- HIGH THROUGHPUT 

- LOW WEIGHT 

- LOW COST 

- LIGHTER WINCH 

DISADVANTAGES 

- MORE DOWN-HOLE ELECTRONICS 

- BENDING RADIUS LIMIT 

- TERMINATION PROBLEMS 

- NEW 'TECHNOLOGY 

D. Freeze proof gel f i l l i ng  w i th  density of 1. 
E. Fibre spiraling in  buf fer  tube. 

The overal l  cable diameter and weight is reduced and the 
tensile strength/weight is greater than fo r  a standard cable. 
The physical properties are summarized i n  Table 11.3. 

The overal l  system 

The system consists o f  the fol lowing funct ional blocks: 
downhole probe, opt ica l  l ink, winch assembly, and winch 
controller. 

Probe - 
The sensor is physically dist inct f r o m  the other 

downhole electronics as shown i n  Figure 11.2. Only an axial  
magnetic sensor has been constructed so far, bu t  an electr ic 
f i e ld  sensor and transverse magnetic sensors w i l l  be 
implemented i n  the future. 

Opt ica l  l ink 

The analogue-digital-analogue data l ink (Fig. 11.3) 
contains a signal encoder, opt ica l  transmitter,  f ibre opt ic 
cable, opt ical receiver and decoder. Physically, the encoder 
is i n  the borehole, as is the opt ica l  transmitter.  The opt ical 
receiver is i n  the hub o f  the removable winch spool and the 
decoder is i n  the control ler box. The signal going through the 
slip-rings is thus a d ig i ta l  pulse coded e lect r ica l  signal. The 
decoder reproduces the analogue signal for  normal sampling 
by the receiver. The analogue signal a t  surface lags that 
downhole by 20 us; this t ime  delay is caused by encoding, 
decoding and transmission through the 2 k m  o f  f ibre opt ic 
cable. 

FIBER OP1'IC CABLES 
A 

B \ CONVENTIONAL CABLE 
A- TOUGH OUTER JACKET 5.6 MM 

B-  SOFT INNER JACKET 

C- STRENGTH MEMBER 

D-  HARD BUFFER TUBE 2.0 MM 

E - OPTICAL FIBER 

A CUSTOM BOREHOLE CABLE 

H \ OPTICAL FIBER 

H - SILICONE COATING 230 MICRON 

K K -  GLASS CLADDING 125 " 

L - GRADED INDEX GLASS CORE 5 0  " 

L 

Figure 11.1.  Construction of conventtonal 'and custom 
designed fibre optic cable.  



- 0 D 3.8 MM 
- ATTENUATION 5 db/km 
-WEIGHT 14 KG/ KM - STRUCTURAL STRENGTH 3390 N ( 7 6 0  LBS) 
- DAMAGE FREE LOADING 1 1 6 0 N  ( 2 6 0  LBS) 
- BEND1 NG RADIUS 75 MM 
- DENSITY I G /  C M ~  

Figure 11.2. The downhole components o f  the UTEM 
borehole system. 

OPTICAL RX - 
'W 
rn r 

Table 11.3. Specifications of custom designed borehole Winch assembly 
cable The winch system was designed t o  include a l l  

components necessary fo r  complete automation o f  the system 
(Fig. 11.4). The winch is driven by a servo motor  and brake 
system. Optical shaft encoders are used to  measure the 
probe position and the tension on the cable. The rack-and- 
pinion tensiometer also acts as a shock absorber. It 
comprises a pulley mounted on a spring-loaded arm. The 
spool and pulleys were made reasonably large i n  diameter to  
avoid undue bending of the f ibre opt ic cable. The winch has a 
maximum torque l i m i t  set by the hardware, bu t  this 
corresponds to  actual cable tensions varying over a range o f  
2.7:1, depending on how f u l l  the spool is. For  this reason, a 
tensiometer is nedded. The speed and braking o f  the winch is 

f2 KM regulated by the winch control ler unit. A n  upper tension 
l i m i t  is entered on the keyboard o f  the control ler and 

4 FIBRE OPTIC determines the threshold a t  which the winch w i l l  slow down 
CABLE or stop to  reduce the actual tension on the cable. This 

I 
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- 
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normally occurs when the probe is being pulled up. While the 
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Figure 11.3. Block diagram of ANALOGUE-DIGITAL- Figure 11.4. The winch. (GSC 20381 1) 
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probe is being lowered, the tension is maintained by the 
LrYPREAMPLIFIER control ler above a f ixed 5% minimum l imi t .  

Winch control ler 

This un i t  provides intel l igence for the whole system, 
although i t s  main purpose is t o  control  the winch. The 

1 ,COIL control ler can be operated manually f rom the keyboard or set I I 
, I 

I i 
I I 

1 i 
I I 
1 I 

I 1  
I I I ,  

I I 
I I 
I I 

(--$ 
I I 
L--; - 

[,,PCM ENCODER 

:-;-%--POWER SUPPLY 
automatically. The keyboard layout is shown schematically 
i n  Figure 11.5 and i l lustrates the control ler operation 
functions. One set o f  entr ies is necessary t o  in i t ia l ize the 

PROBE control ler and a second set permits on-line intervention by 
the operator. 

Entr ies ini t ial iz ing the control ler are: 
VMAX: sets the maximum velocity o f  the probe i n  

centimetres/seconds ( l im i t  o f  150) 
TENSION: sets the maximum tension i n  per cent of probe 

weight i n  air  
HOLE: sets the hole depth (controller w i l l  refuse to  go 

to  any greater depth) 
SET: ini t ial izes the depth register f r o m  the keyboard 

Entr ies permi t t ing on-line intervention by operator are: 



DEPTH: enters probe target depth ( ini t iates movement of 
probe upon entry) 

STOP: controlled stop (gradually slows winch to  
complete stop) 

MAN: emergency manual stop 
START: re-initiates movement of the probe toward 

current target depth (used af ter  STOP and MAN 
or automatic stoppage) 

I n  addition t o  the essential functions outlined above, 
the fol lowing functions are provided for convenience i n  
rout ine keyboard operation: 

INCR: sets depth increment 
UP: moves probe up by depth increment (INCR) 

DOWN: moves probe down by depth increment (INCR) 
THRESH: sets an anomaly threshold depth above which 

automatic detail ing is performed 

The probe speed is l im i ted  to the value specified by 
VMAX and by the tension monitoring system. During 
descent, the tension is maintained above 5% probe air  weight 

whereas during ascent the tension l i m i t  is entered by the 
operator. When approaching these l im i t s  the winch is slowed 
by the controller, which regulates the ra te  of descent or 
ascent of the probe to keep the tension on the cable wi th in  
the specified limits. Thus, the winch acts as a slip c lu tch 
during probe ascent and prevents cable spillage during probe 
descent. The control ler d ig i ta l  loop characteristics are such 
that  the speed is regulated steadily when the drag is viscous 
i n  nature. 

A conservative hole depth l i m i t  is usually entered 
before logging a hole. Once the probe reaches that depth, 
the control ler warns the operator. The hole depth is then 
increased and the maximum velocity reduced un t i l  the 
control ler detects the bot tom of the hole by means of the 
tensiometer and stops the winch. I n  a greasy hole, the same 
mechanism slows down the probe during probe descent i n  
order to  keep a slight tension on the cable. The whole cable 
retains some tension i n  such cases since the f ibre opt ic cable 
i tse l t  has a nul l  buoyancy i n  water. 
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Figure 11.5. Schematic diagram of the UTEM borehole system controller. 
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L'HANNEL I CHANNELS 2-6 CHANNELS 6-8 

i 

Figure 11.6. Results from the first test logging using the UTEM system. 

The signal connection from the downhole coi l  to the 
UTEM 3 receiver is identical to  that from the UTEM 3 
surface coil. There is also an interface for automatic logging 
in  which the winch controller unit can signal the UTEM 3 
receiver to start reading and, upon completion of the reading, 
move the probe to a new depth. In  both keyboard and 
automatic operation, the usual UTEM response and depth 
data (together with the standard header information) are 
stored on magnetic cassette i n  the receiver. 

Field testing 

Figure 11.6 shows the results from the f i rs t  hole logged 
wi th the UTEM borehole system. The data collected in  this 
hole did not include any compensation for the 20 u s  delay of 
the analogue-digital-analogue link, which caused the large 
response on channel 8. A subsequent receiver program 
modification corrects for this t ime delay. 

Conclusions 

The development of a f ibre optic data link proved to  be 
more of a challenge than init ial ly anticipated. However, the 
technological problems have now been solved, and the data 
l ink should prove to be a cheap, lightweight alternative to  
electrical wire data links wi th none of the usual problems of 
common mode rejection, capacitive pickup or grounding. 
Many other applications for the data link such as borehole IP  
measurements are likely developments i n  the near future. 
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Webster, B., Time domain IP borehole logging; Borehole Geophysics for Mining and Geotechnical 
Applications, ed. P.G. Killeen, Geological Survey of Canada, Paper 85-27, p. 107-118, 1986. 

Abstract 

Borehole logging for mineral exploration has been gaining acceptance slowly over the past 
30 years. The ready availability of off-the-shelf electromagnetic loggers for massive sulphides and IP 
loggers for disseminated sulphides (time domain and frequency domain) have made their use much 
more accessible to  explorationists. 

In IP logging, multi-dipole arrays a re  employed to obtain a representation of the variation of 
chargeability and conductivity with distance from the borehole, along its length. Remote detection 
of non-intersected bodies can be made, as well as  the determination of the potential importance of 
sections of sulphides which a re  intersected by the hole. This type of survey constitutes the  
"detection log". A second type of survey, using only current electrodes on surface, provides a 
"directional log" for sources of potential interest in and around the hole. 

The use of multi-input, microprocessor controlled IP receivers has speeded up IP borehole 
logging considerably. 

Spectral IP parameters, obtained from computer analysis of the transient decay form, help to  
resolve and identify different sources of IP response in the borehole. 

Examples are  given of IP borehole logs from Greece and Canada. 

La diagraphie des sondages appliqubes 1 I'exploration minerale e s t  une mBthode qui gagne 
progressivement en popularit6 depuis 30 ans. Les enregistreurs Blectromagn6tiques utilisbs pour 
I'exploration des sulfures massifs e t  les enregistreurs h polarisation induite (PI) utilisBs pour la 
prospection des sulfures disseminbs (dornaine temporel e t  domaine harmonique) sont devenus 
beaucoup plus accessibles pour la prospection parce que ces appareils sont gardbs en stock. 

Dans les diagraphies h PI' des reseaux B multiples dipoles sont utilises pour obtenir une 
representation de la variation de la capacite dlaccepter une charge Blectrique e t  de la conductibilite 
en fonction de la distance du sondage, parallelement B la longueur de celui-ci. I1 est  possible de 
d6celer h distance les corps non traverses e t  de determiner Itimportance Bventuelle des masses de 
sulfures traversees par le  sondage. C e  genre dlbtude donne lieu h une "diagraphie de  detection". Un 
deuxieme genre dlbtude utilise uniquement des electrodes de courant en surface e t  produit une 
"diagraphie de direction1' qui indique les zones d1int6r6t possibles dans le  sondage e t  autour de celui- 
ci. 

L'utilisation de recepteurs BPI e t  B donnes multiples, contrBl6s par des microprocesseures, a 
accelere de beaucoup la diagraphie par PI des sondages. 

Les parametres spectraux de PI, obtenus par une analyse informatisee de la forrne de 
degradation transitoire, aident deceler e t  identifier les diverses sources de PI dans les sondages. 

Des exemples sont donnes de diagraphies de PI recueillies en Grece e t  au Canada. 

Introduction The multi-dipole arrays employed result in a large 

Induced polarization/resistivity logging has been gaining volume of data. Recent  advances in microprocessor based 

acceptance over the past 30 years. Presently the method is receivers such as  the  Scintrex IPR-11 (Seigel e t  al., 1980) 

used routinely in the Viburnum lead-zinc belt in Missouri, have simplified and accelerated the data  gathering process. 

United States and in  the Cu-Ni district in  Sudbury, Efficient data  editing and posting facilities a re  available with 

Ontario, Canada. the Scintrex Soft I1 program written for t h e  Apple IIe 
computer. In addition, the  Soft I1 program calculates 

- - - -- 

I Scintrex Limited, Toronto, Ontario, Canada 



spectral parameters which yield additional information on the 
detected anomaly's cause using measurements routinely 
obtained with the IPR-11 receiver. 

Survey methodology 

In IP logging, multi-separation electrode arrays are  
employed to determine the variation of chargeability and 
electrical conductivity with distance from the borehole. IP 
logging techniques commonly are  of two types: detection and 
direction. The detection log explores about the hole for non- 
intersected bodies and determines the relative importance of 
intersected zones. The directional log gives an azimuth t o  
non-intersected bodies. 

Detection logging 

Figure 12.1 illustrates the detection log electrode 
configuration. The inter-electrode "a" spacings a r e  2.5, 5, 
10, 20 and 40 m. One current electrode is located a t  the 
bottom of the  electrode array and the  other is located 
remotely on surface. 

The 2.5 and 5 m separations provide information on the 
lithologies in the vicinity of the drillhole. The near-hole log 
will usually reflect informatoin comparable with that  
obtained from the core. The 10, 20 and 40 m spacings 
provide information on the lithologies up to a radius of 
approximately 20 m about the drillhole. 

( all 
y c 2 -  

~acinas infinite I I I I I j I I  

5-5 I O m  

P3-P2 5 m  

Direction logqinq 

Figure 12.2 illustrates the electrode configuration for 
the directional array. Current electrodes are  placed away 
from the drillhole on surface a t  a distance some two-thirds 
of the hole depth. A reference potential electrode is fixed a t  
the borehole collar and single search potential electrode is 
lowered down the drillhole. Current is passed through the 
current electrodes in east-west and north-south pairs. 

The detection and directional logs are  reviewed in a 
paper by Wagg and Siege1 (1963). 

Instrumentation 

The following instrumentation is normally employed, 
either mounted in a truck or  assembled on s i t e  (see 
Fig. 12.3a). All a r e  of Scintrex manufacture. 

1) Receiver 

An IPR-11 Time Domain Receiver measures up t o  
10 slices of the  chargeability decay on up t o  6 potential 
dipoles simultaneously. 

2) Transmitter 

On detection surveys an IPC-8/250 Watt Crystal 
Controlled Battery Powered Time Domain Transmitter is 
employed. On the directional survey a TSQ-3 (3 kw) or 
TSQ-4 (10 kw) transmitter is employed depending on the 
power required. 

3) Interface 

A DHIP-2 interface unit is used to interface current 
from the transmitter to the current electrode and signal from 
the potential electrodes to  the receiver. 

4) Winch 

A CLW-2 winch with 500 m of 8 conductor cable 
consisting of 6 potential wires, two shielded current wires 
and three kevlar strain members is used. 

Dlrectionol distance - 
LF! UNIT N +( C'W 0.66 drill hole depth 

Disseminated sulphidas 

@ Ill 

ti'" 
Figure 12.1. The detection logging electrode array. Figure 12-2. Electrode configuration for a directional array. 



5) Electrode Array 

An 80 m electrode str ing w i t h  a current electrode and 
six potent ial  electrodes, separated by 2.5 m, 5 m, 10 m, 20 m 
and 40 m respectively is used. 

Measured parameters 

A d i rect  current is applied across the current 
electrodes w i th  a 2 second "on" 2 second "of f "  pulse duration 
w i th  the polar i ty automatically changing every 4 seconds. 

A pr imary voltage (Vp) is measured across the potent ial  
electrodes. Given the transmitted current and the array 
geometry, the apparent resist iv i ty may be calculated. 

A f t e r  current shut off, the secondary voltage decay is 
measured. The secondary decay is subdivided in to mul t ip le  
slices for integrat ion (see Figure 12.3a). The chargeability is 
given by: 

where 

Vs = secondary voltage 
Vp = primary voltage 

The secondary voltage is defined as 

where t 2 ,  t l  are the t ime l im i t s  of the integration. By 
adjusting such times, the chargeability is sampled a t  
d i f ferent  points of the decay. The t imes used for the IPR-11 
are listed i n  Figure 12.3b. 

Spectral I P  parameters are determined by the shape o f  
the measured decay (Johnson, 1983). The decay is compared 
against a suite o f  master curves which describe the IPR-11 
decay for  an idealized Cole-Cole model earth. The best fit 
o f  measured and master curves gives the Cole-Cole 
parameters o f  t ime  constant, exponent and t rue 
chargeabili ty. 

Survey examples 

Several examples of dril lhole surveys i l lustrate how 
dril lhole I P  logging can be applied. 

1) Carbonate hosted lead-zinc deposits 

Historically, surface induced polar izat ion surveys have 
been successfully used i n  exploring for  these deposits. The 
targets are d i f f i cu l t  ones because: 

i )  They are very irregular and are often associated w i th  
karst systems and slump breccias i n  reef complexes. 

i i )  Most of them contain significant amounts of sphalerite 
which is non-conducting and which lowers the overal l  
chargeability response o f  the mineralization. 

The f i r s t  example (see Fig. 12.4, 12.5) shows the 
IP/resist iv i ty logs o f  three holes dr i l led on a lead-zinc deposit 
located i n  northern Greece. These holes are f rom a fence o f  
holes crossing the deposit and separated by 50 m. Wi th 
respect to  the mineralization- the holes are variously located 
as; 

a) ent irely wi th in  the main sulphide body, 

b) i n  apparently significant volume percent of sulphides on 
or near the edge of the main sulphide body. Here the 
intersected mineral izat ion may be much higher grade than 
that  located about the hole (i.e. misleading high grade), 

c) i n  an apparently insignificant volume percent o f  sulphides 
but  where the hole may i n  f a c t  pass near the main 
sulphide zone (i.e. near miss). 

The IP/resist iv i ty logs o f  hole D show strong responses 
between 185 and 205 m on both the near-hole (a = 2.5, 5 m) 
and on the far-hole logs (a = 10, 20 m). The chargeabilit ies 
decrease a t  the main intersection due to  the low resist iv i ty 
o f  the sulphide body which short circuits the potent ial  
electrodes. 

The IP/resist iv i ty log o f  hole C shows a strong I P  
response w i t h  a moderate resist iv i ty low i n  the near-hole log 
and a moderate I P  response on the far-hole log. These logs 
re f lec t  a lower volume percent o f  chargeable/conductive 
mineral izat ion located about the hole. Interpretat ion o f  thee 
logs would lead t o  a downgrading o f  economic mineral izat ion 
intersected i n  hole C. 

The IP/resist iv i ty log of hole G gives a strong IP  
response and a moderate resist iv i ty low on the near-hole logs. 
The response of the near-hole logs is similar to  the near hole 
log of hole C even though the intersected mineral izat ion is of 
a much lower grade. The far  hole logs are much more 
significant as the i r  IP and resist iv i ty responses are almost as 
large as those obtained on the far-hole log o f  hole D which 
intersects the main sulphide body. Results show tha t  the 
10 and 20 met re  separations are seeing a much higher volume 
percent o f  sulphides than is indicated i n  the d r i l l  core. 

A second example of an IP/resist iv i ty log i n  a carbonate 
hosted Pb-Zn deposit is taken f rom Nanasivik Mines located 
at  70°N lat i tude on the northern end of Ba f f in  Island. 

The Nanasivik ore body strikes east-west and is located 
south of the drillhole. The ore body is composed of 
two  sulphide lenses. One is located a t  a depth o f  some 120 m 
and is called the upper zone; the other is located a t  a depth 
o f  150 m and i s  called the lower zone. The d r i l l  log 
intersected 2% pyr i te  f rom 100 t o  118 m (upper zone). F rom 
145 t o  160 m up t o  3% sphalerite was intersected i n  a zone 
without py r i te  (lower sulphide zone). 

The project had two primary goals. They were, a) t o  
determine i f  the upper and lower sulphide zones were 
detectable; b) to  determine i f  the IP/resist iv i ty log would be 
val id as the ent ire hole was dri l led i n  permanently frozen 
rock and f i l led w i th  salt brine. 

A secondary, research oriented goal was the study o f  
the correlat ion between surface I P  spectral data over mixed 
sulphide and barren pyr i te  zones w i t h  chargeability anomalies 
located i n  mixed sulphide zones and barren py r i te  zones i n  
the drillhole. 

Near-hole and far-hole logs fo r  the Nanasivik dril lhole 
are shown i n  Figures 12.6 and 12.7 Both the near-hole and 
far-hole IP/resist iv i ty logs have moderate responses at  120 m 
and 150 m which correlate w i t h  the upper and lower ore 
lenses. The response a t  150 m is l ikely caused by the lower 
ore lens which, f rom dr i l l  information, is f r o m  0 t o  40 m 
away f rom the hole. The response at  120 m is quite complex 
because there is signif icant py r i te  mineral izat ion i n  the hole. 
However, the 40 m spacing does give a large response a t  
135 m which could be a response caused by both sulphide 
lenses. The marked resist iv i ty low between 80 t o  110 m on 
the 40 m log could also be par t ia l ly  due t o  the conductive 
dr i l l ing f l u id  penetrating a f racture zone. The water re turn 
was lost f r o m  0 t o  100 m. The e f fec t  of the brine can also be 
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Figure 12.6. Near-hole results (la1 spacing 2.5 rn. 5 rn, and 10 rn) for drillhole I P  logging of the 
Nanasivic carbonate hosted lead-zinc deposit. 
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Figure 12.7. Far-hole results ('a1 spacing 20 m and 40 m) for the Nanasivic drillhole I P  logs. 
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observed on the resist iv i ty profiles where the resist iv i ty 
progressively increases w i t h  electrode separation. The 
increase i n  apparent resist iv i ty is caused by a larger volume 
o f  highly resistive, permanently frozen rock being measured 
w i th  increasing electrode separation. 

A t  the bot tom o f  the hole a large 
chargeability/resistivity anomaly is associated w i t h  a pyr i te  
zone that  occurs a t  the contact between the Society C l i f f  
Dolomite - A r c t i c  Bay Shale. 

The directional array results are shown i n  Figure 12.8. 
The ore body strikes east-west and lies 0 t o  40 m south o f  the 
drillhole. The east-west current l ine gives ambiguous results 
possibly due to the various pyr i te  zones in  the hole which may 
not be associated w i th  ore zones. Some anomalous values, 
however, occur between 120 and 160 m. The north-south 
directional log prof i les are active between 120 and 160 m. 
The Vp/I (normalized potential) prof i le on the north-south log 
points to  a body south o f  the dril lhole a t  150 m. 

Spectral induced polarization in format ion was also 
recorded on three surface test sites and these results were 
compared to  spectral information data obtained f rom the IP 
responses recorded in  the dril lhole log. 

The surface tests consisted of three test sites, for  
which the spectral data are summarized i n  Figure 12.9. The 
dipole-dipole array was employed w i th  a 1 m electrode 
separation for  n = 1 t o  4. 

The pyr i te  zone (1111) has a moderate t ime  constant 
(tau = 1 sec.) and the mixed sulphide zone (3333) has a long 
t ime constant ranging between 30 and 100 seconds. These 
results suggest that  the spectral data may allow a 
discrimination between the pyr i te  and the mixed sulphides. 
The Shale uni t  (2222) was not abnormally chargeable and i t s  
response is characterized by a short t ime  constant (0.01 to  
0.1 s). 

Figure 12.8. Directional array results of  drillhole I P  logging o f  the Nanasivic deposit. 
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Spectral parameters were also determined for several 
I P  anomalies i n  the dril lhole log. The t ime constants a t  
150 m, which are associated w i t h  Pb-Zn sulphide 
mineralization, are similar i n  the 2.5 m spacing t o  the 
response obtained on the surface Pb-Zn sulphide site (3333). 
The spectral data f rom an IP anomaly which was associated 
w i t h  pyr i te  mineralization a t  a hole depth o f  460 m, give 
moderate t ime  constants similar to  those recorded on the 
surface pyr i te  test (1111). 

2. Copper deposit - Quebec 

The following example i l lustrates how a dril lhole 
IP/resist iv i ty survey can aid the interpretat ion o f  surface 
surveys. 

The deposit was indicated to be a sheet dipping north at  
approximately l o 0 .  Figure 12.10a shows the gradient array 
chargeability, resist iv i ty and t ime constant profiles on 
two lines which cross the main mineral izat ion (high grade 
sections are indicated by solid bars). The main chargeability 
and resist iv i ty anomalies do not correlate to  the highest 
concentrations of sulphides intersected by dril l ing. It is 
disconcerting that the high grade sulphide zone correlates 
only to a shoulder of the main anomaly a t  station 2s. 

A dril lhole was logged a t  station 1 + 75 nor th on l ine 00. 
The dril lhole log (Fig. 12.10b) clearly shows that  there are 
two  significant chargeable sulphide zones w i t h  associated 
resist iv i ty lows. The lower anomaly correlates w i th  the main 
sulphide zone which was the exploration target. The upper 
anomaly correlates w i th  a less concentrated sulphide zone 
which is chargeable and moderately resistive. The dri l lhole 
log proves that the upper sulphide zone responds 
geophysically and l ikely is the main source o f  the strong 
chargeability anomaly on station 00. 

The t ime constants were also calculated f r o m  the 
dril lhole data. The surface data indicate that  the t w o  zones 
have d i f ferent  t ime  constants. I t  is important to  note the 
t ime constant prof i les are similar on both lines 00 and 2. 
This is contradictory to  the dril lhole data which indicates 
that both zones have long t ime constants. Addit ional 
dril lhole spectral I P  data f r o m  other holes may c lar i fy  this 
contradiction. 

3. Uranium deposit - Saskatchewan (Fig. 12.11) 

This example is taken f rom a fence o f  holes dr i l led on a 
uranium prospect. The resist iv i ty and chargeability prof i les 
show the associated geophysical response o f  the various 
l i thologic units. These logs would be useful i n  quanti fy ing the 
conductivity o f  various structural features (shear zones) so 
that the relat ive porosity of d i f ferent  horizons can be 
estimated. Similarily, the relat ive amount of chargeable 
mater ia l  may be important i n  establishing the re la t ive 
sulphide/graphite content o f  the various l i thologic units. The 
sulphides may have formed a favourable reducing 
environment for  uranium deposition. 

IP/resist iv i ty logging can provide accurate i n  si tu 
physical properties o f  the various lithologies. Physical 
property determinations o f  resist iv i ty and chargeability f r o m  
core samples can be unreliable. This is part icular ly so i n  the 
case o f  rock types w i t h  variable or high porosity such as a 
sandstone. 

Figure 12.9. Summary of spectral I P  data based on surface tests of three Nanasivic test sites. 
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Figure 12.10a. Surface IP results across the main 
mineralization of a copper deposit, Quebec. 
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Economics o f  dril lhole IP/resist iv i ty logging 

As w i th  any dril lhole logging method the economic 
benefits of dril lhole logging can best be realized on mult ihole 
surveys. Today in a lead-zinc distr ict  i n  Nor th America, 
holes may be dri l led to  600 m a t  a cost o f  $40 000 to  $60 000 
each. A detection log and directional log w i l l  run 
approximately 5% o f  the dr i l l ing cost. The core radius is 
approximately 5 cm; the radius o f  exploration for  the 
detection log is approximately 20 m. Dri l lhole IP/resist iv i ty 
logging increases the ef fect ive exploration radius o f  the 
dril lhole by 400 t imes a t  an increase i n  cost of only 5%. 

This is, o f  course, oversimplified. Stratigraphic dr i l l ing 
is commonly, however, the main exploration methodology fo r  
carbonate hosted lead-zinc deposits. Induced 
polarization/resistivity logs decrease the probability o f  
abandoning a barren hole which in  fact  is near mineralization. 

Conclusions 

Current developments in  IP/resist iv i ty instrumentation 
now allow m u l t i  parameter [P/resistivity dril lhole surveys t o  
be conducted economically. When modern receivers are 
coupled w i th  microcomputers the data can be compiled and 
presented quickly. 

Such surveys can be beneficial when applied in  or near 
ore bodies t o  assist i n  the accurate def ini t ion o f  ore body 
boundaries and consequently the opt imizat ion of the mine 

plan and therefore the maximizat ion of prof i ts.  In  
exploration projects dril lhole IP/resist iv i ty logs assist the 
geologist in  evaluating zones of mineral izat ion intersected by 
dril l ing. 
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TWO-AND-ONE-HALF DIMENSIONAL MODELS IN RESISTIVITY 
A N D  I P  SIMULATION ON MICROCOMPUTERS 

Wong, J., Two-and-one-half dimensional models i n  resist iv i ty and IP  simulation on microcomputers; 
i n  Borehole Geophysics for Mining and Geotechnical Applications, ed. P.G. Kil leen, Geological Survey - 
of  Canada, Paper 85-27, p. 119-125,1986. 

Abstract 

The surface integral equation technique can be used t o  calculate the secondary e lect r ic  
potentials f r o m  bodies w i th  polygonal cross-sections and f in i te  s t r ike lengths. With some 
approximations, the calculations can be done quickly (tens o f  minutes on 16-b i t  microcomputers w i th  
suff ic ient memory. Comparison w i th  analog scale models and w i th  results f r o m  more in t r icate 
numerical modelling schemes on mainframe computers indicate agreement (wi th in  10 to  15%) w i t h  
the present method when resist iv i ty and induced polar izat ion are simulated using the dipole-dipole 
array. Examples presented indicate how e f f i c ien t  and fast simulations o f  resist iv i ty and induced 
polarization on microcomputers can assist survey planning, provide interpretat ional insight, and 
suggerst nonstandard procedures for  special situations involving downhole electrodes. 

L a  methode de I'Bquation de l a  surface integrale permet de calculer les potentiels Blectriques 
secondaires des masses aux coupes polygonales e t  aux longueurs IimitBes. En  ut i l isant certaines 
approximations, les calculs peuvent &re effectues rapidement (dizaine de minutes) sur des micro- 
ordinateurs a 16 b i ts  dont l a  capacite de memoire est suffisante. Les resultats t i res de modbles 
reduits analogiques e t  de modbles numBriques plus complexes produits sur de gros ordinateurs 
concordent (de 10 A 15% prbs) avec les rBsultats de cet te  mBthode lorsque l a  rBsistivit6 e t  l a  
polarisation induite sont simulBes I'aide dlun dispositif dipole-dipole. Les exemples present& 
montrent comment l a  simulation ef f icace e t  rapide sur micro-ordinateur de l a  r6sistivitB e t  de l a  
polarisation induite peut aider 3 plani f ier  les travaux, fournir  des indices des fins d1interpr6tation 
e t  suggkrer des methodes inhabituelles dans l e  cas de situations speciales demandant I 'uti l isation des 
electrodes de fond. 

Introduct ion 

Several schemes o f  modelling numerically the 
resist iv i ty and induced polarization responses o f  two-  and 
three-dimensional bodies have been formulated. They 
include f in i te  element and f in i te  di f ference techniques 
(Coggon, 1971; Dey and Morrison, 1979; Pridmore e t  al., 
1981), volume integral techniques (Hohmann, 1975) and 
surface integral techniques (Barnett, 1972; Snyder, 1976; 
Gomez-Trevino and Edwards, 1979). A l l  these methods 
involve approximations which l i m i t  the val idi ty of the 
numerical results and their applicabil ity t o  r e a l  geophysical 
exploration problems. Nevertheless,, numerical modelling o f  
resist iv i ty and IP is both useful and important i n  that  i t  
provides a means o f  estimating the induced polarization and 
resist iv i ty responses o f  hypothetical exploration targets. 
Thus, it can assist i n  choosing opt imal  electrode arrays during 
the survey planning stage as we l l  as provide valuable 
background knowledge fo r  the interpretat ion stage. 

I n  order for  numerical modelling o f  IP  and resist iv i ty 
responses t o  be generally useful to  the resource exploration 
community, the methods must be readily accessible and easy 
t o  use by  geophysicists who are no t  experts i n  modelling 
theory. I n  addition, the methods must be f lexible enough t o  

accommodate a wide range o f  geometries and conduct ivi ty 
contrasts bu t  s t i l l  b e  inexpensive i n  terms o f  computational 
time. O f  the various formulations f o r  IP-resist iv i ty 
modelling, the surface integral method appears t o  be the best 
compromise when such factors as memory requirements, 
speed, f lexibi l i ty,  ease o f  implementation, and accuracy are 
considered. It is therefore the best algori thm t o  be 
implemented on re la t ive ly  inexpensive desk-top computers. 

Model l ing by surface in tegra l  equation 

F igure 13.1 is a schematic diagram o f  a two-  and one-half 
dimensional model, i.e., a pr ismatic body w i t h  constant 
cross-section and f in i te  s t r ike length residing i n  a host rock 
w i t h  an overburden of un i form thickness. The modelling for  a 
fu l ly  three-dimensional body has been discussed by Barnet t  
(1972). Specification o f  the geometry o f  a fu l ly  
three-dimensional body is a complicated task and would 
require cumbersome input routines i n  a computer program. 
F o r  this reason, we w i l l  rest r ic t  our discussion t o  the two-  
and one-half dimensional target. 

Referr ing t o  F igure 13.1, a galvanic current source (I) 
w i l l  generate a pr imary e lect r ic  f i e ld  given by 

Department o f  Physics (Geophysics), Universi ty o f  Toronto, Toronto, Ontario, Canada M5S 1A7 



where 
+ .  
r IS the position vector of the observation point, 
+ .  
r IS the position vector o f  the source I, 

p is the resist iv i ty of the host rock, and 
++ 

~ ~ ( r , r ~ )  is the Green's funct ion for  the pr imary field. 

The component o f  pr imary electr ic field, which is normal 
to  the surface of the body w i th  resist iv i ty 02, induces image 
charges on the surface of the body. These image charges 
in teract  w i th  each other through secondary electr ic fields 
and modify the surface charge density d is t r ibu t ig~ l  on the 
body. I f  we denote this surface charge density by q(rt), then 

where V1,$enotes the gradient normal t o  the surface o f  the 
body, and rat denotes position vectors on the surface. The 
integral is over the surface S" o f  the body. X = ( P ~ - P ~ ) / ( P ~ + P ~ )  
is the ref lect ion coeff ic ient o f  the body (Snyder, 19761, and 
GI is the Green's funct ion for charge-to-charge interaction. 

I f  equation (1) is solved to  f ind the surface image 
charges on the body, then the secondary electr ic potentials 
and fields can be calculated anywhere in  space f rom 

perturbation i n  the true resist iv i ty of the target body. This 
change can be found d i rect ly  by calculating the secondary 
potentials twice, i.e., once w i t h  the unperturbed body 
resist iv i ty and once w i th  the perturbed value and taking the 
difference. A faster but  more approximate way of finding 
this di f ference is to  d i f ferent ia te equation (1) w i t h  respect t o  
pn and then mul t ip ly  by Ap2 to  f ind Aq(r) and hence AV'. 

Discret izat ion o f  the surface integral equation 

Equation (1) can be wr i t ten  i n  discrete fo rm as 
described by both Barnet t  (1972) and Snyder (1976). The 
surface o f  the body is divided in to small subsections w i th  
area dS and the charge density on each subsection is i approximated by a constant or a bil inear function. With the 
constant approximation (which is adequate to  yield good 
results fo r  the dipole-dipole array), equation (1) has the 
discrete representation 

where the subscripts re fe r  to  each surface subsection, and V n 
is the normal gradi5nt a t  surface element dSi w i th  charge qi 
and position vector r.. 

Equation ( 3 )  is a matr ix  equation which should be 
properly solved by matr ix  inversion. I n  order t o  represent the 
continuous surface charge density reasonably wel l  by the 

FiNlTE ELEMENT 

By using suitable arrays o f  current and potent ial  electrodes 
and combining primary and secondary potentials w i th  the 
appropriate geometrical factors, the apparent resist iv i ty of 
the body can be found. The induced polarization e f fec t  can 
be considered to  be the change i n  secondary potent ial  
(normalized by the pr imary potential) associated w i t h  a " 

INTEGRAL EQUATION 
z: 0 I I 1 ---,-I 

PO OVERBURD'EN 
r * d  

0 4  0 3  /A, \\\- 99 58 72 0 8  09  

PI HOST ROCK 
a -2- J 

Figure 13.1: Schematic of  a 2-1/2  dimensional model. The 
intrinsic induced polarization response of the body is Figure 13.2: Comparison of numerical results for a 
characterized by a percent frequency effect  (PFE). standard model ( a f t e r  Pridmore e t  a l . ,  1981). 
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Figure 13.3: Resist iv i ty and I P  response of the standard 
model modelled using the surface integral equation technique 
w i th  the Born approximation. 

discrete quantit ies qi, the number of surface elements must 
be fa i r ly  large, i n  the order o f  200 or so. This means that  the 
matr ix  t o  be inverted has dimensions 200 x 200, and direct 
inversion would be time-consuming even on a mainframe 
computer. We can, however, obtain approximate solutions 
for  q. by  using Jacobi o r  Gauss-Seidel i terat ive methods. 
~ h e s e '  are discrete equivalents o f  the Born approximation 
commonly used i n  mathematical physics t o  obtain 
approximate solutions t o  integral equations (Morse and 
Feshbach, 1953). 

I terat ive solutior~s t o  matr ix  equations work we l l  when 
the matrices are diagonally dominant, a condition which is 
met  by equation (3) when the ref lect ion coef f ic ient  is less 
than about 0.8 (this is dependent somewhat on the 
subsectioning o f  the surface). Since the ref lect ion 
coef f ic ient  approaches 1 when the target  becomes much less 
resistive than the host, the i terat ive solution f o r  the charge 
densities tends t o  become less accurate as the target  
becomes extremely conductive i n  comparison w i t h  the host 
rock. However, examples t o  be shown la ter  show that, even 
i n  this case, the apparent resistivit ies resulting f r o m  the 
approximate solution t o  equation (3) compare favorably w i th  
those f r o m  more elaborate and expensive modelling schemes. 
When the approximate values qi have been found3 the 
secondary potent ial  a t  an arbitrary observation point r' can 
be found via 

Green's functions 

For  the case i n  which the host medium is a 
homogeneous half-space, the Green's functions for  the 
pr imary potential, interact ion potential, and secondary 
potent ial  a l l  have the same fo rm 

Strike -1.1 t 

yo = 250 

Qb = /a 

Figure 13.4: Comparison of results from analog scale modelling with surface integral equation 
modelling. 
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The unprimed co-ordinates re fe r  to  the observation point, 
while the primed co-ordinates re fe r  t o  the source point. 

When the host medium includes a uni form overburden, 
the various Green's functions d i f fe r  depending on where the 
source current o r  charge is situated and where the 
observation points are. These Green's functions are easily 
determined as convergent series by using the method of 
images w i th  the appropriate boundary conditions (Van 
Nostrand and Cook, 1966). F o r  example, when the source 
current is on the surface o f  the overburden (thickness d and 
resist iv i ty po), the potent ial  anywhere i n  the overburden is 
given by 

while i n  the underlying host rock, the potent ial  is 

Similar expressions can be wr i t ten  for  a current source 
lying below the overburden. These potentials determine the 
Green's functions GP, GI, and G~ t o  be used i n  equations (3) 
and (4) when the host consists o f  an overburden over a 
half  -space. 

Results 

Figure 13.2 shows the theoret ical dipole-dipole 
resist iv i ty pseudo-section calculated by the f in i te  element 
and volume integral equation methods. The dimensions o f  the 
model are normalized by the dipole length. Figure 13.3 shows 
the pseudo-section resulting f rom the surface integral 
equation w i t h  the Born approximation as implemented on a 
Hewlett-Packard 9845 desk-top computer. The resistivit ies 
f r o m  the three d i f ferent  modelling techniques generally 
agree within 10%. The calculations on the desk-top 
computer took about 1 5  minutes; this is much more ef f ic ient  
and less expensive than the calculations involving the f in i te  
element and volume integral equation methods implemented 
on a mainframe computer (Pridmore e t  a]., 1981). 

Figure 13.4 shows a comparison between scale 
modelling and numerical modelling using the surface integral 
equation. The scale model is a salt-loaded gelat in body i n  a 
water solution. The pseudo-section is across the centre of 
the target. The experimental resist iv i t ies are the lower 
numbers on the pseudo-section, whi le the upper numbers are 
the corresponding numerically-determined resistivities. The 
agreement between the two sets of numbers is very good. 

Numer ica l  modelling v ia  the surface integral equation 
method can be used t o  predict the ef fects  o f  conductive 
overburden on the pseudo-section response o f  a target. 
Comparison of Figures 13.5a and 13.5b shows that, as 
expected, a conductive overburden dramatical ly decreases 
the detectabi l i ty of a target and changes the pat tern of the 
dipole-dipole pseudo-section contours. 

Modelling of downhole IP and resist iv i ty 

As mentioned previously, the secondary potentials due 
t o  a target can be found anywhere i n  space once the surface 
charge densities on the target  are known. Thus, although 
only central  pseudo-sections were shown i n  the above 
examples, results along prof i les w i th  any or ientat ion and a t  
any locat ion w i th  respect to  the target could be calculated as 
easily. This is an improvement on the f in i te  element or f i n i te  
di f ference techniques, where the numerical values generally 
are accurate only w i th in  the centra l  portions o f  the mesh. I n  
particular, the surface integral equation method could be 
used w i t h  current sources either on or beneath the surface of 
the host medium (or wi th in  the target  body i n  the 
mis6-a-la-masse configuration) t o  f ind potent ials or 
potentials gradients along ver t ica l  and subvertical prof i les i n  
the host rock. I n  this way, it i s  possible t o  model downhole 
resist iv i ty and IP responses (Daniels, 1977, 1978). 

Figure 13.6a shows the cross-section of a conductive 
target (p2 = 10 ohm-m) i n  a homogeneous host rock 
(01 = l o o o h m - m )  and the position o f  a downhole 

Figure 13.6a,b: Secondary potentials between two 
electrodes 1 unit apart due t o  a buried target influenced by a 
buried current source (location marked by +). 



current source. Figure 13.6b shows the plan view of the  top 
of the t a rge t  and the  location of the  source. It also includes 
the  secondary potentials a s  mapped out  by two e lect rodes  
space  one unit apa r t  in the  x-direction ( the  secondary 
potential  differences a r e  plotted a t  the  midway point 
between electrodes). These numbers a re  re la ted  to the  decay 
voltages due to a polarizable t a r se t .  It can be seen t h a t  the  
location in plan view of the  top of the  t a rge t  corresponds to  a 
transit ion f rom positive induced polarization t o  negative 
induced ' polarization. This example suggests t ha t  
dril lhole-to-surface IP surveying could prove useful in trying 
t o  locate  a suspected t a rge t  near a number of barren 
drillholes. 

Figure 13.7 shows a second example in which ver t ica l  
gradient resist ivit ies a re  calculated for a number of ver t ica l  
profiles (i.e., along drillholes) near the  t a rge t  in Figure  13.6. 
The spacing between t h e  downhole potential  e lec t rodes  is one 
unit, and the  source current  is on the  surface  a t  -6. The 
resistivity profiles demonstra te  the  complex anomaly shapes 
tha t  can be expected for drillhole e lec t r ica l  surveys. I t  must 
be emphasized t h a t  where  the  profiles penetra te  the  t a rge t ,  
the  modelled resistivity values a re  not likely t o  be very 
accurate  because of the use of the d iscre te  form of the  
surface  integral equation and the solution of i t  by the  Born 
approximation. However, t he  profiles a re  st i l l  useful and 
informative in a qualitative sense. 

Conclusion 

The surface  integral equation method with the  Born 
approximation is an ef f ic ient  and useful technique f o r  
modelling the  IP and resistivity responses of 2-112 
dimensional targets  in a host rock with or  without a uniform 
overburden. The numerical results a re  probably accura t e  to  
about 10% a s  long a s  the  cu r ren t  or  potential  e lec t rodes  a r e  
not too close to  the  tarqet .  Fo r  t h e  dipole-dipole array, this 
means t h a t  t he  calculated resistivit ies a r e  valid if t he  depth 
to  the  top of the t a rqe t  is not less than half a dipole unit. 
For  shallower targets ,  f iner  subsectioning of the  surface  
integral and matr ix  inversion of equation ( 3 )  is  required for  
good results. However, a s  long a s  only semiquant i ta t ive  
modelling is required, the  Born approximation approach will 
st i l l  be useful in the  nea r - t a rge t  zone. With some 
modifications and fu r the r  approximations, i t  should be 
possible t o  generalize t h e  method to  include varying 
topography and overburden thcikness a s  well  a s  multiple 
t a rge t s  in the  host rock. 
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A SYSTEM FOR THE DIGITAL TRANSMISSION A N D  RECORDING 
OF INDUCED POLARIZATION MEASUREMENTS IN BOREHOLES 

Bristow,Q., A system for  the digi tal  transmission and recording of induced polar izat ion 
~neasurements in  boreholes; i n  Borehole Geophysics fo r  Mining and Geotechnical Applications, 
ed. P.G. Kil leen, Geological Survey o f  Canada, Paper 85-27, p. 127-143, 1986. 

Abstract 

A system has been developed a t  the Geological Survey of Canada for  acquiring t ime domain 
induced polarization (IP) borehole logs which transmits data f rom the downhole probe i n  d ig i ta l  form. 
A surface transmitter generates conventional "positive-off-negative-off" current waveforms w i th  
amplitudes f rom 1 to  254 mill iamps controlled by a computer according to  received signal amplitude. 
The signal waveforms are recorded as 256 channel spectra w i th  depth data on magnetic tape a t  
minimum intervals of one second. A lightweight, shielded, twisted pair cable w i th  a neoprene jacket 
is used. Field tests to  veri fy the performance showed that  it was also possible to  record a useful 
"Single Point IP" signal, analogous t o  Single Point Resistance, w i th  only a current electrode downhole. 
Test logs are presented which show excellent repeatabi l i ty and i l lustrate the versat i l i ty of the 
system. 

L a  Commission g6ologique du Canada a concu un systeme permettant de transmettre les 
donnkes d'une sonde de fond sous forme numerique af in  de realiser des diagraphies de t rou de sondage 
par I'enregistrement de la  polarisation induite (PI) en fonct ion du domaine du temps. A l a  surface, un 
Bmetteur produit des formes d'onde classique de courant "positif-ferm6-n6gatif-ferm8" dont les 
amplitudes, qui vont de 1 B 254 mili lamp2res, sont contrBl6es par un ordinateur en fonct ion de 
I'amplitude du signal recu. Les formes d'onde du signal sont enregistrees sous I'aspect de 256 spectres 
de bande, avec Ifindication de l a  profondeur, sur une bande magnetique B des intervalles minimaux 
d'une seconde. On ut i l ise pour ce faire un csble IBger consistant en un csble B paires torsad6, blind6 
et  gain6 de neoprene. Les essais de rendement effectues sur le  terrain ont rev616 qu'i l est Bgalement 
possible dfenregistrer un signal de polarisation induite en un point unique, comme pour l a  resistance 
en un point unique, B I'aide d'une seule electrode Bmettr ice installee dans un t rou de sondage. Les 
diagraphies d'essai qui sont presentees ont un excellent indice de repeti t ion e t  temoignent de 
I'excellente polyvalence d'uti l isation du systeme. 

Background Summary o f  the principles o f  induced polar izat ion 
The Resource Geophysics and Geochemistry Division of 

the Geological Survey of Canada has a continuing program of 
R&D aimed at  improving and standardizing measurement and 
interpretat ion techniques in  borehole logging. One of the 
borehole logging techniques is natural gamma ray 
spectrometry, for  which instrumentation based on a Da ta  
General NOVA minicomputer has been used. This vehicle- 
mounted system has been described previously (Bristow and 
Killeen, 1978; Bristow, 1979a). The same system, and much 
of the same software, have been adapted to  record induced 
polarization measurements in  boreholes w i th  accompanying 
resist iv i ty and spontaneous potent ial  (SP) data. The 
waveforms are recorded i n  diai tal  format  w i th  the hiahest 

When a current is passed through a metal-electrolyte 
interface an overvoltage is developed across the interface 
which increases nonlinearly w i th  t ime  to  a l imi t ing level 
dependent on the current. This is due i n  part to a continuing 
accumulation o f  ions of one polar i ty close to  the meta l  
interface. I f  the current source is removed and replaced by a 
short circuit ,  then a reverse current w i l l  f low un t i l  an 
electr ical ly neutral  equil ibrium of positive and negative ion 
concentrations is restored. The interface thus behaves i n  
some respects l ike a capacitor containing a polarizable 
dielectr ic which can be charged and discharged (see e.g. 
Telford et  al., 1976). 

possible f ide l i ty  on a continuous basis. Off- l ine processing The same phenomenon occurs at  the myriad interfaces 
can then be carr ied out as of ten as required on the same data formed between meta l l ic  minerals and pore fluids i n  
using digi tal  techniques to  optimize interpretat ion methods. formations containing disseminated sulphides when a current 
This paper describes the equipment and the features which is passed through them. The diagnostic property is the t ime 
are considered to  represent improvements over that which is dependent voltage increase observed a f te r  current turn-on 
presently available for  borehole IP measurements. and the corresponding decay af ter  current turn-off, 

l Geological Survey o f  Canada, 601 Booth Street, Ottawa, Ontario K1A OE8 



(see e.g. Sumner, 1976). The phenomenon was f i r s t  
investigated by Conrad Schlumberger i n  France who obtained 
a patent i n  1912 for  application o f  the technique fo r  mineral 
exploration. The underlying principles were investigated 
extensively by a group at  Newmont Exploration af ter  World 
War I1 and publications which resulted f rom this work 
stimulated widespread use o f  the method as a base meta l  
exploration tool (Wait, 1959; Seigel, 1959; Bleil, 1953; 
Madden and Marshall, 1959). The vast major i ty  of IP surveys 
are carr ied out using electrode arrays on the surface, w i t h  
relat ively few workers using downhole electrodes. 

I n  both modes of operation, current is injected in to the 
ground f rom a suitable transmitter by means of one pair o f  
electrodes, while the resulting potentials are sensed w i t h  a 
second pair. The t ime dependent parameters can be observed 
either by applying the current as a square wave funct ion 
(with al ternate polar i ty reversals to avoid the cumulative 
effects of polarization), or by applying i t  as a series o f  
sinusoidal waveforms of d i f ferent  frequencies. I n  the f i r s t  
case (time-domain IP), the t ime dependent polar izat ion 
parameters can be observed direct ly i n  the signal recorded by 
the potent ial  electrodes as departures f rom the square 
waveform generated by the excit ing current. I n  the second 
case (frequency domain IP), the t ime dependent polar izat ion 
parameters are determined indirect ly by measurements of 
shif ts i n  amplitude and phase of the received signal w i t h  
respect t o  the excit ing current waveform as the frequency is 
changed. 

A considerable body of published l i terature on the 
subject of induced polarization exists, however only a small  
part  o f  it is concerned wi th  techniques or equipment for  
borehole IP measurements (e.g. Dakhnov et  al., 1952; Wagg 
and Seigel, 1963; Bacon, 1965; Brant  e t  al., 1966; Snyder 
e t  al., 1977; Hallof, 1980; Ogilvy, 1984). Two interest ing 
papers have recently appeared in  print: Vinegar e t  al. (1985) 
described a system similar to  the one which is the subject o f  
this paper, and Ogi lvy (1985) described anomalous negative I P  
ef fects  recorded in  boreholes. His explanation closely 
parallels one presented i n  this paper. ' 

Some aspects o f  present borehole logging technology 

Borehole logging equipment has been extensively 
developed for  o i l  and gas exploration and is a universally 
accepted technique i n  that industry. A n  inevitable 
consequence has been the establishment of de facto standards 
i n  equipment design and manufacture appropriate fo r  large 
diameter holes. This presents d i f f icu l t ies i n  adapting o f f -  
the-shelf systems to  mineral exploration, where costly 
diamond dri l l ing in  relat ively inaccessible terrain places 
severe constraints on the overal l  weight o f  equipment and the 
diameter o f  the tools which can be used. 

One such standard comoonent is the four conductor 
steel armoured cable designated as "4HO" (now 4H18RB), 
which weighs 91 kg/km and requires a substantial winch for  
raising and lowering the logging tool. Logging systems for  
gamma ray spectrometry and pulse EM developed t o  GSC 
specifications by McPhar Geophysics and Crone Geophysics 
respectively, incorporate neoprene-jacketed, shielded, 
twisted pair cables weighing only 35 kg/km. The l ighter  
cable allows a corresponding reduction i n  the size and weight 
o f  the winch and power source required. Since in  any logging 
system the cable, winch and power source account fo r  the 
bulk o f  the weight, the reduction i n  size and weight o f  a l l  
three is a considerable dividend. 

O i l  and gas wells are usually a minimum of 100 m m  i n  
diameter and as a result  the various logging tools designed 
for  use i n  them are rarely less than 50 m m  i n  diameter. 
Diamond-dril l holes for mineral exploration by contrast are 
typical ly "BQ" size (60 m m  diameter), which l im i t s  logging 
too l  diameters to  approximately 40 mm. 

Conventional logging systems for  time-domain IP  
and/or SP and resist iv i ty measurements use tools w i t h  
electrodes only (normally made f r o m  lead), and no act ive 
electronics. The signals are transmitted d i rect ly  to  the 
surface equipment as analogue voltages. The possibilities for 
noise pick up i n  a long cable w i th  the low signal levels 
involved are considerable, and i n  the case where a current 
electrode is being fed via an adjacent conductor, some 
interference is almost inevitable. 

The use o f  the "4H01' cable, w i th  i t s  conductive steel 
wrap, l im i t s  operational f lex ib i l i ty  in  the selection o f  
electrode configurations for some electr ical measurements. 
F o r  example one useful conf igurat ion is to  have both current 
electrodes remote f rom the downhole potent ial  electrodes, 
ei ther on the surface o r  in  adjacent holes. The presence of an 
equipotential l ine (the cable) running f r o m  the surface down 
t o  the too l  might  then cause undesirable ef fects  by distort ing 
the potent ial  f ie ld  i n  the vicini ty of the borehole. 

Surface processing o f  signals received f rom the too l  has 
o f  course been revolutionized by the avai labi l i ty of high 
quality and relat ively inexpensive A / D  converters and 
microcomputers. More and more data w i l l  undoubtedly be 
processed on-line as this revolut ion progresses. I n  the in te r im 
however f ie ld  data must be stored fo r  off- l ine processing and 
the most universal, compact and reliable of available mass 
storage devices for  f ie ld  use continues t o  be nine-track 
magnetic tape. The storage capacity and re l iab i l i ty  far  
exceed that of f lexible discs and almost a l l  data processing 
centres support the nine track tape medium. 

System design objectives 

The equipment t o  be described was designed for  use i n  a 
research program t o  increase the level o f  knowledge and 
understanding of IP phenomena observed i n  boreholes and 
their relat ion to  the presence o f  mineralization. Suff ic ient 
f lex ib i l i ty  was required t o  cover a wide variety o f  
experimental modes o f  operation and configurations. It was 
also desirable t o  be able to  examine raw data which had been 
recorded w i t h  the minimum o f  preprocessing and w i t h  the 
best possible signal-to-noise ratio. Since the system would be 
experimental, it was reasonable to  consider incorporating 
any recent advances i n  technology or new approaches which 
appeared l ikely to  improve the accuracy and reproducibi l i ty 
o f  the measurements, even i f  their  re l iab i l i ty  record was as 
yet unproven. This is an ent irely d i f ferent  approach f rom that 
used i n  the design o f  commercial  equipment, where the 
emphasis must be on proven technology and techniques, a 
minimum of costly options, streamlined packaging w i th  
operator convenience i n  mind, and presentation and recording 
o f  data i n  nearly f i na l  fo rm as possible. With the above 
requirements i n  mind the design objectives were set as 
follows: 

Time-domain rather  than frequency domain operation, 
with. a constant current transmitter generating a 
conventional "positive-off-negative-off", waveform i n  
order t o  min imize the t ime required for  a single 
measurement and t o  permi t  continuous rather than 
stepwise logging. 

Recording o f  complete received signal waveforms 
digi t ized a t  a minimum o f  256 samples per complete 
cycle; w i th  a maximum rate of one complete cycle per 
second. 

Tool diameter to  be less than 40 mm, w i th  provision for 
easy connection of a variety o f  d i f ferent  electrode arrays. 

In-tool signal conditioning and A I D  conversion i n  order t o  
el iminate any noise inject ion or signal distort ion occurring 
i n  the signal path f rom tool  to  surface. 



- The use of chemically reversible (non-polarizing) 
electrodes i n  the tool as potent ial  sensors rather  than the 
tradit ional lead ones. 

- Elect r ica l  isolation of the potent ial  electrodes and 
associated analogue signal conditioning c i rcu i t ry  f rom the 
surface equipment. The rationale here was to avoid the 
necessity of impressing the large common-mode voltage 
signals generated between the tool and the surface, onto 
the low level signals which are being transmitted between 
them. By isolating the measurement circuitry,  the 
possibil ity o f  referencing potent ial  measurements t o  a 
point on the surface is precluded, so that only potent ial  
gradients can be transmitted. 

- Transmitter lreceiver (T/R) un i t  and logging tool to  be 
developed as far  as possible as an independent subsystem, 
w i th  a view to making the technology available to  
Canadian industry, w i th  standard interfacing to  
commonly used data acquisition systems or personal 
computers. 

- Compatibi l i ty w i t h  the insulated shielded twisted pair 
logging cable already i n  use by the GSC research group 
for  the measurement of other parameters. I t  is also an 
overal l  objective to  make this l ightweight cable standard 
for  a l l  tools which are used i n  the continuing borehole 
logging research program. 

- Compatibi l i ty w i t h  an existing truck-mounted, research- 
oriented data acquisition system based on a Data General 
Corporation NOVA minicomputer. 

Overview o f  experimental borehole IP system 

The IP system, which was assembled and is now being 
used for  preliminary studies, is shown i n  block diagram fo rm 
i n  Figure 14.1. The top section o f  the logging tool consists o f  
a stainless steel tube containing the signal conditioning and 
A I D  conversion electronics plus a dry battery pack. Current 
and potent ial  electrodes were constructed i n  several 
commonly used configurations using gold plated brass 
cylinders. The electrodes are separated by insulating 
sections machined f r o m  PVC mater ia l  for closely spaced 
electrode pairs. Flexible rubber covered cable of appropriate 
length is used to make the connections between these 
assemblies for  widely spaced electrodes. 

T w i s t e d  pair  sh ie lded c a b l e  
wi th  n e o p r e n e  j a c k e t  a n d  
k e v l a r  s t r a n d  for  h igh  s t r e n g t h  

The T/R un i t  contains a programmable constant current 
supply w i th  provision for  connecting the output terminals to 
two remote electrodes, or to  one remote electrode and one i n  
the downhole array. The potent ial  signal is received f r o m  the 
tool as a modulated frequency and fed  to  c i rcu i t ry  i n  the T/R 
uni t  v ia an opt ical coupler, thereby electr ical ly isolating the 
ent ire potent ial  measurement c i rcu i t ry  i n  the too l  f r o m  the 
surface equipment. The current waveform is fed to  the tool 
current electrode via one conductor of the twisted pair when 
the array conf igurat ion requires a downhole current source. 
The shield and second conductor are used to  transmit the 
frequency signal to  the opt ica l  coupler. 

The data acquisition system consists of the fol lowing 
components: 

Probe shell 

V I F  converter  sends 
signal as modulated 

6 pole act ive filter 

preamp, Z in >lo9 9 

B a t t e r y  p a c k  

Connects to main 
tool  sect ion 

Current e lect rode 

Typical  
electrode Flexible lead  

ar ray  

Potential e lect rodes 
PVC (gold p la ted  brass) 

potential  
freq. 

Signal  
(mod. fre 

S e t  current leve l  

Signal current 

4 \ \ \ 
Current 
waveform 

Slip rings' 

T =  1 ,  2 ,  4 ,  or 8 secs 

1 Return current electrode 

u 
Figure 14.1. System block diagram. 



- NOVA 1220 minicomputer (Data General Corp.). A key feature o f  the software is the automatic control  
o f  the transmitter current, which is done on the basis o f  - ~ i n e  track magnetic tape transport (DIGIDATA Inc- w i th  received signal amplitude. I f  a transmitter overload occurs, 

NOVA interface board). the current is automatical ly reduced t o  75% o f  the value 
- CRT display consisting o f  a Tektronix model 604A X-Y 

monitor which provides a continually refreshed display o f  
"pages" o f  alphanumeric or graphic data stored i n  various 
blocks o f  NOVA memory. The necessary character 
generation, raster scan and D / A  conversion c i rcu i t ry  to 
implement tex t  and/or graphic display modes is bui l t  onto 
an interface board contained i n  the NOVA chassis. 
Operation is by direct memory access w i th  keyboard 
entries for selection o f  pages of data to be displayed. 

- An RMS Instruments chart recorder w i th  alphanumeric 
pr in t  capability. This microprocessor controlled 
instrument allows real  t ime  p lot t ing o f  up t o  six 
parameters w i th  depth pr intout a t  specified intervals and 
f iducial  lines across the chart. 

- Texas Instruments "Silent 700" Model KSR743 data 
terminal for  operator communication w i t h  the system. 

A software operating system, wr i t ten  in  assembly 
language for maximum speed i n  on-line processing and easy 
adaptation to  non-standard interfaces, allows complete 
control  by the operator via keyboard entries of a l l  system 
parameters while logging. 

Figure 14.2. The T / R  unit, a pole-dipole electrode array, and 
the disassembled logging tool showing circuit board 
containing amplifier, fi l ter and V/F converter. Battery pack 
is shown with one o f  the three 9V transistor batteries beside 
i t .  

which caused the overload. This value is then stored as the 
maximum allowed current unless or u n t i l  this upper l i m i t  is 
revised by a keyboard entry. The option o f  a f ixed current 
(specified f rom the keyboard) can be selected as an 
alternat ive to the auto-current mode. 

Depth data are recorded f rom a shaft encoder driven by 
the well-head pulley as the logging cable moves over i t .  This 
data acquisition system has been used to  record gamma ray 
spectral data, temperature data and electrochemical 
parameters w i t h  various logging tools since 1978. 

Detailed system description 

I P  logging tool 

A photograph o f  the logging too l  and contents is shown 
i n  Figure 14.2. There are four functional blocks o f  electronics 
as follows: 

- Regulated * 10V power supply, operated by three standard 
9 vo l t  transistor radio alkaline cells. These provide a t  
least 8 hours continuous operation of the too l  at a 
temperature o f  10°C. Transmission is switched o f f  
automatical ly when the bat tery  voltage fal ls to  a 
predetermined level  t o  avoid recording unreliable data. 

- High input impedance (10l0 ohm) preampli f ier fo r  
potent ial  electrode signals w i t h  switch selectable gains o f  
X2; X10; X100. The device used is a premium qual i ty 
bipolar monol i thic I C  operational ampl i f ier  w i t h  low noise 
and d r i f t  characteristics (Monolithics Corp. OP-07). 

- 6 pole But terwor th active low-pass f i l t e r  w i th  a 3db 
cutof f  set a t  30 Hz. This is incorporated to  ensure 
reject ion of 60 H z  ground current noise contributions to  
the signal. The f i l t e r  is implemented w i t h  three low power 
I C  operational ampli f iers and associated R C  networks and 
has zero insert ion loss i n  the pass band. 

- Analogue t o  d ig i ta l  conversion o f  the signal fol lowing the 
f i l t e r  is accomplished by a monol i thic I C  voltage-to- 
frequency converter (Analog Devices Inc., Model AD537). 
The device is biased so that the zero signak level 
corresponds to  a frequency o f  approximately 75 kHz. F u l l  
scale negative and positive inputs a t  the potent ial  
electrodes generate frequencies of 20 kHz and 130 kHz, 
respectively. The frequency signal is in  the form of a 
20 mA current square wave derived f rom the battery 
operated power supply, and is transmitted to the surface 
via the shield and one conductor of the twisted pair i n  the 
logging cable. 

The stainless steel port ion o f  the too l  is i n  two sections 
separated by a bulkhead w i t h  "0" r ing seals on each side. The 
upper section houses the c i rcu i t  board w i t h  the electronics 
and is terminated w i t h  a standard Gearhart Owen cable 
connector having four connector pins. The lower section o f  
tubing houses the bat tery  pack (3 batter ies slotted into a 
solid PVC rod as shown i n  Fig. 14.2) which is easily removed 
for  battery replacement by means of a bayonet lock. This 
pack also contains the switch for  changing the preampli f ier 
gain. A connector a t  one end of the pack engages w i th  a 
mating connector i n  the bulkhead and makes the necessary 
connections for  the electrode leads, gain switch and 
batteries. The electrode leads are routed past the batter ies 
and out  a t  the lower end t o  the electrodes via pressure t i gh t  
"0" r ing seals. Chemical ly reversible electrodes have not  yet  
been f i t t e d  t o  the too l  and t o  date gold plated brass cylinders 
have been used instead i n  order t o  minimize unwanted 
contact potent ial  variations. Gold is considerably less 



chemically active than lead i n  this respect, although s t i l l  not  
chemically reversible. Figure 14.3 shows details o f  the 
electrode assemblies. 

Transmitter lReceiver (T/R) unit  

A block diagram o f  this un i t  is shown i n  Figure 14.4; the 
functional blocks are as follows: 

- Programmable constant current supply controlled by the 
NOVA minicomputer. 

- Overload sense and f lag circuitry.  

to  vary the sensit iv i ty of the overload sense c i rcu i t  w i th  
current level, so that it can be set t o  tr igger fo r  a deviation 
which is a f ixed percentage o f  the level set a t  any time. The 
system presently operates w i th  the overload trigger set for 
detection of a 2% dif ference between the current set and 
the current delivered. 

One terminal  o f  the supply is normally connected to  the 
tool current electrode, while the other one may be connected 
to a surface electrode some distance f r o m  the surface 
equipment, or to an electrode down an adjacent hole. I n  
ei ther case an unknown alternat ing potent ial  di f ference can 
be expected between the qround on which the surface 

- Optical coupler for  electr ical isolation of tool equipment is situated and the-current supply circuitry,  as the 
measurement electronics f rom current generating current is cycled through the positive-off-negative-off 
c ircuitry.  sequence. Opt ica l  isolators are therefore used to  provide 

electr ical isolation between the NOVA contro l  signals and the - Current switching c i rcu i t ry  controlled by the NOVA via itself. The overload signal to the NOVA is similarly 
optical couplers to  allow electr ical isolation of the T/R isolated. This prevents an undesirable voltage difference 
unit  f rom the rest o f  the data acquisition system. between the chassis of the data acquisition system and the 

- Di f ferent ia l  ampli f ier to allow recording of the voltage 
waveform between the supply terminals. 

- IP  signal waveform simulator. 

The constant current supply is o f  conventional design 
except for the use of a power MOSFET rather than a bipolar 
transistor as the current qenerator. These devices are rugged, 
relat ively inexpensive and by their  nature draw no power 
f rom the control  c i rcu i t ry  connected t o  the gate electrode. A 
further advantage i n  this application is the assurance that 
since there is no qate current, the drain and source currents 
are always equal, even at  the 1 mA level. The voltage 
measured across the source resistor thus accurately re f lects  
the current actually delivered to  the current electrodes over 
the fu l l  design range, which i n  this case is 1-254 mA. 

The current level is set by a 12 b i t  D / A  converter of 
which only the most significant 8 b i ts  are used. This 
generates a reference voltage which is used by an error 
ampli f ier to  maintain the voltage across the MOSFET source 
resistor (marked "R" in  Fig. 14.4), a t  the same level, thereby 
setting the current delivered to  the formation. I f  the 
formation resistance encountered between the output 
terminals (i.e. between the current electrodes) requires a 
voltage greater than the supply can provide (approximately 
150 VDC), then the reference voltage and that across "Rtt w i l l  
no longer be matched and an overload sense c i rcu i t  w i l l  be 
triggered, flagging the computer that the received signal 
waveform is invalid. A second D/A  converter, ident ical w i t h  
the current-setting uni t  and driven i n  paral lel  w i th  it, is used 

area of ground where it is located. 

The frequency signal f r o m  the too l  is isolated f rom a l l  
other c i rcu i t ry  by an opt ica l  coupler i n  the T/R unit, f rom 
which it is routed to  the frequency measurement c i rcu i t ry  i n  
the NOVA. 

An IP  signal waveform simulator is incorporated into 
the T/R uni t  which can be switched i n  to  replace the 
waveform received f rom the tool a t  any time. Provision is 
included for  varying the amplitude, rise and decay times, and 
the zero level of the signal. This simulates variations in  
resistivity, IP  e f fec t  and SP respectively. The waveform is 
applied to  a separate V/F converter i n  the T/R uni t  so that  
the NOVA receives a signal as i f  i t  had been generated i n  the 
logging tool. 

A d i f ferent ia l  ampli f ier w i th  a high input impedance 
(40 Megohms), -is -connected aeross the  current supply 
terminals. The signal f r o m  it is connected t o  a second V/F 
converter i n  the T/R unit. A f ront  panel switch allows 
selection o f  this waveform for recording as an alternat ive to  
the one generated by the downhole tool. The voltage 
between the current electrodes has tradit ional ly been 
recorded as "single point resistance" i n  unsophisticated 
systems. It also provides "Single Point IP" information, which 
is discussed i n  a la ter  section o f  this paper. 

Current switching signals are generated in  the NOVA 
interface, these actuate relays i n  the T/R uni t  which reverse 
the polar i ty o f  the electrode terminal  connections during the 
OFF periods. A f ron t  panel meter  displays current level and 
an LED indicator flashes when overloads occur. A safety 
switch is provided to short c i rcu i t  the current supply while 
electrode connections are being made. The uni t  also has a 
main A C  power switch. The current supply terminals are 
accessible as f ront  panel banana jacks, i n  addition one of the 
terminals is routed to the logging cable connector. This 
provides adequate f lex ib i l i ty  for any conf iqurat ion of current 

I, 
Llectrodes t h i t  may be requ.ired. 

. 

,- - Acquisi t ion o f  received waveforms 

Figure 14.5 shows a typical potent ial  waveform that 
would be sensed by the potent ial  electrodes i n  the tool as the 
current cycles through the "Positive-Off-Negative-Offtt 
sequence. The horizontal l ine labelled "BASELINE LEVEL" 
represents the potent ial  seen by the electrodes i n  the absence 
of any transmitter generated current. I f  no SP is present this 
w i l l  be zero, in  which case the V/F converter w i l l  transmit a 
steady frequency o f  approximately 75 kHz. This frequency 
w i l l  sh i f t  t o  a f u l l  scale maximum o f  130 kHz  i f  the potent ial  

Figure 14.3' The arrays use brass electrodes sense a f u l l  scale voltage dif ference when the 
cylinders for the ~ o t e n t i a l  electrodes. Thev are screwed into 
sictions of  PVC rod with "0" ring seals. 

' 
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t ransmitter current is positive, simi lar ly it w i l l  f a l l  t o  a 
minimum o f  about 20 kHz for a f u l l  scale negative voltage 
when the transmitter current is negative. 

I f  the continuously changing frequency f rom the too l  is 
sampled for a series o f  short intervals, then the resulting 
counts fo r  each successive in terva l  w i l l  be proportional t o  the 
or iginal analogue voltage averaged over each one, thereby 
forming a histogram or digi t ized version of the waveform. 
The waveform (Fig. 14.5) is digi t ized i n  this fashion in to 
256 data points per second. The available waveform duration 
times (periods), are 1, 2, 4 or 8 seconds and are set by 
keyboard entry. The number o f  data points per complete 
waveform are thus 256 for  a one second time, up to  2048 for  
an eight second time. I t  should be noted that the 
measurement resolution of each data point is a funct ion of 
the length o f  each counting interval and the number o f  pulses 
per second (i.e. frequency) being transmitted by the V/F 
converter. The longer the counting in terva l  the larger the 
number of counts -but also the fewer the number of data 
points. There is thus a trade-off between signal amplitude 
resolution and number o f  points defining the or iginal analogue 
waveform. The comparatively low frequency range of the 
V/F converter used i n  the too l  o f  this system did not  allow an 
acceptable compromise, so that  another means o f  achieving 
adequate resolution had to be found. One solution would have 
been to use a V/F converter having a much higher frequency. 
A n  off-the-shelf device was not however available which 
would f i t  into a slim-hole tool. 

The approach, adopted for this system, was to use a 
phase-locked-loop c i rcu i t  a t  the surface to  mul t ip ly  the in- 
coming frequency signal by an appropriate factor, so that the 
desired resolution i n  terms of signal amplitude could be 
achieved without sacrif icing resolution o f  the waveform by 
having too few data points. Mult iplying the V/F converter 
base frequency by a factor  of 10 using the phase-locked-loop 
circuit ,  allows a f u l l  scale amplitude resolution of 
approximately one par t  i n  2000. This corresponds t o  a 
sensitivity of about 0.5 mV/volt  which is considered 
adequate. 

Figure 14.6 i l lustrates the principle o f  transmitter 
control  and waveform acquisition which i n  this system is 
implemented on a NOVA general purpose board contained in  
the NOVA chassis. A t  the top is shown the t iming chain which 
begins w i t h  a crysta l  controlled clock. The frequency 
(163.84 kHz) is divided down in i t ia l ly  to  a frequency of 
256 Hz. The resulting marker pulses, spaced 3.9 ms apart, 
define the successive counting intervals fo r  counting the in- 

COMPLETE CYCLE IS SET TO 1, 2 ,  4,  OR 8 
SECONDS FOR 2 5 6 .  5 1 2 .  1 0 2 4  OR 2 0 4 8  
WAVEFORM SAMPLES 

Figure 14.5. Downhole A/D conversion. Wave for 
with ranges indicated at right. 

coming signal frequency (bottom l e f t  of Fig. 14.6). 
Synchronizing logic ensures that coincidence occurs between 
a clock pulse and a signal frequency pulse before counting 
commences i n  each t ime interval. Counts are deposited i n  
successive locations of NOVA memory via the direct memory 
access "Data channel", thereby building a digi t ized version o f  
the waveform i n  memory. This can be seen on the display 
monitor as it progresses. Further division o f  the same t iming 
chain (top of Fig. 14.6) is carr ied out to  produce t iming 
signals for  switching the t ransmi t ter  current through i t s  
sequence. Thus the digi t iz ing o f  the received signal is 
synchronized w i th  the transmitter waveform. 

The use o f  voltage-to-frequency conversion as the 
digi t iz ing technique offers some signif icant advanages over 
successive approximations converters fo r  this application: 

- V/F converters have bet ter  l inear i ty  and do not  suffer 
f rom any discontinuities i n  the transfer function. 

- They are relat ively inexpensive and available as 14 or 8 
p in  monolithic ICs which are physically compatible w i t h  
the rest r ic ted space available i n  a "slim holeff logging 
tool. A I D  converters of comparable performance are 
generally larger, more expensive, and consume much more 
power. 

- Data transmission as a continuously varying frequency is 
simple t o  implement and does no t  require parallel-to- 
serial conversion i n  the tool, or any two-way 
communication w i t h  the surface equipment. 

- Measurement resolution can be as good as the 
sophistication o f  the surface equipment allows. This can 
be accomplished i n  short t ime  intervals either by 
measuring period (rather than frequency) using a high 
speed clock, or by means o f  a phase-locked-loop circuit ,  
as was done i n  this system. 

- The analogue signal being sampled is automatical ly 
averaged over the counting in terva l  chosen. The 
requirement for  analogue integrat ion w i th  sample-and- 
hold c i rcu i t ry  i n  the too l  is thus avoided. 

On-line control of transmitter current 

The measurement resolution of the received signal 
amplitude is approximately 0.05% o f  f u l l  scale when 
measured i n  ei ther the positive or negative quarter cycle 
f rom the zero signal level. For  a given current setting the 
signal amplitude is proportional to  formation resistivity, 
w i th in  the volume o f  investigation f o r  the chosen potent ial  

V I F  CONVERTER AFTER PHASE LOCKED LOOP 
IN PROBE MULTIPLIER AT SURFACE 

MAX POSITIVE LIMIT - 
FREQ. = 130 KHz 

1300  KHz 

BASELINE LEVEL - - FREQ.= 7 5  KHz 
AT SPz  ZERO 

7 5 0  KHz 

MAX NEGATIVE LIMIT - F R E Q . - 2 0  KHz 
2 0 0  KHz 

- - 
FREQ.= ZERO 

*m at left is converted to  a proportional frequency 



electrode spacing. Experience indicates that in  mineral where "N" is the number of data points i n  6 and D, and "K" is 
exploration environments, where boreholes intersect the zero siqnal level count. 
sequences o f  sedimentary. and igneous rocks, resist iv i ty 
contrasts o f  the order of 104:l can occur. 

The transmitter current range ( 1  to  254 mA)  in  
conjunction wi th  the 0.05% measurement resolution of the 
received siqnal amplitude allows for  an overal l  dynamic range 
o f  greater than 5 x 105: l  in  resistivity. I n  order to realize 
these l im i t s  the current setting must be changed as necessary 
to track the rapid changes that occur as the tool moves 
across contacts between d i f ferent  rock types. A n  algorithm 
has been developed and used i n  the system software which 
accomplishes this function. 

The signal waveform i n  Figure 14.5 is typ ica l  o f  that 
which might  be obtained i n  a formation containing 
disseminated sulphides. I f  the SP gradient (the potent ial  
e f fect ive ly  measured by the relat ively closely spaced 
potent ial  electrodes) is zero, then the "BASELINE LEVEL1' i n  
Figure 14.5 w i l l  correspond to  a V/F converter frequency o f  
approximately 75 kHz, as explained previously. Any departure 
o f  the l ine f rom this predetermined level is therefore due t o  
the presence o f  an SP gradient superimposed on the 
alternat ing signal caused by the transmitter current. 

The resist iv i ty is proportional to the absolute fu l l  
amplitudes of the positive and negative lobes of the 
waveform w i th  respect to  the "BASELINE LEVEL" i n  
Figure 14.5, divided by the current level generated by the 
transmitter as set by the NOVA. A good measure of this 
quantity is given by: 

where "RES" is a quanti ty proportional t o  resistivity; A and B 
are regions having N data points each; I is the transmitter 
current and the ver t ica l  bars denote absolute values. I f  there 
is no significant I P  effect,  then the te rm I B - D l  wil! t l t :  

zero and the curve w i l l  be a t  f u l l  amplitude fo r  the f u l l  
widths o f  regions A and C. 

The signal level recorded thus consists o f  a resist iv i ty 
component and an SP component: 

SIG a RESxI + SP (3) 

The NOVA must be able t o  separate these two components i n  

A reasonably accurate measure of the SP gradient order to  set current levels. The composite signal must not  be 
signal can be made by computing the mean of the sum of the allowed to exceed cer ta in  predetermined positive and 

negative levels (which can be set in  the software), or non- 
data points 'Ontained in the regions marked and in linear operation w i l l  occur. I f  the actual amplitude excursion 
Figure 14'5 and subtracting the predetermined level, of the signal from the predetermined zero level is IISIGII as thus: 

above, but the desired or opt imum value is (say) "So1', then 

SP a (B + D) /N - K (1) 
the current "I" which produces a signal level of "SIG" should 

CLOCK r k  

SIGNAL WAVEFORM 
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MULTIPLIES 
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CURRENT W A V E F O R M  
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- 
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- - - - 
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DIVISION RATIO 

SET B Y  

KEYBOARD ENTRY 
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ONCE PER 
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f 4 0 
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COMPLETE CYCLE 
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Ffgure 14.6. Acquisition of  IP wave forms as digital data.  Incoming modulated frequency ( l e f t )  is 
multiplied t o  enhance measurement resolution and counted over 4 ms. t ime slices to produce 
digitized wave form at right. 



be changed t o  bring it to  the level "Sot7. The factor  "F" by 
which the current must be changed to  accomplish this is 
given by: 

(Changing the current does not al ter the SP component.) 

f r o m  which the factor  "F" is given by: 

Continuous on-line corrections are made to the transmitter 
current on this basis t o  maintain the received signal i n  a 
predetermined working range for  variations i n  ei ther 
formation resistivity, o r  SP. 

I P  measurements are based on integrat ion of the the 
current "OFF" segments f rom 0.285 T t o  0.55 T, where T is 
the t ime fo r  each OFF segment. This applies f o r  the four 
complete waveform times which are available i n  this system. 

Summary o f  software capability 

As indicated earlier a software operating system for  
the NOVA based data acquisition equipment already existed, 
having been developed primari ly for  use i n  airborne gamma 
ray spectrometry measurements (Bristow, 1979b). The 
routines required t o  process 256 channel gamma ray  spectra 
(integration of regions etc.) were direct ly applicable to  the 
processing of the digi t ized IP  waveforms. The computation 
required to  determine resistivity, SP, and current adjustment 
factor  is carr ied out  on waveform number N (stored i n  
memory), while waveform N + 1 is being acquired i n  another 
block o f  memory, and while waveform N-1 is being dumped t o  
tape w i th  other related data. 

On line processing and monitoring faci l i t ies include the 
following: 

- Integrat ion and l ive display o f  the numerical values o f  ten 
regions o f  the waveform, six o f  which are operator 
defined by keyboard entries. 

- Graphic display of individual waveforms as they are 
acquired, or o f  composite waveforms a f te r  stacking for a 
number of cycles set by keyboard entry. I n  the la t te r  case 
any o r  a l l  o f  the integrat ion regions selected can be shown 
as intensified portions o f  the display. 

- ~ k v e  display o f  depth; cable velocity; resistivity; SP; 
transmitter current, and correct ion factor  computed as 
described above. The present value of maximum allowed 
transmitter current as set by the system following an 
overload, or as revised by the operator is also displayed. 
A l l  these parameters are updated on the screen as each 
new waveform is acquired. 

- Warning to  the operator f rom data terminal  horn when a 
transmitter overload condition persists for  more than a 
predetermined number o f  data points i n  a given 
waveform. The displayed waveform is also intensified fo r  
the portions where transmitter overloads occur. A l l  
overload data points i n  a waveform are flagged on the 
magnetic tape record. 

- The operator can define simple algebraic functions o f  
parameters t o  be p lot ted out on the six channel s t r ip  
chart recorder. The parameters are: resistivity, SP, IP, 
current, and the numerical values o f  the integrations over 
the six selectable regions. Functions can include for  
example simple scaling of amplitudes, ratios, products, 
sums, or differences o f  any o f  the above parameters. 
Functions already defined on other channels can also be 
included as parameters. 

I n  addition t o  on-line capabilities, the operating 
software allows recorded data to  be read back, w i th  digi t ized 
waveforms being dumped in to the same areas of memory that  
are used in  the acquisition mode. Essentially the same code 

CURRENT + 
'"""'A' L_ * 

Figure 14.7. (a)  Negative I P  e f fec t .  With polarizable body between current and potential 
electrodes. (b) Zero I P  e f f e c t .  When potential electrodes partially intersect the polarizable 
body. ( c )  Positive I P  e f f e c t .  When potential electrodes are within the polarizable body. 



then processes these raw waveforms; providing the  same  
display and s t r ip  cha r t  facil i t ies a s  outlined above. One of 
the valuable fea tures  of this "instant replay" capabili ty is the  
opportunity to view each complete waveform on the  graphic 
display a s  i t  is read back ( a t  a maximum r a t e  of about five 
records per second) and to  s top the  action and plot a 
waveform on the  recorder  if any significant character is t ics  
or  peculiari t ies a r e  observed. Another advantage is t he  option 
t o  ref ine  s t r ip  cha r t  functions and re-run the  d a t a  a s  of ten  a s  
desired in order to  maximize discrimination of desired 
parameters  from background noise. More sophisticated 
processing of the raw recorded da ta  is done in our case  with 
the aid of a Data  General Corp. Eclipse 5-130 based system. 

A simple predictive model f o r  some borehole IP responses 

Analytical  modelling of surface  and borehole IP 
responses has received extensive a t tent ion in the  l i tera ture  
over many years (e.g. Seigel, 1959; Loeb, 1970; Snyder and 
Merkel, 1973; Hohmann, 1975; Nabighian and Elliot, 1976; 
Daniels, 1977; Lytle, 1982; Majumdar and Dut ta ,  1984), 
resulting in the publication of response pat terns  to be 
expected in the vicinity of polarizable bodies of various 
shapes under a variety of conditions. It is usually difficult  t o  
visualize from such analyses the  equivalent e lec t r ica l  circuit  
behaviour which causes the  various IP e f f e c t s  which a re  
predicted and do indeed occur.  In order t o  gain some  physical 
insight into borehole responses and r e l a t e  them t o  waveforms 
generated by famil iar  e lec t r ica l  networks, a simple 
resistance-capacitance model was  adopted to  explain the  
transit ion from a negative t o  a positive IP e f f e c t  - a 
transit ion which can occur under cer ta in  conditions in 
borehole work. 

Figure 14.7 shows a tool with a pole-dipole ar ray in 
th ree  positions with respect  to a polarizable body (the 
capaci tor)  in an essentially resistive format ion.  If the 
current  waveform is a square  wave sequence a s  shown, then 
when the  polarizable body lies between the  cu r ren t  e lec t rode 
and the  neares t  potential  e lec t rode (Fig. 14.7a), the  
uncharged capaci tor  a c t s  a s  a temporary  short-circuit  
between the  two when the  current  is turned on. 
Consequently the  init ial  potential  seen between the  potential  
e lec t rodes  is g rea t e r  than i t  would otherwise be, eventually 
decaying back to  the level i t  would normally be a t  a s  the  
capaci tor  charges up and no longer offers  an additional path 
for  current  conduction. The resulting potential  waveform in 
Figure 14.7a is a classic "negative IP" e f f ec t .  Figure 1 4 . 7 ~  
shows the situation where  the  capaci tor  representing the 
polarizable body is between the  potential  electrodes.  By the  
s a m e  reasoning i t  is  apparent  t ha t  initially the  resistivity 
seen by the  e lec t rodes  is lower than normal a s  the  capaci tor  
a c t s  t o  short-circuit  a portion of the  resistive medium when 
t h e  current  is f i r s t  turned on. Again a s  the  capaci tor  
charges,  t he  a l t e rna te  conductive path disappears and the  
waveform in Figure 1 4 . 7 ~  results,  which is the  familiar 
"positive [PI' e f fec t .  

Somewhat less obvious is the situation shown in 
Figure 14.7b, where the  potential  e lec t rodes  s t raddle  portions 
of the  resistive medium which a re  af fected in opposite senses 
by the  two capaci t ive  e f f e c t s  shown in Figures  14.7a and c. 
A point will be found where  the  two e f f e c t s  a lmost  cancel,  
giving essentially a square  wave potential  waveform 
(Fig. 14.7b), with no indication t h a t  a polarizable body is in 
the  vicinity of t he  tool. 

Figure 14.8 

A miniature electrode 
array, connected t o  the 
data acquisition system,  
(not shown) convincingly 
demonstrates the negative- 
zero-positive 1P e f f e c t s  
predicted in Figure 14.7,  as 
it is passed slowly through 
a pyritized rock sample in 
a water tank. 



A simple experiment designed t o  show this as a 
demonstration piece has proven t o  be a useful aid. A mini-  
probe was constructed f rom 5 m m  diameter plastic tubing 
w i th  meta l  rings mounted on it to  serve as electrodes w i t h  
separations o f  a few centimetres only. A rock sample 
containing less than 10% sulphides was dri l led through w i t h  a 
10  m m  diameter hole and mounted i n  a tank f i l l ed  w i th  tap 
water and l ined w i t h  meta l  mesh t o  provide an "infinite" 
current sink. The apparatus is shown i n  Figure 14.8, along 
w i th  waveforms actually recorded. As the mini-probe was 
moved through the rock sample the waveforms shown i n  
Figure 14.7 were obtained i n  sequence as predicted. 

Basic f i e l d  tests 

To date f ie ld  tests have been conducted i n  the GSC test 
boreholes a t  Bells Corners near Ottawa, a fac i l i t y  which has 
been described by Bernius (1981). The Bells Corners holes 
intersect 6 5 m  of sedimentary strata, underlain by 
Precambrian gneiss which contains disseminated sulphides 
w i t h  concentrations up t o  2%. These sulphides do n o t  provide 
any we l l  defined anomalies, so that  it was no t  possible t o  
make a quanti tat ive assessment o f  the detect ion capability of 
the equipment. Nevertheless a number o f  logs were run t o  
test the repeatabi l i ty o f  the measurements, the e f fec t  o f  
d i f ferent  transmitter current levels on the I P  signal, and the 
ef f icacy o f  the auto-current algorithm. 

F igure 14.9a shows three stacked resist iv i ty and I P  logs 
over a 60 m segment i n  Precambrian strata, made w i th  a 
"lateral" array. The logs are of fset  fo r  c lar i ty  o f  
presentation. This array has a current electrode uppermost, 
w i t h  two  potent ial  electrodes 40 cm apart, the i r  centre l ine 
being 3.0 m f rom the current electrode. The f i r s t  log was run 
w i t h  the current f ixed a t  1 mA; the second w i t h  the current 
f i xed  a t  5 mA, and the th i rd  i n  "auto-current" mode w i th  the 
current being set by the system using the algori thm described 
earlier. The actual current t race f o r  the th i rd  log  i s  shown 
alongside the I P  and resist iv i ty traces. 

These show excellent repeatabi l i ty for the resist iv i ty 
logs, regardless o f  the current level. This indicates tha t  the 
purely resistive component of the overal l  impedance i s  a t  
least constant and not  current dependent over the range f r o m  
1 m A  t o  the maximum current set by the system, which was 
35 m A  i n  this case. 

The I P  logs show sl ight differences i n  the range of 
amplitudes which indicate that  the I P  e f fec t  i s  n o t  s t r i c t l y  
independent o f  current even a t  these low levels, b u t  that the 
essential response prof i le  is maintained over the current 
range f r o m  1 t o  35 mA. I t  is also worth not ing tha t  the I P  log 
made w i t h  the current f i xed  a t  1 mA involved the processing 
of a signal which was only 3% o f  the amplitude the system 
determined as optimum i n  some places. I n  these instances 
the current log shows that  the system had called f o r  35 m A  i n  
order t o  produce a satisfactory signal amplitude. The high 
level  o f  repeatabi l i ty on both the resist iv i ty and I P  logs under 
these conditions i s  an indicat ion o f  the overal l  precision o f  
the system, both i n  current generation and signal processing. 

I n  order t o  provide maximum f lexibi l i ty,  provision was 
made i n  the T/R un i t  f o r  operation w i t h  the current 
electrodes either shorted during the current-off  segments of 
the cycle, o r  open c i rcu i t  during these periods. 
Sumner (1981) has speculated on the possible value o f  
operation w i th  the current electrodes shorted i f  one of them 
is immersed i n  a polarizable body. Although the opportunity 
t o  do tha t  part icular experiment has no t  ye t  arisen, a simple 
comparison was made by  running logs i n  the two  d i f ferent  
modes. Two logs are shown superimposed (not offset) i n  
F igure 14.9b. The log made w i t h  the current electrodes 
short-circuited during the current-off  segments, i s  seen t o  
have a signif icant ly lower mean level than the one w i th  the 

electrodes open circuit .  Apar t  f r o m  this level  di f ference the 
two are essentially identical. H.O. Seigel (personal 
communication, 1984) at t r ibuted this di f ference t o  
depolarization o f  the current electrodes i n  the "short c i rcu i t "  
mode. Since this process would produce a signal o f  opposite 
polar i ty t o  that  being measured i n  the formation, and one 
which i s  essentially constant f rom cycle t o  cycle, the result  
would be the subtraction o f  a constant level  f r o m  the ent i re  
log, as i s  indeed evident i n  this case. This comparison was 
repeated i n  other holes w i t h  simi lar results. 

SP measurements 

I n  pr inciple the potent ial  electrodes record an SP 
gradient funct ion as the too l  progresses along a borehole. 
The data which were obtained i n  pract ice however were less 
than satisfactory unless the transmitter was turned off. 

One o f  the advantages o f  a bu i l t - in  simulator i s  the 
abi l i ty  t o  generate SP, resist iv i ty and IP  signals individually, 
o r  i n  any desired combination i n  order t o  check the ef f icacy 
of processing software. The algori thm used t o  ext ract  the SP 
signal performed sat isfactor i ly using signals f rom the 
simulator, even when long t ime constant I P  signals were 
added t o  d is tor t  the baseline. It seems, therefore, tha t  the 
spontaneous potent ial  gradient as seen by the potent ial  
electrodes may wel l  be distorted by the transmitter current. 
The SP measurements recorded so f a r  w i t h  no transmitter 
current have been ent irely satisfactory. 

Evaluat ion of "single po in t  IP" 

Reference was made earlier t o  some additional 
c i rcu i t ry  which was incorporated in to  the T/R un i t  t o  allow 
recording o f  the complete waveform appearing across the 
current electrodes during the current-on and current-off  
segments. The main purpose of this was t o  compare the 
qual i ty o f  the I P  signal obtained i n  this way w i t h  tha t  
measured by the too l  using separate potent ial  electrodes. 

Dakhnov e t  al. (1952) indicated tha t  the I P  signal seen 
a t  the current electrodes during the current-off  segments is 
susceptible t o  interference f r o m  variable electrode 
depolarization ef fects  and f r o m  induct ive effects, and is 
therefore no t  useful unless the target i s  highly polarizable. 

F igure 14.10 shows three repeat logs o f  single point 
resistance and I P  (offset fo r  clarity). The repeatabi l i ty is 
clearly excellent, although some low level  noise i s  evident on 
the IP  traces. Figure 14.11 shows two logs, made i n  a 
d i f ferent  hole f r o m  tha t  i n  Figure 14.10. One log was made 
using the single point mode f o r  resistance and IP, whi le the 
other was made using the act ive logging tool w i th  a 
3 electrode array. Both were made i n  the auto-current mode. 
The electrode array used was an inverted 40 c m  normal 
configuration, w i t h  current electrode uppermost and a 
potent ial  electrode spacing of 2.6 m, w i t h  the upper one 
being 40 c m  f r o m  the current electrode. The second current 
electrode was a t  a po int  on the surface approximately 0.5 k m  
f r o m  the borehole. F o r  each log there are three parameters 
shown: current, resistance, and IP. The normal array 
resist iv i ty versus the single point resistance i s  a famil iar 
comparison fo r  we l l  log analysts, the exaggerated peaks i n  
the resist iv i ty log are almost certainly due t o  the 
complicated impluse response of the normal array (see Kel ler  
and Frischknecht, 1966). 

The two I P  logs show a good correlat ion over the ent ire 
record, despite the f a c t  tha t  the current variations i n  the two  
cases are mostly uncorrelated. The amplitude o f  the I P  
signal fo r  the single point  I P  log i s  only about one half  tha t  
f r o m  the  normal array log. Such a reduct ion would occur if, 
f o r  example, the I P  e f f e c t  were no t  l inearly related t o  the 
exc i t ing current a t  the very high current densities which 



RESISTIVITY I P CURRENT I P 

Open 

Shorted 

Figure 14.9. a) I P  and resistivity logs with different excitation current, logs are o f f se t  for clarity. 
b) I P  logs, one with current electrodes shorted, and one with them open during current-off segments, 
(superimposed and not o f f se t ,  level difference is real). 



RESISTANCE I P 

Figure 14.10. Single point resistance and Single point IP logs. Repeat runs (of fse t ;  single point 
resistance scale is arbitray). 
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Figure 14.11. Single point vs. normal array logs for resistivity and IP  (Single point resistance scale is 
arbitrary). 
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Figure 14.12. Normal array auto-current log vs. Single point auto-current and Single point fixed 
current logs. (Resistivity and I P  scales apply t o  Normal array log only; logs o f f s e t  for clarity). 



occur i n  the region of the current electrode itself. Under 
these circumstances the IP  signal, when expressed i n  terms o f  
mV/volt  according t o  the usual definition, would be relat ively 
lower i n  the high current density region where the single 
point measurement is being made. 

I n  order to  investigate the ef fects  of variable electrode 
depolarization i n  single-point I P  measurements, three more 
logs were run i n  the same hole as those i n  Figure 14.11. The 
f i r s t  two were single point logs, one w i th  the current f ixed a t  
15 mA, and the second w i th  the system i n  auto-current mode. 
The th i rd  log was a repeat run o f  the normal array log shown 
i n  Figure 14.11. The resistive and I P  components of the three 
logs are shown stacked and of fset  f o r  c lar i ty  i n  F igure 14.12, 
w i t h  the current log f o r  the single-point auto-current log only 
shown. F r o m  this i t  i s  clear that  despite large current 
fluctuations over the course o f  the auto-current log, (which 
might  be expected t o  cause variable induct ive and electrode 
depolarization effects), the f i xed  and auto-current single 
point  I P  logs are essentially identical, and tha t  both 
correspond very closely w i t h  the normal array, auto-current 
I P  log. 

The single point I P  measurement involves the regions i n  
the immediate vicini t ies o f  both the current electrodes. The 
one tha t  is not  moving w i l l  only contr ibute some overal l  level 
sh i f t  t o  the log  which w i l l  be a funct ion o f  the polar izabi l i ty 
o f  the medium it is in. I n  general it would be unlikely tha t  i n  
a borehole I P  survey, the remote current electrode would 
inadvertently be placed i n  an area having a significant 
concentration o f  sulphides. 

The data presented i n  Figures 14.10, 14.11, and 14.12, 
although somewhat preliminary, suggest that single point IP  
measurements may wel l  be a useful al ternat ive t o  the more 
precise data acquired by the more elaborate logging tool, i n  
circumstances where a large separation between the 
downhole current and potent ial  electrodes is no t  required. 
The obvious advantage is that  only a single conductor cable, 
terminated w i th  a simple current electrode, i s  required 
downhole. This means l ighter and less expensive equipment; 
easy access t o  small diameter holes, no t  possible w i t h  the 
larger tool and electrode array; and vir tual ly no r isk  o f  
anything becoming wedged i n  a borehole. These are a l l  
crucial  considerations when undertaking mineral exploration 
i n  typ ica l  Precambrian terrane where diamond-dril l holes are 
o f  small diameter and where sites are d i f f i cu l t  t o  reach, even 
w i t h  a 4-wheel drive vehicle. 

Conclusion 

A system has been described f o r  continuous o r  step- 
wise I P  logging which offers considerable research-oriented 
f lexibi l i ty.  The abi l i ty  t o  record data i n  d i f ferent  operating 
modes and w i t h  a f ixed o r  automatical ly varying excit ing 
current has already made possible an in i t i a l  re-evaluation o f  
the "single point IP1' method, which it appears has n o t  been 
t r ied  since the early 50s. This prel iminary work indicates 
tha t  electrode depolarization ef fects  may not  be as serious as 
had previously been thought and that  the technique may 
provide a viable and less expensive al ternat ive f o r  mineral 
exploration applications, i n  situations where small  current- 
to-potential electrode separations are acceptable. 

The logging tool and T/R uni t  have been designed i n  
such a way that  interfacing t o  any one o f  the popular 
personal computers would not  be dif f icul t .  
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15. DRILLHOLE MISE-LLA-MASSE INDUCED POLARIZATION AND POTENTIAL 
MEASUREMENTS IN A Zn-Pb-Cu SULPHIDE DEPOSIT 

C.J. ~ w e n i f u m b o '  

Mwenifumbo, C.J., Dri l lhole mise-A-la-masse induced polarization and potent ial  measurements i n  a 
Zn-Pb-Cu sulphide deposit; 5 Borehole Geophysics for  Mining and Geotechnical Applications, 
ed. P.G. Kil leen, Geological Survey of Canada, Paper 85-27, p. 145-158,1986. 

Abstract  

Dri l lhole mise-A-la-masse potent ial  and induced polar izat ion (IP) measurements were conducted 
underground i n  the MacLean Extension orebody at  the Buchans mine i n  Newfoundland. The MacLean 
Extension orebody is a Zn-Pb-Cu sulphide deposit. Par ts  o f  this polymetal l ic sulphide deposit were 
found t o  be highly conductive and polarizable. Correlat ion o f  ore intersections between holes was 
easily accomplished w i th  the mise-A-la-masse method. The ore ly ing between the three sections 
surveyed was shown t o  be electr ical ly continuous and forms a single ore lens. The t i m e  domain mise- 
8-la-masse I P  measurements showed an inverse relationship t o  the mise-8-la-masse potentials. Low, 
almost constant I P  ef fects  were observed across the sulphide mineral intersections. External  t o  the 
energized sulphide mineralization, higher apparent chargeabilit ies were measured. 

Des mesures du potent iel  e t  de l a  polarisation induite (PI) on t  BtB effectuees au moyen de l a  
mBthode de sondage souterrain d i te  "mise A l a  masse" 8 Itemplacement du corps mineralis6 MacLean 
Extension de l a  mine Buchans (Terre-Neuve). Ce corps mindralise est un gisement de sulfure de 
Zn-Pb-Cu. On a constate que certaines parties de ce gisement de sulfure polym6tall ique sont tres 
bonnes conductrices e t  polarisables. L a  mise en corrBlation des intersections transversales a BtB 
chose faci le gr8ce A l a  methode de l a  mise B l a  masse. LtBtude a rdv616 que l e  minerai compris entre 
les trois sections examinees est un conducteur Blectrique homogene e t  forme une seule lent i l le  de 
minerai. Les mesures de polarisation induite par mise A l a  masse dans l e  domaine du temps ont  rev616 
une relat ion inversement proportionnelle aux potentiels de mise ZI l a  masse. Des e f fe ts  de 
polarisation induite faible, presque constants, ont  Bt6 observes entre les points de sondage du 
gisement de sulfure. Des capacites de charge apparente plus 6levBes, extgrieures 3 l a  minBralisation 
de sulfure mise sous tension, on t  Bt6 mesur6es. 

Introduct ion M A L M  I P  and ~ o t e n t i a l  measurements were carr ied out 

The mise-8-la-masse (MALM) electr ical method o f  
prospecting is.generally used a f te r  a conductive mineralized 
zone has been located. I t  involves placing a current electrode 
direct ly i n  contact w i t h  the mineralized zone, and then 
mapping the resulting e lect r ic  potent ial  f ie ld  distr ibut ion 
ei ther a t  the surface o r  i n  the subsurface via dril lholes or 
underground openings. The potent ial  f ie ld  re f lects  the  shape, 
size and orientat ion of the energized conductive zone. This 
technique is used mainly for  mapping the size and orientat ion 
o f  a deposit and fo r  determining the cont inuity o f  the 
mineral izat ion f r o m  hole-to-hole. It is also possible t o  detect 
conductive orebodies i n  the v ic in i ty  o f  the energized body 
that  are no t  direct ly connected. The M A L M  method has been 
extensivelv and successfullv applied during detailed mapping 
o f  massive sulphide ore bodies w i t h  h igh e lect r ica l  
conductivity (McMurrv and Hoagland, 1956; Parasnis, 1967; 
Ketola, 1972; Mansinha and Mwenifumbo, 1983). Although 
most o f  the present systems used f o r  resist iv i ty and M A L M  
measurements are equipped fo r  Induced Polar izat ion (IP) 

underground i n  the' MacLean Extension orebody, a t  the 
Buchans mine i n  Newfoundland. The MacLean Extension 
orebody is structural ly and stratigraphically complicated. A 
number o f  ore intersections cannot be easily correlated f rom 
section-to-section or f r o m  hole-to-hole along a given section. 
There is also a high degree of variabi l i ty i n  the proportions 
of lead, zinc and copper sulphides (galena, sphalerite and 
chalcopyrite). Some o f  the sulphide ores contain a h igh 
percentage o f  sphalerite, bar i te  and rock fragments which 
are poor e lect r ica l  conductors. The overal l  conduct ivi ty of 
the ore, however, i s  fa i r l y  high re la t ive t o  tha t  o f  the host 
rock. The M A L M  potent ia l  f i e ld  measurements were 
conducted t o  investigate the possibil ity o f  using the 
technique t o  t race sulphides f r o m  hole-to-hole and to  
determine any possible extension o f  the orebody t h a t  may 
have been missed by drilling. The M A L M  I P  measurements 
were carr ied out t o  evaluate the mer i ts  o f  the method and t o  
ver i fy  some o f  the  peculiar I P  results (e.g. negative IP) 
expected f r o m  the theoret ical analysis o f  Sumner (1981). 

measurements, there l;av& been no reports of f ie ld  examples 
of the M A L M  I P  method. Recently, however, Sumner (1981) Geology -. 

has presented a theoret ical analysis o f  the M A L M  I P  results 
to  be expected f rom a simple geometric model, a polarizable The geology and ore deposits o f  the Buchans area have 

sphere. 
been described i n  deta i l  by Thurlow and Swanson (1981) and 
the  geology o f  the  MacLean Extension deposit has been 

- ~~ 
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described by Binney e t  al. (1983). The Buchans ores are 
barite-rich, polymetall ic massive sulphide deposits associated 
w i th  submarine felsic volcanic rocks. They are mainly zinc- 
lead-copper sulphides. Three major ore types occur a t  
Buchans; 1) stockwork, 2) i n  s i tu  ore, and 3) mechanically 
transported fragmental ore. The MacLean orebody is 
mechanically transported ore and consists of low to  high 
grade accumulations of sulphide fragments derived f rom an 
unknown massive sulphide source. The ore has apparently 
been transported by debris flows for considerable distances 
f rom i t s  source and deposited i n  paleotopographic 
depressions. I n  the MacLean Extension orebody, some 
sections consist of massive, high grade, copper-rich ores and 
others are mainly low to high grade lead-zinc ores. I n  
general, the ore comprises varying proportions of sphalerite, 
galena and chalcopyrite i n  d i f ferent  ore lenses. 

Figure 15.1 is a map o f  level 20 o f  the MacLean 
Extension orebody where the M A L M  experiments were 
carr ied out. Three sections where these measurements were 
taken (W2300, W2350 and W2400) are indicated on the map. 
Figure 15.2 shows the cross sectional geology o f  section 
W2300, where the ore consists of moderate t o  high grade ore 
breccia (mainly galena and sphalerite) within the dacit ic t u f f  
unit. The ore zone approximates a curved tabular body, 
dipping t o  the south at  about 40 degrees. The geology o f  
section W2350 is shown i n  Figure 15.3. The ore outline is 
approximately e l l ip t ica l  and the ore consists of moderate to  
high grade Cu-Pb-Zn sulphides. Figure 15.4 shows the 
geology o f  section W2400. The ore along this section is 
massive Cu-rich, high grade Cu-Pb-Zn ore. The ore out l ine i s  
circular, only 100 feet  away f r o m  the curved, tabular ore 
zone o f  section W2300. These three geological sections 
indicate the complex morphology o f  the MacLean Extension 
orebody. Only the geology below the d r i f t  level is displayed 
i n  these fiqures, although there are ore lenses above the d r i f t  
level. There has been extensive dr i l l ing in  a l l  these sections 
and the holes used in  the experiments are indicated on the 
sections. 

Equipment and f ie ld  procedure 

The equipment used i n  the M A L M  measurements 
consisted o f  a bat tery  operated Huntec M 4  LOP0 t ransmi t ter  
and a Huntec M 4  receiver. Both the receiver and the 

transmitter can be used for  t ime  and frequency domain IP 
and complex resist iv i ty measurements. However, the M A L M  
I P  and potent ial  measurements conducted i n  the MacLean 
Extension orebody were carr ied out i n  the t ime domain only. 
Pr imary voltages, self potent ials (SP) and chargeability 
information f rom ten windows o f  equal width (175 ms) were 
recorded on cassette tapes. The complete waveforms were 
also recorded on the tapes. The period of the transmitter 
current waveform was 8 s ( two repeat cycles of 2 s current 
on and 2 s of f ,  w i th  polar i ty reversed af ter  each cycle). 

Figure 15.5a shows a typ ica l  complete IP  waveform 
recorded on cassette tape w i th  the M 4  receiver. Note that 
the f i rs t  channel does not coincide w i th  the s tar t  of the 
current-on cycle. This means that the complete waveform 
data has t o  be rearranged before any subsequent processing 
o f  the decay waveform and Figure 15.5b shows the 
rearranged waveform o f  Figure 15.5a. 

The electrode configurat ion used throughout the 
measurements was the pole-pole array consisting o f  an 
energizing current electrode implanted i n  the conductive 
sulphide i n  one hole and a moving potent ial  electrode i n  a 
second hole. The current electrode used to  energize the 
sulphide zone was a copper clad steel rod about 1 m i n  length. 
The electrodes used for  potent ial  measurements were made 
of platinum wire mesh about 5 c m  in  length and 1.25 c m  in  
diameter. The remote potent ial  electrode was a non- 
polarizable copper-copper sulphate electrode whereas the 
other distant current electrode was a copper clad steel 
electrode. Accurate depth measurements along the hole 
lengths were accomplished w i t h  a mechanical depth encoder 
having a resolution of 10 cm. M A L M  I P  and potent ial  
measurements were made a t  1 m intervals downhole using a 
two conductor shielded cable. A l l  the holes logged were 
water-fi l led. Geological logs and contact resistance 
measurements were used to  locate the current source i n  the 
ore intersections. The locations o f  the remote potent ial  
electrode (P W )  and the distant current electrode (C m) are 
shown i n  Figure 15.1. A l l  measurements were made w i th  
reference to  these remote electrodes. Electrode layouts for 
measurements i n  underground workings were dictated by 
accessibil ity in to various dr i f ts.  Meta l  objects such as steel 
pipes, rai lway tracks and operating machinery also 
constrained the electrode layouts and measurements under- 
ground. 

Figure 15.1. Plan map of level 20 of the MacLean Extension orebody showing the location of remote 
electrodes and the location of the geological sections shown in Figure 15.2-15.4 where mise-h-la- 
masse measurements were carried out. 
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D a t a  presenta t ion  

F o r  each  energizing current  source  location,  t h e  
following d a t a  a r e  presented: MALM potential ,  M A L M  IP 
(Newmont chargeabil i ty parameter) ,  self potent ia l  (SP) and 
chargeabil i t ies fo r  1 0  o the r  windows. The chargeabi l i t ies  a r e  
t he  normalized t ime  integral  of t he  decay vol tage  and t h e  
s tandard  IP chargeabil i ty is in tegra ted  f rom 0.45 t o  1.1 s 
a f t e r  cu r r en t  switch off. The o ther  10  windows a r e  adjacent  
and of equal  width (175 ms) with the  f i rs t  window in tegra ted  
f rom 100  t o  275 ms. In all t he  figures t o  follow, t h e  IP  
window wi th  the  highest chargeabil i ty is t h e  f i r s t  window 
(Wl )  and with the  lowest chargeabil i ty is the  las t  window 
(W10). All chargeabil i ty values a r e  expressed in milliseconds. 
The MALM potentials in each  drillhole a r e  measured a t  a 
cons tant  current .  However, in order  to  compare  potent ia ls  
measured in d i f ferent  holes within t he  orebody, t he  potentials 
a r e  normalized to  one current  value and a r e  expressed in 
volts/ampere.  

Normally only t h e  measured mise-A-la-masse potentials 
a r e  presented.  However,  these  a r e  easily conver ted  t o  
apparent  resist ivit ies,  pa. 

pa = 4nRVII 
where  V = measured potential ,  

I = applied current ,  
R = dis tance  between the  source  and the  

measurement  points. 

The e f f e c t  of t h e  d is tant  current  source,  C m and t h a t  
of the  reference  potential  e lec t rode ,  P m ,  a r e  assumed t o  be 
negligible and hence  not included in t he  computa t ion .  The 
apparent  resist ivity profiles a r e  indicated by a do t t ed  line 
superimposed on t h e  MALM P profiles (see Figures  15.7, 
15.12 and 15.15). 

SECTION W2300 

Figure 15.2. Geological section along W2300 on level 20, MacLean Extension orebody (geology from 
company sections). The holes used in the present study are numbered. 



The distances along the depth axis do not  represent the 
true ver t ica l  depths but lengths along the dril lhole. The 
locat ion of the sulphide mineral intersections (ore zones) are 
displayed as shaded areas along a column next to the depth 
axis. 

~ise-a-la-masse potent ial  and IP measurements - section 
W2300 

Figure 15.6 shows the current source locations for  
M A L M  potent ial  and IP measurements carr ied out along 
section W2300. Source C 1  and C2  are located wi th in  the 
conductive sulphide and source C3 is located outside the 
sulphide mineralization. 

Mise-A-la-masse potent ial  

Figure 15.7 shows M A L M  potent ial  and IP 
measurements along hole 3065 i n  section W2300 w i t h  the 
energizing current electrode i n  the ore zone i n  hole 3068, a t  
a depth o f  7.5 m (C2) along the hole. A constant input 
current of 500 m A  was applied. The M A L M  potent ial  results 
show a f lat,  potent ial  high outlining the position o f  the ore 
intersection. This indicates that  the ore intersections i n  
holes 3068 and 3065 are i n  e lect r ica l  continuity. A n  almost 
constant potent ial  high across the intersection indicates that 
the ore is highly conductive. The sulphide-host rock 

interface is clearly defined by the marked change i n  
potentials. I t  should be noted that the potent ials decrease a t  
a slower rate downhole as would occur for a dipping orebody 
which agrees w i th  the geological section i n  Figure 15.2. 
Across the ore intersection, higher apparent res is t iv i ty  values 
are observed near the bo t tom edge and lower values near the 
top edge. Because of the nearly constant potentials across 
the ore, the lower apparent resistivit ies near the top edge 
indicate that the current source is located closer to  this edge 
o f  the conductor (see Fig. 15.6 and re fe r  to  the pa equation). 
The ore l im i t s  are no t  as we l l  defined i n  the apparent 
resist iv i ty prof i le as i n  the M A L M  potent ial  prof i le  but  i t s  
presentation i n  this case, provides an approximate resist iv i ty 
value of the host rock. The SP results show a low potent ial  
zone i n  the centre o f  the ore but  the edges o f  the ore 
intersect ion are not  we l l  defined f r o m  this data. 

Mise-8-la-masse IP 

The M A L M  IP prof i le  shows an inverse relationship t o  
the M A L M  potent ial  profi le. A decrease i n  apparent 
polar izabi l i ty is observed wi th in  the energized sulphide 
conductor. Constant chargeabilit ies across the ore 
intersect ion indicate that  the current densities and therefore 
the potentials are fa i r l y  un i form wi th in  the conductor as 
shown by the M A L M  potentials. This assumes homogeneous 
intr insic polar izabi l i ty o f  the sulphide mineralization. The IP  
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Figure 15.3. Geological section along W2350 on level 20,  MacLean Extension orebody (geology from 
company sections). The holes used in the present study are numbered. 



prof i le is asymmetric about the ore intersection. A steep 
rise i n  the apparent polar izabi l i ty is observed on the upper 
boundary of the ore while the lower boundary shows a slow 
rise. This indicates that  the conductor is not  f l a t  but  extends 
towards the bot tom o f  the hole. This observation is 
consistent w i th  the conclusions drawn f rom the M A L M  
potent ial  data. I n  the absence of other drillholes, this 
information would prove valuable i n  direct ing subsequent 
dr i l l ing aimed at  defining the extent o f  the sulphide 
intersection. Even though the ore intersection shows low 
apparent polarizabil ity, the intrinsic polar izabi l i ty o f  the 
sulphide mineral izat ion is higher than that  o f  the host rock. 
It is we l l  known that for  a given conductive and polarizable 
target (same shape, depth of burial, same intrinsic 
polar izabi l i ty and resist iv i ty contrast w i th  the host rock) the 
shape o f  the IP anomalies depend on the array used. This has 
been called the electrode ef fect  by Ber t in  and Loeb (1976). 
I n  the case of an array w i th  a single current electrode (the 
second current electrode is assumed to  be at  "infinity") low 
apparent polarizabil it ies are measured above the polarizable 
body when the source is located close to  the centre of the 
body (Komarov, 1970). For  the M A L M  method, Sumner (1981) 
has presented a theoret ical analysis o f  the IP response t o  be 
expected for  a simple polarizable sphere. H e  stated that 
when a current source is located at  the centre of a 
polarizable sphere, polarization can be detected external t o  
the sphere during the current-on cycle. However, when the 
current is cycled off ,  the internal depolarization f ie ld  

collapses on i tse l f  so that  no external polar izat ion f ie ld  is 
observed and that there is asymmetry or non l ineari ty in  the 
IP charqe and decay curves. 

I n  the present study, IP waveforms measured inside and 
outside the sulphide mineralization, w i th  current source 
located wi th in  the conductor did not show this kind of 
polarization behaviour. Figures 15.8 and 15.9 show the 
complete voltage waveforms and transient voltage decay 
curves, respectively, observed wi th in  the energized conductor 
(waveform 1) and outside the conductor (waveform 2 and 3). 
Polar izat ion is detected both wi th in  and external t o  the 
enerqized sulphide mineral izat ion and there is symmetry i n  
the IP charge and decay cclrves. I t  is interesting to  note that 
although amplitudes o f  decay voltages observed inside the 
conductor are higher than those observed outside (Fig. 15.9), 
the corresponding pr imary potentials (Fig. 15.8) show even 
higher amplitudes inside, relat ive to  those observed outside. 
Since the apparent polar izabi l i ty depends on the pr imary 
potent ial  (the area under the decay curves is normalized by 
the pr imary potentials) it is easy to  see how low values are 
measured inside the conductor. Higher current densities and 
hence higher potentials are observed w i th in  the energized 
conductor resulting i n  lower computed apparent 
polarizabil it ies relat ive to  the host rock. 

The polar izat ion levels observed during the positive 
current-off  cycle were always higher than those observed 
during the negative current-off  cycle fo r  measurements 
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Figure 15.4. Geological section along W2400 on level 20, MacLean Extension orebody (geology.from 
company sections). The holes used in the present study are numbered. 



within or outside the conductor. This was also true for the assumption that the sulphide minerals are  true metallic 
current sources either inside or outside the sulphide conductors is not valid. Most ore minerals are  
conductor (Fig. 15.10). The decay curves for the negative semiconductors (Shuey, 1975). Bertin and Loeb (1976) and 
current-off cycle have been inverted to facilitate Dakhnov e t  al. (1967) have also noted that the induced 
comparison. This asymmetry in the IP decay curves indicates polarization of a rock may not be the same when measured 
the IP phenomenon is not totally reversible when the polarity with negative current as when measured with positive 
of the current is changed. The non-reversibility suggests that current. 
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Reciprocity in MALM potential measurements 

With the MALM method, the continuity of the sulphide 
zone between current source and potential electrodes is 
established when the location of the potential maximum 
coincides with that of the indicated location of the ore. 
However, this does not always happen. In many cases the ore 
deposit consists of a number of ore lenses with differing 
resistivities and dimensions, and also within the limits of the 
ore deposit other conducting structures such as faults may be 
present. In such complex geological situations the potential 
field distribution is complicated, and in order to determine 
accurately the geoelectrical structure between drillholes, 
measurements of the potential field are carried out in a 

number of holes with the energizing current electrodes a t  
different locations. In order to  verify the continuity of the 
energized ore section from hole 3068 to hole 3065, a current 
electrode was placed in hole 3065 a t  9 m (Cl) and potential 
measurements were made in hole 3068. The results presented 
in Figure 15.11 show the location of the potential maximum 
coinciding with the ore intersection. 

Potential and IP Results - Source Outside Conductor 

The potential, apparent resistivity, and IP 
measurements made with the current source located outside 
the conductive and po!arizable sulphides are  shown in 

SECTION W2300 

@ SOURCE 

Figure 15.6. Section W2300 showing the drillholes and the location of current sources used in the 
potential and IP measurements carried out along this section. The ore outline is also indicated. 
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Figure 15.7. Mise-6-la-masse potential and I P  measurements along hole 3065-W2300 with the 
energizing current electrode (C2,  Fig. 15.6) in  ore at 7.5 m in hole 3068-W2300. The MALM potential 
values are normalized with respect t o  the applied current and expressed in volts/ ampere. I P  values 
are in milliseconds. 
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Figure 15.12. The source is located a t  a depth o f  41 m i n  
hole 3065 (C3) and potent ial  measurements were carr ied out 
i n  the same hole. The potent ial  f ie ld  attenuates w i t h  
distance away f rom the source in  the normal fashion 
(i.e. Val IR,  where V is the potent ial  and R is the distance 
away f r o m  the source) except across the ore intersection. 
Low, almost constant potentials, are observed across the 
intersection. This i s  a typical response for  a highly 
conductive zone that is not in  e lect r ica l  cont inuity w i th  the 
energized zone (Mwenifumbo, 1985). The apparent resist iv i ty 
prof i le shows an anomalous resist iv i ty low on the conductor 
boundary close to  the source and an anomalous resist iv i ty 
high on the boundary opposite the current source. The 
conductor boundaries are clearly defined by these low and 
high resist iv i ty anomalies. I n  this case the apparent 
resistivit ies provide a bet ter  resolution o f  the conductor 
boundaries than the potentials. 

The IP prof i le shows an inverse relationship to  the 
potent ial  profi le. The apparent polar izabi l i ty within the ore 
is higher than that  observed wi th in  the host rock below the 
ore. Above the ore intersection, the apparent polar izabi l i ty 
increases steeply i n  a similar manner t o  that  observed i n  the 
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Figure 15.9. I P  decay curves for the positive and negative 
charging currents. The curves correspond to the of f-cycle 
voltages o f  the waveforms presented in Figure 15.8. 

mise-A-la-masse data i n  F igure 15.7. There is a marked 
change i n  the IP at  the edges of the ore making i t  fa i r l y  easy 
to  estimate the ore width. A comparison between the 10 
window data i n  Figures 15.7 and 15.12 indicates that there is 
a di f ference i n  the decay ra te  for the two source positions. 
This observation has not  been fu l l y  investigated i n  the 
present study. The differences i n  the apparent polar izabi l i ty 
curves i l lustrates the strong dependence o f  the polar izabi l i ty 
on the current source positions w i th  respect to  the centre of 
the polarizable body. Distort ions of the pr imary f i e ld  by the 
conductive polarizable body are dependent on the locat ion of 
the current source re la t ive to the body and consequently the 
depolarization f ie ld  (IP effect). 

Mise-a-la-masse IP and potent ia l  measurements between 
sections W2300, W2350, W2400 

To study the cont inuity of the ore intersections 
between the three sections, a number of measurements were 
made along holes i n  a l l  the sections w i th  the current 

MEASUREMENT OUTSIDE CONDUCTOR 

P POSITIVE CHARGING CURRE 

N NEGATIVE CHARGING CURREN 

m j I I I .I 
0 .5  1 . 0  1.5 2.0 

T I M E  ( s e c o n d s )  

m 
MEASUREMENT INSIDE CONDUCTOR 

m 
hl 1 1 

I I I 

0 .5 1.0  1.5 2.0 
T I M E  ( s e c o n d s )  

Figure 15.10. I P  decay curves observed outside and inside 
the energized sulphide conductor illustrating that the I P  is 
not completely reversible with polarity reversal of the 
charging current. The decay curves for the negative charging 
current are inverted for ease o f  comparison. 
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electrodes placed i n  d i f ferent  minera l  intersections. MALM 
IP and potent ial  measurements were made i n  hole 3295, 
section W2400 w i t h  the current electrodes located i n  ore 
intersections i n  hole 3065, section W2300 a t  9 m and i n  hole 
3316, section W2350 a t  24 m. The results are shown i n  
Figure 15.13a and b, respectively. A n  almost constant 
potent ial  maximum is observed across the ore intersection 
for both the current electrode positions indicating that the 
orebody is electr ical ly continuous between these holes 
(sections W2300 and W2350 to  section W2400). The potent ial  
curves for  the two source locations are pract ical ly identical. 
The IP measurements simi lar ly show an inverse relationship 
t o  the potent ial  measurements. The f o r m  o f  the apparent 
polar izabi l i ty prof i les is ident ical fo r  the two current source 
locations. The noticeable differences are in  the amplitude 
and the rate of decay of the discharge curves (see IP W1- 
W10). The amplitude difference is a result  of the differences 
i n  the current densities due to  changes i n  distances of the 
source to the measurement hole. Lower apparent 
polar izabi l i ty values are observed for  the current source 
closer to  the measurement hole. The constant apparent 
polar izabi l i ty across the sulphide intersect ion indicate fa i r l y  
uniform current densities wi th in  the sulphide mineralization. 

MALM IP and potent ial  measurements along hole 3093, 
section W2400 are presented in  Figure 15.14 w i th  the current 
source i n  the sulphide zone i n  hole 3316, section W2350 a t  
24 m (Fig. 15.14a) and w i th  the current electrode i n  hole 
3096, section W2400 a t  23 m (Fig. 15.14b). There is a gradual 
increase i n  potent ial  values w i t h  increasing depth. The 
potentials reach a maximum a t  about 14  rn and then f la t ten  
out. This depth coincides w i t h  the upper boundary o f  the ore 
intersection. The potent ial  f i e ld  distr ibut ion could not  be 
determined below the lower contact because the hole was 
plugged a t  about 23 m. The gradual increase in  the potentials Figure 15.11. Mise-h-la-masse potential measurements 

along hole 3068-W2300 with current electrode in the ore at indicates that the conductive ore comes close to the hole 

9 m i n  hole 3065-W2300 (Cl, Fig. 15.6). 
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Figure 15.12. Potentials, apparent resistivity, SP and IP measurements carried out in hole 3065- 
W2300 with the current source fixed outside the sulphide mineralization at 4 1  m in the same hole (C3, 
Fig. 15.6). 



above the upper contact, i n  contrast to  an almost step-like 
change in  the observed potentials along hole 3316 (see 
Fig. 15.13). The dist inct potential maximum and constant 
potentials wi th in  the ore intersection indicate that the ore is 
highly conductive and forms a single continuous ore zone 
between the holes. The potential f ie ld  distribution was also 
studied along hole 3065, section W2300 w i th  current sources 
located in  holes i n  sections W2350 and W2400. The potent ial  
maxima were observed to  coincide w i th  the ore intersections 
indicating, conclusively, the cont inuity of conductive 
sulphides between these sections. 

Potent ial  and I P  measurements between barren holes 

When drillholes do not intersect ore, i t  is o f ten 
necessary to  determine whether ore is located between the 
holes. With current electrodes grounded at  various positions 
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i n  one hole, and potent ial  measurements recorded i n  another 
hole, comparison of the observed measurements w i th  
theoretical results f rom simple models can establish the 
presence of conductive bodies between the holes. 
Figure 15.15 shows IP and potent ial  measurements along 
barren hole 3096 i n  section W2400 w i t h  the current source 
grounded i n  an unmineralized top part o f  hole 3295 at  a depth 
of 1 m. The measurements were not carr ied out past the 
projection of the sulphide zone because the hole was plugged. 
A broad potent ial  high is observed direct ly opposite the 
projection of the ore zone onto the dril lhole. The apparent 
resist iv i ty values are anomalously high across the broad 
potent ial  high. This observation could be misinterpreted to  
indicate the presence of a resistive target  between the 
source and the measurement hole. The apparent resist iv i ty 
high, however, indicates that a conductor lies between the 
source and observation hole. L y t l e  (1982) and Yang and 
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Figure 15.13. Mise-h-la-masse potent ial  and I P  measurements made along hole 3295-W2400. (a) wi th  
the current electrode i n  ore a t  a depth of 9 m i n  hole 3065-W2300. (b)  wi th  the current electrode i n  
hole 3316-W2350 a t  a depth of 24 m. 



Ward (1985) have presented hole-to-hole resist iv i ty responses 
fo r  a pole-pole array for  a spherical body located between 
the source and the measurement hole. The apparent 
resistivit ies computed on the current source side of a 
conductive spheroid are low whereas, on the side of the 
spheroid opposite the current source, an apparent resist iv i ty 
high is observed. I n  the case of a resistive spheroid, the 
converse is true. The geology of section W2400 shows a 
circular outline of the conductive sulphide mineralization 
between' the source (hole 3295) and the measurement hole 
3096. The projection of the sulphide onto hole 3096 is 
approximately defined by the apparent resist iv i ty high. 
Interpret ing where the target lies relat ive to the current 
source and receiver locations needs to be carr ied out w i th  
caution. The above observation alone does not conclusively 
indicate the presence of conductive mineral izat ion between 
the holes. Other geophysical and/or geological data are 

needed to  establish the possible occurrence of sulphides 
between the holes. The high negative SP values observed 
along hole 3096 are an indication o f  sulphides i n  the vicini ty.  

Conclusions 

The MacLean Extension orebody is a complex 
assemblage o f  polymetal l ic sulphides. A number of faults 
wi th in  the ore area seem to  offset some ore lenses. A 
number of holes dr i l led above and below the d r i f t  intersected 
base meta l  sulphides, while others were barren. The 
MacLean Extension appeared to  present an ideal situation for  
the study o f  the M A L M  potent ial  f ie ld  distribution. 
Unfortunately a l l  d r i l l  holes except those studied were 
plugged. 

The M A L M  IP and potent ial  measurements carr ied out 
i n  the MacLean Extension orebody, although l im i ted  to  three 
sections and a few holes, indicate that the sulphide zones 
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Figure 15.14. Mise-b-la-masse potential and I P  measurements along hole 3093-W2400. ( a )  with the 
current electrode in the ore section at a depth of 24 m in hole 3316-W2350. (b) with the current 
electrode at a depth of 23 m in hole 3096-W2400. 
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Figure 15.15. Mise-d-la-masse potent ia l  and I P  measurements along a barren hole 3096-W2400 wi th  
the energizing current electrode placed i n  an unmineralized section a t  1 m depth in hole 3295-W2400. 

with in  this par t  o f  the orebody are highly conductive and the 
ore sections can be correlated easily between holes. The 
normalized M A L M  IP  data show an inverse relationship to  the 
potentials, low IP  coinciding w i th  high potentials across the 
minera l  intersections. No  additional information can be 
obtained on the geometry and nature o f  the ore zones f rom 
the I P  data. A more comprehensive analysis o f  the decay 
waveforms (t ime constants) may reveal additional 
information on the polar izabi l i ty of the sulphides. The 
unusual M A L M  IP  ef fects  (negative IP  and non-linearity i n  
charge and discharge curves) reported by Sumner (1981) were 
not  observed i n  the present study. This could be due to  the 
complex morphology o f  the sulphide mineralization. 

The M A L M  measurements can answer a number of 
questions encountered i n  mineral exploration and 
development. I n  cases where an orebody consists o f  a number 
o f  ore lenses, the M A L M  measurements can be used t o  
determine which of the lenses are connected between d r i l l  
holes. This information is useful in  planning mining 
operations. The M A L M  measurements can also be used t o  
determine the direct ion o f  dip of a discovered conductor and 
t o  evaluate i t s  extension wi th in  a given area. This 
information is again useful i n  siting subsequent d r i l l  holes 
aimed at  intersecting the same sulphide lense. The M A L M  
measurements can also be used to  determine the structure 
between holes which may aid i n  the discovery o f  missed ore 
zones. 
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Hurley, P., Wong, J., and West, G.F., Crosshole audio-frequency seismology; Borehole Geophysics 
for  Mining and Geotechnical Applications, ed. P.G. Killeen, Geological Survey o f  Canada, 
Paper 85-27, p. 159, 1986. 

Abstract  

A high resolution borehole t o  borehole seismic system has been developed a t  the Universi ty o f  
Toronto for  the detailed study o f  the mechanical properties o f  rock masses. I n  a method tha t  i s  
similar to  the vibrator source techniques o f  surface ref lect ion seismology, a low power continuous 
source is used, and the seismic impulse response estimated by cross-correlation o f  the received 
waveform w i th  the transmitted one. Both the transmitt ing and receiving sondes u t i l i ze  piezo- 
ceramic transducers, and were designed to  operate i n  NQ size or larger holes, a t  depths o f  up t o  
1 km. 

The system operates i n  the 1 t o  6 kHz 'band, i n  par t  to  achieve very high t iming resolution. I n  
the surveys that have been completed, compressional arrivals w i th  a signal t o  noise ra t io  o f  bet ter  
that  5:l have been recorded along paths of 250 m through the in tact  granit ic rock o f  the L a c  
Dubonnet bathol i th a t  Pinawa, Manitoba. Similar signals have also been detected on 100 m paths i n  
Nepean sandstone a t  the Geological Survey o f  Canada cal ibrat ion fac i l i t y  near Ottawa, Ontario. 
Shear waves are heavily attenuated i n  both o f  these rock masses, b u t  have been detected on paths o f  
up t o  50 rn i n  near surface granite, and are clear on short paths. 

Information about both the velocity and the attenuation o f  the seismic waves i n  the rock mass 
can be extracted f r o m  the data. These parameters re f lec t  the mechanical properties o f  the mater ia l  
penetrated, and can be strongly af fected by l i thology o r  by  the presence o f  faults and f racture 
systems. B y  col lect ing these data f r o m  many d i f ferent  positions o f  the t ransmi t ter  and receiver it is 
possible to  construct a cross-sectional representation o f  the mechanical and geological in format ion 
obtained i n  other ways i n  order to  characterize the ent ire panel o f  rock between the holes. 

U n  systbme de sondage sismique transversal b hautre rBsolution permettant dt6tudier avec 
precision les propriBtBs mecaniques des masses rocheuses a BtB conGu 3 I 'Universit6 de Toronto. 
Comme dans l e  cas de I'Btude de l a  sismique ref lexion en surface qui ut i l ise une source de vibration, 
une pet i te  source dlBnergie continue est utilisBe e t  les impulsions sismiques provoquBes sont estirnBes 
par l a  mise en correlat ion de l a  forrne d'onde reque e t  de l a  forrne d'onde Bmise. Les sondes 
Bmettrices e t  receptrices comportent des transducteurs en pi6zo-ceramique e t  ont  Bt6 concues de 
manihre B &re utilisBes dans des trous de dimensions N Q  ou sup6rieures, B des profondeurs al lant 
jusqu'h 1 krn. 

L e  systbme fonctionne dans l a  bande 1 -6  kHz, notamment pour permet t re  d'obtenir une 
synchronisation trbs precise. Durant  les leves qui on t  8tB terminBs, des ondes de compression dont l e  
rapport signal-bruit Bta i t  mei l leur que 511 ont  Bt6 enregistrees l e  long de parcours de 250 m dans l a  
roche granitique non altBrBe, dans l e  bathol i the du lac Dubonnet 5 Pinawa (Manitoba). Des signaux 
semblables ont  Bgalement Bt15 captBs l e  long de parcours de 100 m dans du grhs de Nepea, B 
I ' installation d18talonnage que l a  Commission gBologique du Canada a amBnagBe prhs d'Ottawa 
(Ontario). Les zones transversales sont tr&s att6nu6es lorsqu'elles franchissent ces masses rocheuses, 
mais elles ont  6 th captees l e  long de parcours al lant jusqu'b 50 m dans du granite situ6 prhs de l a  
surface e t  elles peuvent &re d6tectBes nettement dans de brefs parcours. 

Les donnBes prBlevBes renseignent sur l a  vitesse e t  I'attBnuation des ondes sismiques qui se 
propagent dans l a  masse rocheuse. Ces parambtres traduisent les proprietes mkcaniques de l a  
matibre sond6e e t  i ls  peuvent varier considerablement selon l a  lithologic ou en raison de l a  presence 
de fai l les e t  de systhrnes de fractures. L a  cuei l le t te  de ces donnBes au f i l  des nombreux 
deplacements de 1'Brnetteur e t  du recepteur perrnet de r6aliser une vue en coupe des propri6tBs 
rnecaniques de l a  roche entre les trous. Jointe aux renseignernents geophysiques e t  g6ologiques 
obtenus d'autres faqons, ce t te  in format ion perrnet de connaltre les caracteristiques de tous les plans 
verticaux de l a  roche entre les trous. 

* Manuscript not  submitted 
Universi ty of Toronto, Toronto, Ontario 





AN EXPERIMENT WITH THE SEISMIC CROSSHOLE METHOD 
IN A N  I R O N  MINE 

Mat ts  Gustavsson, Hans Israelson, Sven Ivansson, 
Per  Moren and Jorgen ~ i h l '  

Gustavsson, M., Israelson, H., Ivansson, S., Moren, P., and Pihl, J., A n  experiment w i th  the seismic 
crosshole method i n  an iron mine; Borehole Geophysics for Mining and Geotechnical Applications, 
ed. P.G. Killeen, Geological Survey o f  Canada, Paper 85-27, p. 161-166,1986. 

Abstract  

Seismic techniques have so fa r  been only sparsely employed by the mining industry f o r  ore 
prospecting. There is, however, a growing interest i n  geophysical techniques fo r  ore prospecting 
which allow depth penetration o f  1 k m  or  more. The known bodies usually dip very steeply and f o r  
direct mapping the standard seismic ref lect ion method has probably t o  be modi f ied substantially. 
This paper presents an experiment w i t h  the seismic crosshole method which can be used t o  map 
steeply dipping structures provided that  suitable boreholes or galleries are available. 

I n  this experiment an at tempt  was made t o  detect a steeply dipping magneti te orebody a t  the 
Research Mine i n  Kiruna, Sweden. Geophone recordings of some 50 microexplosions i n  s l im boreholes 
were col lected w i t h  recording distances up t o  about 175 m. A tomogram o f  the P-velocity across a 
vert ical section o f  50 x 165 m, intersect ing the magneti te body, shows good agreement w i t h  
geological and geophysical observations i n  the galleries o f  the mine as we l l  as E-modulus 
determinations of dr i l led core samples. 

JusqulB present, I1industrie miniere slest tres peu servie des methodes sismiques pour l a  
prospection des minerais. Toutefois, on s1int6resse de plus en plus aux techniques g6ophysiques qui 
permettent de pdn6trer un ki lometre ou plus dans l e  sol. E n  general, les masses rnin6ralisees connues 
ont un pendage trhs raide e t  pour les cartographier, il faudrait  probablement modi f ier  
considerablement l a  rnethode classique de sismique-reflexion. L a  presente Btude d6cri t  une 
experience qui ut i l ise une methode transversale, laquelle peut servir B cartographier des structures A 
pendage abrupt pourvu qulil y a i t  des trous e t  des galeries appropries. 

A u  cours de ce t te  experience, on a essay6 de deceler l a  presence dlune masse de magneti te B 
pendage abrupt dans l a  Research Mine Kiruna, en SuBde. Quelque 50 micro-explosions on t  Bt6 
enregistrees dans des sondages dtroits, les distances d'enregistrement atteignant pr6s de 175 m. U n  
tomogramme de l a  vitesse de I1onde P en travers dlune section vert icale de 50 m, par 165 m, qui 
coupe l a  masse de magnetite concorde bien avec les observations geologiques e t  geophysiques 
recueill ies dans les galeries de l a  mine e t  avec les ch i f f res du module E d6termines pour les 
Bchantillons carottes. 

Introduct ion 

Seismic techniques have so far  been only sparsely 
employed by the mining industry for  ore prospecting. I n  the 
last  few years, however, a growing attent ion has been drawn 
t o  the seismic ref lect ion method which i s  the most powerful  
geophysical too l  i n  terms o f  resolution and depth penetrat ion 
fo r  hydrocarbon exploration. A t  least i n  Sweden there i s  an 
increasing interest i n  geophysical techniques fo r  ore 
prospecting which allow depth penetration of 1 k m  or  more. 
Known bodies i n  Sweden, however, usually dip steeply and the 
standard seismic ref lect ion method has probably to  be 
modif ied substantially i n  order t o  per form wel l  for  such 
f ormations. 

This paper describes an experiment w i t h  the seismic 
crosshole method which can be used fo r  mapping steeply 
dipping structures provided that  suitable boreholes o r  
galleries are available. I n  short, the area between two 
boreholes are systematically scanned by seismic signals, 
which are generated by  microexplosions i n  one hole and 
recorded by borehole geophones i n  the other hole. This 
method has previously been t r ied  ou t  i n  a crystal l ine rock 
body w i t h  two  ver t ica l  holes separated by 625 m 
(Gustavsson e t  al., 1983). The application here describes an 
experiment to detect a slanting magneti te ore body i n  the 
Research Mine i n  Ki runa i n  Sweden. 

' National Defence Research Institute, Box 27322, Stockholm, S-102 54 Sweden 



Field ex~erirnent Microexplosions (10 q) were set o f f  i n  the holes at 
various depths to generateseismic signals. The f i r ing design 

The purpose of the experiment was to  apply the 
allows very accurate t iming of the instant o f  detonation. To crosshole method to a geological structure which is 

reasonably wel l  known, and to  test the principle o f  "reversed" minimize the ef fects  on the borehole walls a centr ing device 

crosshole measurements. I n  addition it provided an was ut i l ized to  keep the charge at  the centre of the holes 
during detonation. Shooting was also avoided at  places along 

opportunity to gain experience at  shorter distance ranges 
w i th  a hole separation of about 165 m. 

the hole where the core logging indicated fractures. 

Figure 17.1 shows the setting i n  the Kiruna Research 
The signals fo rm microexplosions in  hole R 1  (Fig. 17.1) 

Mine for the experiment, which was performed between two Were recorded by a borehole geophone array with three 

ver t ica l  holes at  a level of 320 m below the ground. The separated by m' This equipment has been 
core-dri l led holes are about 165 m apart and 50 m deep, and described Bergh et  (1983)' The of  the array 

have a diameter of 56 mm. They are water f i l led and 
were locked a t  various depths i n  hole R2. 

uncased. As can be seen i n  f igure 17.1, they are on both sides I n  addition recordings were obtained by 14 geophones 
of the maqnetite ore bodv which takes the s h a ~ e  of a thin alona a line in  the 320 m aallerv between the two holes. 
(20-25 m )  -sheet, dipping' about 60 degrees towards the 
ver t ica l  line. There are also galleries almost along a l ine The spikes o f  the geophones i n  the gallery were wedged 
between the two holes and perpendicular to the magneti te into handdrilled (diameter mm and about 

sheet. These galleries run at  the 320 and 370 m levels. 70 mm) on the walls o f  the gallery. Only one component, 
ver t ica l  or horizontal depending on the nature of the surface 

320 m 
gallery 

370 m 
' gallery 

Figure 17.1. Schematic view of the area with seismic crosshole measurements at the Kiruna 
Research Mine. The two holes, R1 and R2, and the galleries at the 320 m and 370 m levels are 
marked and the steeply dipping magnetite body is indicated as a dark zone. 

Figure 17.2. Raypath diagram linking positions of shot to  geophones with straight lines. The arrows 
indicate the geophone positions in the 320 rn gallery. 



-0"\ "" 

~
~
 

..
__

,~
 

10
0m

s 

F
ig

u
re

 1
7.

3a
. 

R
e

co
rd

in
g

s 
at

 
ge

op
ho

ne
s 

in
 

th
e

 
g

a
ll
e

ry
 

fr
o

m
 

a
n

 
e

xp
lo

si
o

n
 i

n
 h

o
le

 R
l 

a
n

d
 1

4 
m

. 
T

h
e 

ro
ck

 m
a

te
ri

a
l 
fo

r 
e

a
ch

 g
e

o
p

h
o

n
e

 
p

o
si

ti
o

n
 i

s 
a

ls
o

 i
n

d
ic

a
te

d
. 

S
ye

ni
te


po

rp
hy

ry
 

S
ye

ni
te


po

rp
hy

ry
 

Sy
en

it
e


po
rp

hy
ry

 

B
re

cc
i a

 

B
re

cc
ia

 

M
ag

ne
ti

te
 

M
ag

ne
ti

te
 

Q
ua

rt
z

po
rp

hy
ry

 

Q
ua

rt
z

po
rp

hy
ry

 

'
-
-
v
-
-
-
"
~
~
~
-
-
-
-
.
.
.
.
,
.
,
~
~
~
~
~
~
-
-
r
-
~
~
-
-

.......
.......

. -
.... .

--
.-

--
--

~
"
~
-
-
-
-
-
-
~
~
~
~
r
-
-
-
~
~
-
-
~
~
/
'
 

0 
10

0 
m

s 

F
ig

u
re

 1
7 

.3
b

. 
R

e
co

rd
in

g
s 

a
t 

ge
op

ho
ne

s 
in

 
th

e 
g

a
ll
e

ry
 

fr
o

m
 

an
 

e
xp

lo
si

o
n

 i
n 

h
o

le
 R

2 
a
t 

44
 m

. 
T

he
 r

o
ck

 m
a

te
ri

a
l 

fo
r 

ea
ch

 g
e

o
p

h
o

n
e

 
p

o
si

ti
o

n
 i

s 
a

ls
o 

in
d

ic
a

te
d

. 



of  the gallery wall, was used a t  each location. Figure 17.2 Recordings were obtained f r o m  50 explosions i n  a l l  w i th  
shows the raypath diagram linking positions of 30 and 19 set o f f  i n  holes R1 and R2 respectively. A n  
rnicroexplosions and a l l  gallery and borehole geophones by additional explosion was set o f f  i n  the gallery at the 370 rn  
straight lines. The arrows indicate the geophone positions i n  level (Fig. 17.1, 17.2). The array of borehole geophones was 
the gallery. operated only for shots i n  hole R1. The shots i n  hole R2 

99 m 132 m 165m X 

52 rn 
-25 rn -  616 .5  rn- 

z 
Figure 17.4. Standard deviation of estimators in per cent of 0.2 s/km (equal to 5 km/s) for error 
standard deviation of 0.5 ms (assumed reading error of  first arrivals). Numbers to the le f t  of slash 
correspond- to the case for all rays present, ie flreversedff shooting. Numbers to the right of slash 
correspond to the case with rays belonging to shots in hole R1 only. Note the large differences to the 
right in the cross section indicating the importance of "reversedff shooting. 

BRECCIA MAGNETIT KVARTS- PORFYR 
-&- 

I++ 4 
BRECCIA MAGNETIT KVARTS- PORFYR 

Figure 17.5. Estimated velocity structure from travel times of first arrivals by a least squares 
procedure solution. The boundaries of the geological structures in the two galleries are also 
indicated. 



"reverses" the crosshole procedure w i th  the additional ray 
paths to  the geophones along the horizontal gallery and this 
improves the confidence of velocity estimates across the 
section. 

The signals were recorded at  a sampling rate of 2 kHz 
(25 channels) and w i th  lowpass pref i l ter ing a t  0.5 kHz. 

Figure 17.3 shows typical examples of recorded traces 
at  some of the geophones i n  the gallery for explosions i n  
holes R1 and R2. The in i t i a l  onset o f  the P-wave i s  usually 
very clear and S waves can also be seen on some of the 
records pr imar i ly  due t o  their  dominantly low periods. 
Part icular ly interesting to  note is the low frequency content 
o f  the P-waves recorded i n  the gallery where the magneti te 
body crosses. This can be seen i n  both examples i n  
Figure 17.3. 

Tomographic velocity mapping 

Owing to the clear nature of the f i r s t  arrivals of the 
recorded signals i t  was considered suff ic ient for  a 
preliminary analysis to  measure the arr ival t imes f rom 
computer plott.ings w i th  a high magnification. The reading 
error is estimated to  be less than 0.5 ms. The arr ival t imes 
(about 500) were used for a tomographic mapping according 
t o  procedures described by Ivansson (1983). Since a l l  shots 
and geophones are not situated i n  the same plane the cross 
section is ra ther  the projection o f  the positions o f  the shot 
points and geophones onto a plane. The cross section is 
divided in to a number o f  cells and it is assumed that  the 
veolci ty is constant wi th in  each ce l l  and that  a ray 
propagates along a straight l ine between source and receiver. 

The confidence of the estimated velocities in  each ce l l  
can be specified and varies across the section due t o  the non 
uniform coverage o f  rays. The "reversed" shooting applied i n  
this experiment significantly improves the results as is 
i l lustrated by Figure 17.4. I f  the division into cells of the 
cross section is carried too far  stable unique velocity 
estimates w i l l  no longer be obtained unless additional 
assumptions are made. It is fo r  example not  unduly d i f f i cu l t  
to  add t o  the equations based on the measured travelt imes 
the condition that  nearby cells should have equal velocities. 
This w i l l  make it possible t o  obtain smoothed estimates w i t h  
a fa i r l y  high resolution as shown i n  Figure 17.5. The cross 
section i n  Figure 17.5 is based on about 500 rays and the cells 
i n  the r igh t  and l e f t  half  o f  the section are 5 x 5 m and 
10 x 5 m respectively. The gross features are i n  f u l l  
agreement w i th  an unconstrained solution for  a mofe coarse 
ce l l  division, for  which the changes f rom high to  low 
velocities across the hanging wa l l  are stat ist ical ly 
significant. The boundaries o f  the magnetite and breccia as 
observed i n  the galleries at  the 320 and 370 m levels are 
marked i n  the figure, and agree w i th  the sharp velocity 
contrasts of the tomogram. 

Table 17.1. P-velocities (km/s) computed f r o m  E-modul i  
and densities o f  core samples 

Magneti te Quartz-porphyry Breccia 

Maximum 4.4 5.4 4.5 

Min imum 3.9 4.5 3.6 

Dynamic 3.6 6.0 

parameters 

It is also interest ing t o  note the increase i n  the velocity 
along a slanted structure as one proceeds towards the l e f t  i n  
the section around the breccia zone. 

I n  the picture there also occurs a large low velocity 
area wi th in  the syenite-porphyry boundary which is 
stat ist ical ly significant. However, no other geological or 
geophysical investigations have been done i n  this par t  of the 
cross section that can conf i rm this variation. 

.The  i n  s i tu  P-velocit ies shown i n  Figure 17.5 can be 
compared w i t h  values computed f r o m  E-modules and 
densities obtained f rom measurements o f  core samples i n  the 
mine. These values (Table 17.1) show qual i tat ive agreement 
w i t h  the data i n  Figure 17.5. I n  both cases the high and low 
velocities fo r  quartz-porphyry and magneti te respectively 
are very pronounced. N o  values f rom the syenite-porphyry 
are available. 

Concluding remarks 

The results of the experiment w i t h  the seismic 
crosshole method i n  the Research Mine i n  Ki runa can be 
summarized as follows i n  relat ion to the objectives of the 
test: 

- the tomographic mapping o f  P-velocit ies broadly agrees 
w i t h  other geological and geophysical observations of the 
s t ructura l  properties i n  the mine 

- the "reversed" crosshole principle improves signif icant ly 
upon the confidence o f  est imated velocity structures 

- the crosshole techniques w i t h  microexplosions and 
borehole geophones original ly conceived for  mapping 
crystal l ine rock volumes o f  a large dimension (0.5-1 km) 
could be applied w i th  encouraging results a t  much shorter 
(100-200 m )  distances. 

Final ly i t  can be noted that the inverted velocity 
structure is based only on f i r s t  arr ival t ime data. The 
recorded signals, however, indicate that their actual shapes 
indeed carry information about the geophysical properties o f  
the structure as clearly i l lustrated by the change i n  dominant 
period o f  recordings across the gallery. This change i n  
frequency content can be compared w i th  the synthetic 
computational experiments by Bold and Smith (1976). 
Interpretat ion o f  such features may i n  the fu ture improve the 
qual i ty o f  the structural inversion procedure. 

Bet ter  resolution of the magnetite target geometrically 
and also i n  terms of the true velocity would have been 
obtained i f  more shots could have been used i n  the 370 m 
gallery w i th  recordings for  each shot taken i n  both boreholes 
and on the 320 m gallery. 
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Abstract  

Seismic crosshole techniques f o r  detect ion o f  f racture zones i n  crystall ine rock  bodies w i t h  a 
dimension of 0.5-1 k m  are being developed i n  Sweden. Seismic signals are thereby generated i n  one 
hole by microexplosions while recording is made i n  the other hole and on the surface. 

As a f i r s t  step i n  the analysis of the registrations f r o m  such a crosshole experiment, a 
tomographic approach for  estimation of the seismic P-velocity distr ibut ion i n  the crosshole area has 
been used. Approximating the ray paths b y  straight l ines one gets a l inear equation system f o r  the 
velocities. However, the solution obtained i n  this way cannot automatical ly be taken as a t ru th fu l  
picture of the crosshole area. This is due t o  the impact  o f  cer ta in  sources o f  error: the uncertainty 
i n  t ravel t ime measurements and the "straight ray path" approximation. These mat ters  are discussed 
i n  connection w i th  results f rom a f ie ld  experiment. 

Using a simple " t r i a l  and error" method o f  comparison w i t h  synthetics it is shown tha t  a 
reasonable velocity map o f  the crosshole area can i n  f a c t  be obtained, although the  standard 
tomographic solution has several peculiarities. 

Des chercheurs suedois met tent  au point presentement des methodes sismiques transversales 
af in  de pouvoir deceler les zones de fractures dans les masses cristall ines dont l a  dimension varie de 
0,5 1 km. Les signaux sismiques sont produits en declenchant des micro-explosions dans un trou; 
I1enregistrement se f a i t  dans un autre t rou e t  B l a  surface. 

L a  premiere Btape de I1analyse des enregistrements provenant dlune te l le  experience consiste A 
estimer, B Itaide dlun tomographe, l a  repar t i t ion de l a  vitesse des ondes P dans l a  zone BtudiBe. L a  
representation du parcours des ondes par des lignes droites donne un systkme dtBquations lineaires 
pour les vitesses. Toutefois, l a  reponse obtenue ne donne pas automatiquement une image reel le de l a  
zone examinee Btant donne I t importance de certaines sources dlerreur, notamment I1incert i tude des 
mesures du temps de parcours e t  Itapproximation en l igne dro i te  du t r a j e t  de I1onde. Ces questions 
sont examinees en tenant compte des resultats dtune experience effectuee sur l e  terrain. 

En  procedant simplement par approximations successives avec des produits synthBtiques, on a 
dgcouvert qu'i l est possible dlobtenir une carte plus ou moins raisonnable des vitesses dans l a  zone 
Btudi6e, bien que l a  solution tomographique ordinaire presente plusieurs particularit6s. 

I'ntroduction Least-squares machinery 

Our a im is to  discuss the problem of estimating the 
distribution o f  P-velocity f o r  seismic waves i n  a crosshole 
section using measured f i rst-arr ival travel-times fo r  
explosion-generated waves. A tomographic approach has 
been used. The crosshole area is thereby divided in to a 
number of rectangular cells, i n  each o f  which the P-velocity 
is assumed constant (Fig. 18.1). The ray  paths, one for each 
shotlreceiver-pair, are assumed t o  be straight (though this is 
only approximately true, see below). F r o m  the experimental 
registrations only the measured f i rs t -ar r iva l  travel-t imes are 
used. 

F o r  s impl ic i ty  we assume that  the errors i n  the travel- 
t i m e  measurements are normally distr ibuted w i t h  mean zero. 
I n  the tomographic approach described above one then 
d i rect ly  arrives a t  a standard l inear s tat is t ica l  model w i t h  
the cell-velocities as unknown parameters ( A k i  and 
Richards, 1980). According t o  the Gauss-Markov theorem 
the least-squares method furnishes minimum-variance 
unbiased estimators fo r  the cell-velocities. A computer 
program f o r  convenient solution fo r  the least-squares 
tomographic equations has been constructed and was used for  
the computat ion of forthcoming results. 

' Division o f  Appl ied Seismology, Nat ional  Defence Research Institute, 
Box 27322, S-102 54 Stockholm 



SEISMIC TOMOGRAPHY With a sparse coverage of ray paths wi th in  the 
crosshole area it is possible that unbiased estimators of 

bore-hole bore- hole certain cell-velocities simply do not exist. This is 
1 2 part icular ly true i f  no ground-geophones are present but only 

borehole geophones are used. (We assume here, o f  course, 
distance along that  the area i s  divided in to a t  least two  columns o f  cells.) I n  

such a case no cel l -velocity w i l l  have an unbiased est imator 
since it w i l l  be impossible to  discover differences i n  velocity 
between d i f ferent  columns. The importance of having a 
dense coverage w i th  geophones on the surface is thus 
apparent. 

I t  is also important to  note that  the e f fec t  of the errors 
i n  the travel-t ime measurements w i l l  be more severe on 
certain cel l -velocity estimators than on others. By the 
Gauss-Markov theorem one also gets standard deviations o f  
the estimators. A n  example is shown i n  Figure 18.2 fo r  a 

S O U K ~  crosshole area of 625 x 625 m using 200 rays. (The 

corresponding ray-path diagram is easily visualized by 
connecting a l l  the "S" to a l l  the "R" i n  the figure.) Unbiased 
estimators do not exist for the velocities o f  the four shaded 
cells. 

1 
depth 

I n  advance o f  a planned f ie ld  experiment i t  is therefore 
i m ~ o r t a n t  t o  make an analvsis i n  order t o  assess the 

Fiwe 18.1. Seismic crosshole-section with cell- stdt ist ical uncertainty o f  the obtainable estimators. This w i l l  

decomposition and an example of a ray path. help i n  determining the required number and location o f  shots 
and geophones for  a reasonable cell-decomposition. 

CONFIDENCE 

R R R R R R R R R R  

S = source R  receiver 
Figure 18.2. Standard deviation of estimators in per cent of  5000 m/s at a true velocity of 5000 m/s 
i f  the error standard deviation of the travel-time measurements is 0.5 ms. 



K r i k e m i l a  tomographic velocity map 

A crosshole f ie ld  experiment was performed a t  
Krskem&la i n  southern Sweden i n  la te 1981. The two holes 
used were 450 m deep and 625 m apart. About 150 explosions 
were set o f f  i n  one o f  the boreholes and registrations were 
collected a t  24 geophones on the surface and 3 movable 
geophones i n  the opposite borehole (Fig. 18.3). I n  a l l  P-wave 
travel-times were measured for 1583 rays. The errors i n  
these measurements were not believed to  exceed 0.5 ms by 
very much. 

I n  Figure 18.4 the expected influence of stat ist ical 
errors is shown. Due to the described shot/receiver- 
geometry the errors are small in  the upper l e f t  corner 
whereas they are greater downwards i n  the middle and t o  the 
right. A l l  velocities have unbiased estimators i n  this 
decomposition in to 88 cells. 

The obtained tomographic velocity-map (cells w i t h  
anomalous velocity are shaded) is shown i n  Figure 18.5 and 
the fol lowing observations are made: 

(1) The velocities i n  the leftmost column and i n  the upper 
l e f t  corner seem very reasonable. They increase w i th  
depth and are o f  expected magnitude. Note also that  the 
influence of stat ist ical errors i s  here very small. 

(2 )The  sixth and seventh columns f rom the l e f t  are 
pronounced low-velocity columns. I t is also to  be noted 
that  a marshy area is present a t  the surface o f  the 
seventh column. That this column is headed by a ce l l  o f  
low velocity (4.7 km/s) therefore seems quite reasonable. 

(3) Some o f  the velocities i n  the cells t o  the r ight  o f  the 
seventh column seem anomalously high. Such high 
velocities have never been observed so close t o  the 
surface and they cannot be explained by the s tat is t ica l  
errors as is seen i n  Figure 18.4. 

(4) A t  the bot tom of the th i rd  and fourth columns the 
calculated velocity estimates indicate that cells o f  
extremely high velocity occur just next to cells o f  quite 
low velocity. We note again (Fig. 18.4) that  the 
stat ist ical errors cannot be responsible. 

I t  is apparent that  Figure 18.5 cannot be believed to  be 
a t ru th fu l  velocity map o f  the crosshole area. The reason fo r  
the misbehaviour is the straight-path assumption used i n  the 
tomographic procedure and the discretization errors that  
ensue when the velocity is forced to be constant throughout 
each cell. 

Paying attent ion t o  ray-bending 

To be able to  take ray-bending ef fects  in to 
consideration i t  is f i r s t  necessary t o  know how t o  solve the 
d i rect  problem, that  is given a velocity-distribution fo r  a 

I KRAKEMALA GEOMETRY 

crosshole area one must be able to  calculate the "minimum" 
(ray paths and corresponding) travel-times. This can be done 
conveniently by using numerical solution o f  a boundary 
problem for  the Euler equation o f  a "stationary raytt  by 
e.g. the "shooting methodtt, though required computer t ime  
w i l l  not  be negligible. I n  doing this one usually uses a 
smoothed velocity-distr ibut ion w i t h  continuous velocity and 
f i rs t  spatial velocity derivatives. We have used 
two-dimensional polynomials to  interpolate between given 
values a t  the midpoints o f  the usual rectangular cells. 

horizontal 
distance 

1 

I 450 
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depth 

I I 
.L 

I I 
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Figure 18.4. Relative statistical errors, for Kr8kemiila; the 
numbers are estimator-standard deviations, in per cent of  the 
veloci ty  5000 m/s  a t  a true veloci ty  o f  5000 m/s  and an error 
in traveltime-measurements o f  0.5 ms. 
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Figure 18.3. Sketch of crosshole experiment at Krikem8la. Figure 18.5. Velocity solution, for Krfikernela; cell- 
Explosions were set o f f  in l e f t  borehole. velocities in hectometre/second. 



k e r a t i v e  procedures fo r  taking account o f  ray-bending 
have been proposed by Bois e t  al. (1971). The natural idea 
used by them is t o  solve a new tomographic equation-system 
in each i terat ion step. Essential features of each i terat ion 
are: 

(1) Given the current velocity-distribution f rom the last 
i terat ion, the direct problem is solved. That is, the 
corresponding ray paths are calculated. These 
calculations are In  principle performed as described 
above. 

( 2 )  Given the new ray paths i t  is then possible to  wr i te  down 
a new "tomographic linear equation system" w i th  the 
ve.lorcities at  the centre of the cells as unknowns (the 
spatial velocity-distribution is s t i l l  considered to be 
polynomial). The other side o f  the system is unchanged, it 
consists of the measured travel-times. Solution of the 
equation system now yields a new velocity distribution to  
be used i n  the next iteration. 

This method has however not given any useful fur ther  
information concerning the Kr$karn$la case. I n  fact, 
synthet ic calculations w i th  the Kr$kem$la geometry showed 
tha t  the method only worked wel l  when a reasonably accurate 
start-solution could be given. The solution obtained i n  
F igure 18.5 is by no means very accurate. 

Because of this a d i f ferent  but much simpler idea has 
been used to take ray-bending effects, and i n  fac t  
discret izat ion errors as well, into account. 

The approach is as follows. We already have a kind o f  
" f i l ter" w i t h  which we can transform travelt lme data in to a 
"picturem in the velocity domain, viz. the tomograph~c least- 
squares procedure w i th  no consideration o f  ray-bending. 
However, i n  the presence of velocity-heterogeneities the 
"picturer' w i l l  become distorted. Now, instead of trying to  
design a " f i l ter "  giving the true velocity distribution, we t r y  
t o  learn how the distortions by our present f i l t e r  behave. 
This will enable us to discover features o f  the rea l  velocity- 
distr ibut ion by looking at  the distorted picture. 

Let us look a t  two examples. The Krskemgla 
s h o t / m i v e r  geometry is s t i l l  used. To the l e f t  i n  
Figurns 18.6 and 18.7 is the synthetic velocity-distr ibut ion 

and to  the r ight  is the obtained velocity-map af ter  
calculating the corresponding synthetic travel-t imes and 
passing them through our f i l ter.  Cel ls w i t h  significant 
distortions are shaded, heavily and weakly for  unrealistically 
high and low values respectively. 

We note that  i n  Figure 18.6 the distortions are quite 
small and the actual velocity-distr ibut ion is recovered rather  
accurately. The reason is o f  course that since almost a l l  the 
ray paths are approximately horizontal, the rays which pass 
the low-velocity column must do so anyway, and cannot gain 
much t ime by choosing curved (or i n  this case rather: 
piecewise linear) paths. 

I n  Figure 18.7, however, the distortions are quite 
severe. 

Compare now w i th  the tomographic map obtained f rom 
the experimental Krzkemsla data shown i n  Figure 18.5: 

We must draw the conclusion that  the "low-velocity 
columns" i n  the middle (slightly to  the r ight) i n  Figure 18.5 
are i n  fac t  not  "real columns", rather the low-velocity zone is 
l im i ted  t o  the top o f  the region i n  question! (With the low- 
velocity zone reaching r ight  t o  the bottom, the severe 
distortions i n  the right-hand side o f  the area would not  have 
occurred). 

By making more synthetic calculations o f  the same kind 
as i n  Figures 18.6 and 18.7 one arrives at  the fol lowing 
interpretat ion of the experimental K rzkern i la  data: 

(1) The extreme velocities i n  Figure 18.5 are indeed not 
unusual. Instead they are quite normal expressions of the 
fact  that ray-bending ef fects  and discret izat ion errors 
play a decisive role. 

(2) The major par t  of the distortions are explained by 
introducing a low-velocity zone, size about 100 m (width) 
x 150 m (depth), a t  the top of the sixth and 
seventh columns w i t h  a velocity of about 4000 m/s. 

(3) Apar t  f r o m  this there are also indications o f  two other 
low-velocity zones a t  the top, one to the l e f t  and one t o  
the right. However, these are smaller and the 
interpretat ion is much more uncertain. 
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Figure 18.6. Synthetic velocity-model with a low-velocity column. Tomographic velocity-solution in 
hectometre/second with travel-times calculated for the model t o  the l e f t .  See text for detail. 
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Figure 18.7. Synthetic velocity-model with a low-velocity region. Tomographic velocity solution in 
hectometre/second with travel-time calculated f o r  the model t o  the left. See text  fo r  detail. 

(4) An overall increase of velocity with depth is also Acknowledqments 
manifested in the results. ~ i e  to  the significant 
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distortions it is however difficult to make precise The author is a member of the exploration group of the 

statements. Division of Applied Seismology a t  the National Defence 
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( 5 )  The velocities in an upper triangular region to the left,  Israelson and other members are Matts Gmtavsson, 
beginning a t  the shothole, are  quite reliable and not 
seriously affected by either distortions or statistical Per Moren and Jorgen Pihl. 

errors. 

Concluding remarks 

Generally speaking the standard tomographic method is 
expected to  be a good, reliable tool for detecting and 
studying crosshole structures where the velocity is only 
smoothly varying. It is also possible to allow sharp 
discontinuities i f  they cut through the whole area in a 
direction almost perpendicular to most of the ray paths. 

When it comes to areas with pronounced but less 
favourable shaped inhomogeneities, the interpretation 
becomes less definitive. One, however, can detect  that 
inhomogeneities are  present and it is possible to  give a rough 
determination of location, spatial size and velocity jump of 
a t  least the larger inhomogeneities. 

Financial support was given by the Swedish Nuclear 
Fuel Supply Co. 
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Abstract  

A simple technique fo r  processing seismic data has been developed that  provides a 
'representative velocity' tomogram which may be interpreted i n  terms o f  the engineering properties 
o f  the subject rock mass. This transmission system is  intended fo r  use i n  cross-borehole surveys and 
has been successfully tested between subparallel mine roadways i n  a massive granite body. 

The velocities o f  compressional waves between numerous source and transducer locations are 
analyzed and the interact ive character of the observations is used to  bui ld a two-dimensional array o f  
computed 'representative velocities' appropriate t o  specific areas w i th in  the intervening rock mass. 
Evaluation of the processed data is undertaken using site specific and more general rock mass 
classification systems. 

The processing was carr ied out  on a microcomputer and the program is readily adaptable t o  
most f i e ld  configurations. The program also allows various mapping and influence parameters t o  be 
varied and opt imized t o  obtain the best resolution o f  rock mass inhomogeneities. The f ie ld  data 
acquisition and processing techniques have been tested i n  a mine and the maps derived f r o m  the 
seismic data correlate wel l  w i th  the observable rock mass properties. 

Une mBthode simple a Bt6 mise au point pour l e  t ra i tement  des donnees sismiques; ce t te  
technique fourn i t  un tomogramme de l a  vitesse representative qui peut & t re  interpr6t6e en termes 
des propri6tBs techniques de l a  masse rocheuse BtudiBe. Ce systhme de transmission, qui sera uti l isB 
pour les lev& transversaux, a BtB essay6 avec succits dans les galeries subparallitles creus6es dans un 
granite massif. 

On a analys6 les vitesses des ondes de compression se deplaqant entre de nombreuses sources e t  
de nombreux transducteurs et, en tenant compte de l a  nature in teract ive des observations, on a 6tabl i  
un rkseau b deux dimensions des vitesses representatives calculBes qui  est propre B certaines part ies 
de l a  masse rocheuse. Les donnBes trait6es sont Bvalu6es en ut i l l isant des systhmes de classification 
de l a  masse rocheuse particuli itres B I'emplacement e t  d'autres plus gBn6raux. 

L e  t ra i tement  est e f fect& B I'aide d'un micro-ordinateur e t  l e  programme peut & t re  faci lement 
adapt6 l a  plupart des configurations sur l e  terrain. Ce  programme permet  Bgalement de modi f ier  e t  
d'optimiser divers parametres de cartographie e t  d'influence de fason A obtenir l a  mei l leure 
r6solution des het6rog6nBitds de l a  masse rocheuse. Les mBthodes d'acquisition e t  de t ra i tement  des 
donnees recueill ies sur l e  ter ra in  ont Bt6 mises B I'essai dans une mine e t  une bonne corr6lat ion a BtB 
Btablie entre les cartes produites B par t i r  des donnees sismiques e t  les propriBtBs observees de l a  
masse rocheuse. 

Introduction 

As p a r t  o f  the Uni ted Kingdom's radioact ive waste 
management research programme the Ground Engineering 
Division of the Transport and Road Research Laboratory has 
carr ied out  a short program o f  seismic velocity 
measurements a t  an experimental excavation i n  a massive 
crystall ine rock mass a t  Carwynnan, Cornwall. 'This work 
was i n  collaboration w i t h  the Building Research 
Establishment who are using this s i te  fo r  test ing a variety o f  
techniques f o r  subsurface s i te  investigation. A pre- 
knowledge o f  rock conditions is v i ta l  t o  a l l  aspects of 
underground construction and seismic methods provide a 

means o f  investigating large volumes o f  rock without the 
expense and undesirable penetration o f  the rock mass by 
frequent exploratory boreholes although some information 
obtained by  d i rect  access w i l l  s t i l l  be required. 

The object ive o f  the seismic measurements was t o  map 
a specific section o f  the granite i n  terms o f  compressional 
wave velocity f o r  comparison w i th  other geotechnical 
properties determined using s tat is t ica l  techniques fo r  rock 
structure assessment (Hudson and Priest, 1979; Lapointe and 
Hudson, 1985). The relationship between the seismic mapping 
and engineering rock mass classifications is also considered. 

Department o f  the Environment/Department o f  Transport, O l d  Wokingham Road, 
Crowthorne, Berkshire R G l l  6 A U  



Resource considerations required that emphasis was 
placed on making straight-forward measurements and data 
processing was carried out using a simple tomographic 
algorithm. Although, i n  this case, access to the rock mass 
was provided by mine headings the technique used is equally 
applicable to interborehole measurements. 

F ie ld  measurements 

The experimental si te is situated toward the 
northwestern marain o f  the Carmenellis Granite. This 
granite boss is oneAof several associated w i th  the Cornubian 
bathol i th and is predominantly a coarse grained b iot i te-  
muscovite granite w i t h  potassium-feldspar phenocrysts. The 
rock is generally very strong and is fa in t ly  weathered. A 
predominant subvertical joint set, str ik ing approximately 
120° to gr id north w i th  a spacing usually greater than 1 m, is 
present throughout the area of the tests. 

The procedure used was to locate a seismic source at a 
number of f ixed 'reference positions' i n  turn and measure the 
t ime taken for  the in i t i a l  compressional pulse to  reach each 
o f  the remaining reference positions. Thus 'forward' and 
'reversed' calculations o f  compressional wave velocity were 
available between a l l  reference points. 

Twenty reference points were f ixed along three sides o f  
a rectangular section of rock some 900 m 2  i n  area. This 
horizontal section of rock is situated at  a depth of about 
30 m and the three headings may be considered as providing a 
geometrically similar configuration to  two paral lel  boreholes 
w i th  surface access to  rock head between boreholes. A map 
of the test area is given i n  Figure 19.1 and the transmitt ing 
and receiving reference locations are indicated by the 
numbers 0 to  19. The reference points are spaced a t  
approximately 5 m intervals around the section w i th  

two locations (5 and 6 )  i n  a short heading which penetrates 
the rectangular area. It was original ly intended to  use 
proprietary signal enhancement hammer seismographs to  gain 
the data. However, laboratory tr ials revealed that both 
makes of equipment tested had inadequate frequency 
response to cope w i th  the high frequency arrivals associated 
w i th  hammer induced wave motions i n  the granite. It must 
be remembered that these instruments are designed mainly 
for  seismic ref ract ion work where the geophones are located 
on soils o f  low character ist ic velocity and frequency 
(<200 Hz). 

Although rock i n  general is not  considered t o  exhibit 
compressional wave velocity variat ion w i t h  frequency 
changes, the waveform may change signif icant ly i n  character 
w i t h  propogation due to  frequency selective attenuation. 
Also the apparent dispersive ef fects  o f  bounded and jointed 
media combined w i th  wave packets comprising body waves o f  
d i f fer inq characteristic velocities causes mater ia l  chanqe i n  
the duration of the wave packet and i t s  component motions. 
I t  is therefore v i ta l  that the in i t i a l  compressional wave 
motions are accurately ident i f ied through the adequate 
response characteristics o f  the instrumentation. 

Further, it was not  considered adequate to  use the 
closure o f  iner t ia l  contacts on the hammer source t o  ident i fy 
the in i t ia t ion o f  the wave packet. The actual in i t ia t ion 
moment was established by a geophone f ixed about 1 m f rom 
the hammer impact point. This arrangement has the 
advantage that the t ime difference between observed arrivals 
a t  each geophone may be referenced to  a simi lar point at the 
beginning of the wave packet a t  both near and remote 
geophones. Analysis of the data suggested that pathlength 
did not significantly influence the results a t  this site. The 
individual transit t imes between several adjacent locations 
were summed and found t o  be simi lar t o  the transit  t ime 
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Figure 19.1. Reference positions in test mine. 



between f i rs t  and last locations of the linear sequence. The comparison w i th  i n  si tu wave velocity. The velocity was 
low pass f i l t e r  characteristics of the rock mass had not  measured i n  seven directions through the sample and the 
material ly influenced the observed rise t ime of the mean velocity found to be 5540 m/s. The results did not 
seismograms between 'near' and 'remote' positions. indicate any significant velocity anisotropy. Ideally the 

The first arrivals from the geophones were captured testing o f  samples i n  this way should be carr ied out w i th  the 

and displayed on a dual beam digital storage oscilloscope and specimen confined at  stresses similar to those imposed i n  the 

hard copy of the seismograms was taken fo r  subsequent field. However, for  strong rock samples free f rom 

examination (Fig. 19.2). Inspection of the compressional discontinuities influencing stiffness these ef fects  are small 

waves from a preliminary hammer blow allowed the gain compared to those o f  the joints and other major mechanical 

setting for each oscilloscope beam to be optimized and discontinuities present i n  the rock mass as a whole (New and 

observation o f  two or three further blows provided a value West, 1982). 

for  the difference in  arr ival times between the geophones. 
The variat ion i n  t ravel  t ime between blows was generally less 
than 2% o f  the to ta l  travel time. Travel times between 
reference points varied between 0.8 ms and 7 ms and the 
standard deviation o f  the differences between forward and 
reversed paths was 60 p s. 

The axes of sensitivity of the geophones were aligned 
toward the source to  maximize sensitivity to  compressional 
wave arrivals and where possible the direct ion of hammer 
impact was also arranged to  stimulate compressional 
wavefronts i n  the direct ion of the remote geophone. The 
possibility o f  varying the direct ion and weight o f  the hammer 
blow was most useful when wave packets did not show the 
f i r s t  arrivals clearly. The geophones were r igidly bolted to  
the rock and the reference positions surveyed to  an accuracy 

Data processing 

In i t ia l ly  it had been intended merely to measure the 
compressional wave velocity between adjacent reference 
points around the section of rock t o  be investigated. This 
would have provided a single velocity for  comparison w i th  
observed conditions over a heading wal l  section about 5 m 
long. However i t  quickly became apparent that having 
mobilized a suitably equipped f ie ld  team i t  was easy to  
provide considerably more information by measuring the 
velocity between each point and every other point. This 
provided velocities dependent on the inter ior of the rock 
mass and owing to  the relat ively large numbers of paths 
through the rock the considerable redundancy wi th in  the data 
could be util ized. 

of f 0.5 cm. 
Techniques o f  tomographic reconstruction (l iterally, the 

The f ie ld  data therefore comprised a series of gr id  drawing o f  a section) have been widely investigated 
references f ix ing each source/receiver position and a l ist ing part icular ly by the medical sciences. The processes often 
o f  point to  point compressional wave timinqs. d e ~ e n d  on the losses a t  sub-micron wavelenaths o f  

> 

A large intact fresh sample of the rock was taken for electromagnetic radiat ion during passage through a material  

the laboratory determination of compressional wave ve loc i ty  properties; provide an image of 

at ultrasonic frequency (54 kHz). This provided a basis for The 
developed are potent ial ly useful i n  processing both variations 

Figure 19.2. Source/receiver seismograph for posit ion 16 t o  6. 



i n  attenuation and velocity a t  seismic wavelengths i n  rock 
masses. However there are a number of d i f f icu l t ies inherent 
both i n  these techniques and i n  their  application to  seismic 
data. Some of these problems are most usefully discussed by 
Wong e t  al. (1982). These dif f icul t ies are, i n  part, associated 
w i th  the nature and size o f  the matrices involved. Further, 
the i terat ive o r  other methods of solution o f  tomographic 
problems are of ten extremely complex and require 
considerable computing resources. 

Techniques used i n  medical science may not  be direct ly 
applicable t o  seismic imaging for  other reasons. For  instance 
seismic wavelengths w i l l  commonly be simi lar i n  scale t o  the 
required resolution o f  the system whereas a t  X-ray 
wavelengths this w i l l  no t  be a problem. Also i n  geological 
strata path bending according t o  Snells law may need t o  be 
considered and the i terat ive application o f  ray tracing 
methods w i l l  inevitably increase the already high processing 
costs. Objections to  the use o f  many algorithms can be based 
on the f o r m  o r  qual i ty o f  the data available f r o m  the field. 
F o r  instance, i f  ray  paths through the host sol id are not  
available i n  many varied directions then non-unique 
descriptions w i t h  the omission o f  major structural 
inhomogeneities may result. 

I t  was decided to  t r y  a very simple algori thm that could 
be quickly programmed and run on a microcomputer. This 
method suffers f r o m  most o f  the problems discussed but  has 
one notable advantage; it is easy t o  apply and i s  undemanding 
i n  terms o f  computer resources. The method calculations 
'representative velocity' values fo r  a gr id  o f  points a t  any 
specified spacing; fo r  this work the gr id  spacing was 1 rn. 
I terat ive procedures would be required t o  yield actual 
velocities bu t  where measured velocity variations are 
substantial and we l l  above noise levels then l i t t l e  w i l l  be 
gained i n  the assessment o f  rock qual i ty variation. 

where V i  is the velocity between two reference points 
which are separated by distance Li. 

R i  is the distance o f  the closest point, on a d i rect  
path between reference points, t o  the part icular 
gr id  point 

S is a preselected parameter which determines the 
width o f  the influence corr idor associated w i th  
each d i rect  path. 

Thus the representative velocity comprises a weighted mean 
o f  a l l  measured velocities along d i rect  paths which pass 
w i th in  a distance S o f  the part icular gr id  po int  considered. 
The two  weighting factors are: 

S-Ri 
(1) - 

5 This factor  attr ibutes a significance t o  the velocity 
V i  which is l inearly degraded ( f rom uni ty  t o  zero) w i t h  
increase i n  distance o f  the gr id  point f r o m  the d i rect  
path. 

(2) l/Li. This factor  attr ibutes a significance to  a velocity V i  
which is inversely proportional t o  the length o f  the direct 
path. 

It must be noted that, dependant on reference locat ion 
layout, the number o f  velocity measurements and the re la t ive 
significance at t r ibuted t o  them may vary considerably f o r  
each gr id  point, i.e. some points may have many d i rect  paths 
passing close t o  them whereas have re la t ive ly  
few. The denominating fac to r  c merely normalizes 
a l l  calculated values o f  VR. 

, 

A n  ideal experimental conf igurat ion would provide 
closely equal numbers o f  measured point  t o  po int  velocities 
passing each gr id  point i n  a wide variety of directions. 

The representative velocity, VR, fo r  each gr id  point is 
calculated f rom the fol lowing equation 

51-17 u 
Scale 

Figure 19.3. Representative velocity contour map (all data; S = 2). 



The value of S determines the la tera l  extent of an 
influence corr idor formed on either side o f  the d i rect  path 
between two reference points. The choice o f  value fo r  the 
factor S w i l l  be largely dependent on the wavelength of the 
seismic disturbances. The higher the frequency the lower the 
value of S may be made to  improve the image resolution. 
However the smaller the value chosen for S the less 
advantage w i l l  be gained f rom the ef fects  o f  large numbers 
o f  contr ibut ing measurements. The factor  l /Li was chosen to  
favourably weight short pathlengths which necessarily sample 
smaller areas o f  rock than long paths. Clearly where a short 
path passes to  close to  a gr id point the measured velocity 
must be more siqnificant t o  that part icular point than that 
indicated over a longer sampling path-length. Provision was 
made fo r  various exponents t o  be applied to  L i  i n  the 
representative velocity equation. The calculation of 
representative velocity fo r  each grid point i n  the test area 
required a large number of simple calculations and was 
therefore ideally suited t o  solution by microcomputer. The 
computer program requires the fol lowing data input: 

a) the north-south, east-west gr id reference of each 
source/receiver location, 

b) the t ime taken for compressional waves to  t ravel  between 
each location, 

c) the specification o f  the representative velocity gr id 
spacing and dimensions, and 

d) the width o f  the influence corridor (defined by 5). 

The computer output yields: 

a) individual source to  receiver velocities, 
b) representative velocities for  each grid point, 
c)  a ranked scale mapping o f  representative velocity, and 
d) a velocity rosette l isting. (To show velocity variat ion 

w i t h  direct ion o f  wave propagation). 

Results 

Figure 19.3 gives a contoured map o f  representative 
velocity based on measurements between a l l  20 reference 
positions. This map was drawn f rom the l isted (VR) output 
f rom the computer. Figure 19.4 shows the same data 
presented as a ranked velocity mapping (the higher the 
ranking the higher the representative velocity) as computed 
and printed w i t h  the listing. These figures show clearly that  
velocity variat ion is pr imar i ly  associated w i t h  the e f fec t  o f  
the mine openings rather than the natural characteristics o f  
the rock mass. This result was to  be expected and is further 
discussed below. 

The width of the influence corridor for  this part icular 
map was 4 m(S = 21, a value similar t o  that  o f  the wavelength 
o f  the predominant compressional wave arrivals. Maps w i t h  
wider influence corridors tended t o  smooth out the data 
losing resolution and narrower corridors did not noticeably 
improve resolution of observed rock variations. Indeed as 
corridor widths were reduced below 1 m many grid points 
were influenced by only one or two velocity measurements 
and the interact ive character o f  many velocity 
determinations could not  be used. Figure 19.3 shows several 
areas o f  siqnificant representative velocity reduction: 

a) a major anomaly associated w i th  the short heading in to 
the test area; 

b) a signif icant local drop i n  velocity i n  the area between 
positions 2 and 3 where a small  excavation (about 5 m 3 )  
was present; 

c) the lowest velocities occurred i n  the western corner of 
the test area; 

d) low velocities were associated w i th  the areas of rock 
adjacent to  the wider headings ie, the northwest and 
southwest walls o f  the area; and 

e) sliqht velocity reductions occurred along the southeast 
wa l l  formed by the narrower heading. 

Further, the representative velocity o f  rock away f rom 
the man-made openings was both high and uniform. 
Figure 19.5 presents a velocity contour map prepared without 
using data obtained at  positions 5 or 6. These reference 
locations are wi th in  the test area and would not be available 
during interborehole investigations. This map shows a l l  the 
features revealed by Figure 19.3 w i th  the notable exception 
o f  (a). Instead of the major anomalies associated w i t h  the 
heading only a minor lower velocity intrusion is shown. It is 
most unlikely that this would have been interpreted as a large 
void. The rosette diagram in  Figure 19.6 shows the variation 
of velocity w i th  direct ion of propagation through the test 
area. Average velocities, over a span o f  i: l o 0  are plotted a t  
5O intervals and the diagram again shows how the influence 
o f  the large heading, running southwest t o  northeast, and to a 
lesser extent the heading, running southeast to  northwest, 
dominate as causes of velocity reduction. 

Rock qual i ty classif icat ion 

To assess the sensit iv i ty o f  the seismic velocity 
measurements to  variations i n  the engineering properties o f  
the rock mass it was necessary to  classify observed structural 
variations throughout the test area. Empir ica l  techniques of 
classification (Bieniawski, 19791, which predict stand-up t ime 
and support requirements, are not  sensitive enough i n  this 
case as they at tempt  t o  cover a l l  rock types. For  instance, 
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both Bieniawski's RMR and Bar tons  Q s y s t e m s  ( see  
Bieniawski ,  1979) of c lass i f ica t ion  p lace  t h e  t e s t  a r e a  rock  a s  
being in t h e  c a t e g o r y  'very good' o r  b e t t e r .  Both s y s t e m s  
i n d i c a t e  t h a t  t h e  headings will requi re  min imal  suppor t ,  
applied a s  spot  bolting; a p red ic t ion  ver i f ied  by post  
e x c a v a t i o n  observations.  

A s y s t e m  spec i f ic  t o  t h e  f ield condi t ions  a p p r o p r i a t e  t o  
t h e  t e s t  mine  and t h e  s e i s m i c  observa t ions  w a s  requi red .  S i te  
s p e c i f i c  c lass i f ica t ions  of t h i s  t y p e  a r e  becoming  m o r e  widely 
used in t h e  Bri t ish tunnell ing industry and provide a useful  
basis  n o t  only in t h e  pred ic t ion  of s u p p o r t  r e q u i r e m e n t s  but  
a s  a m e a s u r e  aga ins t  which p a y m e n t  may be  m a d e  by t h e  
c l i e n t  t o  his c o n t r a c t o r  (Berry,  1980). 

T h e  ve loc i ty  of p ropaga t ion  of compress iona l  w a v e s  
depends  on t h e  e l a s t i c  modulus,  Poisson's r a t i o  and t h e  
dens i ty  of t h e  rock.  F o r  a mass ive  g r a n i t e  f o r m a t i o n  t h e  
dens i ty  m a y  be  r e g a r d e d  a s  a c o n s t a n t  f a c t o r  and any  
s ign i f ican t  var ia t ion  of ve loc i ty  m a y  be  a t t r i b u t e d  t o  c h a n g e s  
in t h e  e l a s t i c  p roper t ies  of t h e  rock  mass.  These  c h a n g e s  of 
e l a s t i c  p roper t ies  will also be highly r e l e v a n t  t o  t h e  
engineer ing  proper t ies  of t h e  rock a s  t h e y  will be  la rge ly  
in f luenced  by t h e  e f f e c t s  of m e c h a n i c a l  d i scont inu i t ies .  

O n o d e r a  (1963) proposed t h a t  t h e  r a t i o  of t h e  d y n a m i c  
e l a s t i c  modulus of a n  in s i t u  rock mass  t o  t h a t  of a n  i n t a c t  
s p e c i m e n  could be used a s  a n  index of rock  soundness;  t h e  
d y n a m i c  moduli  being der ived  f r o m  compress iona l  w a v e  
(P-wave)ve loc i t ies  measured  in t h e  f ield and labora tory .  

D e e r e  e t  al. (1966) c o r r e l a t e d  o t h e r  e x p e r i m e n t a l  ve loc i ty  
r a t i o s 1  w i t h  Rock  Q u a l i t y  Des igna t ion  ( R Q D ) ~ .  Subsequent ly  
D e e r e  (1968a) sugges ted  t h a t  t h e  s q u a r e  of t h e  v e l o c i t y  r a t i o  
m a y  be  used i n t e r c h a n g e a b l y  w i t h  t h e  R Q D  f o r  engineer ing  
purposes.  This  s e i s m i c  m e t h o d  h a s  obvious p o t e n t i a l  f o r  t h e  
s i t e  inves t iga t ions  c a r r i e d  o u t  b e f o r e  tunnell ing in rock  and  
h a s  also been proposed by D e e r e  (1968b) a s  a m e t h o d  f o r  
d e t e r m i n i n g  t h e  rock  q u a l i t y  a h e a d  of a tunnell ing machine .  
T h e  appl ica t ion  and  d i f f icu l t ies  a s s o c i a t e d  w i t h  s e i s m i c  
m e t h o d s  f o r  d e t e r m i n a t i o n  of t h e  engineer ing  p r o p e r t i e s  of 
rock  in a tunnell ing c o n t e x t ,  a r e  discussed by New and  
West  (1980). 

A s i t e  s p e c i f i c  s y s t e m  of rock  c l a s s i f i c a t i o n  w a s  
a d o p t e d  which  c o m p r i s e d  observa t ions  of rock  condi t ions  
though l ikely t o  m a t e r i a l l y  a f f e c t  t h e  e l a s t i c  p r o p e r t i e s  of 
t h e  rock  m a s s  in t h e  t e s t  a r e a .  These  f a c t o r s  w e r e  combined  
t o  g ive  a numer ica l  c lass i f ica t ion  value,  f o r  e a c h  a r e a  of wall  
b e t w e e n  r e f e r e n c e  points ,  d e p e n d e n t  on  t h e  fol lowing 
c h a r a c t e r i s t i c s :  

a )  t h e  spac ing  of t h e  joints ,  
b )  t h e  condi t ion  of t h e  jo in t s  ( a p e r t u r e ,  f i l l ing,  etc .) ,  
c )  t h e  g e n e r a l  i n t a c t  rock  condi t ion ,  
d )  t h e  d e g r e e  of e x c a v a t i o n  induced b las t  d a m a g e ,  and  
e )  t h e  'hole dens i ty '  ( t h e  s idewal l s  in t h i s  m i n e  h a v e  been 

ex tens ive ly  dri l led t o  d e p t h s  b e t w e e n  1 m and  3 m. T h e  
holes a r e ,  in p laces ,  d r i l l ed  a t  such  c lose  spac ing  t h a t  t h e y  
m u s t  m a t e r i a l l y  a f f e c t  t h e  local  e l a s t i c  p roper t ies ) .  

5m - 
Scale 

Figure 19.5. Representative velocity contour map (without data from positions 5 or 6 ;  S = 2). 

The d e t e r m i n a t i o n  of t h e  ve loc i ty  r a t i o  r e q u i r e s  t h e  m e a s u r e m e n t  of t h e  in s i t u  P - w a v e  ve loc i ty  
of t h e  rock ,  using s u r f a c e  o r  borehole geophys ica l  t echniques ,  fo l lowed by m e a s u r e m e n t  of t h e  
P - w a v e  ve loc i ty  of a n  i n t a c t  c o r e  s p e c i m e n  t a k e n  f r o m  a borehole.  T h e  i n t a c t  s p e c i m e n  should 
p r e f e r a b l y  be  t e s t e d  under  a n  ax ia l  load e q u i v a l e n t  t o  t h a t  e s t i m a t e d  f r o m  i t s  f o r m e r  d e p t h  in 
t h e  f ield.  The  ve loc i ty  r a t i o  is t h e  in s i t u  v e l o c i t y  divided by t h e  i n t a c t  ve loc i ty ;  i t  is c l o s e  t o  
o n e  f o r  f r e s h  rocks  w i t h  f e w  joints  and less  t h a n  o n e  f o r  s h e a r e d ,  a l t e r e d  o r  w e a t h e r e d  rock  o r  
rock  conta in ing  many joints. 
R Q D  = p e r c e n t a g e  of solid c o r e  recovered  g r e a t e r  t h a n  0.1 m in length .  
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Figure 19.7. Correlation of representative velocity with rock quality classification. 



Clearly the detailed ef fects  o f  each o f  these factors 
w i l l  be very complex and i n  the absence o f  specific data each 
o f  the parameters were given equal weight i n  the calculation 
of a classification number. Each section of wa l l  between 
reference points was given a score ( 1  t o  5) re f lect ing the 
number of joints, joint condition, etc. and the to ta l  score (the 
classification number) calculated by the summation o f  the 
5 factor  scores. Upper and lower 'score' l im i t s  for  each 
factor  were set a t  maximum and minimum conditions 
observed i n  the test area. As w i th  many methods o f  
geotechnical classification this approach is necessarily rather 
subjective i n  application, however it does provide a numerical 
value associated w i th  i n  s i tu  modulus that  may be compared 
w i t h  seismic velocity variation. It was f e l t  tha t  this 
approach was more useful than a purely qual i tat ive 
correlation. Thus 19 wa l l  areas were classified and a value 
for  the undisturbed rock away f r o m  the heading walls also 
obtained. These values are p lo t ted (Fig. 19.7) against the 
average compressional wave velocity i n  each area between 
reference point and are ident i f ied by the i r  bounding 
reference locations. 

Conclusions 

Variations i n  velocity measured a t  this site were good 
indicators of areas of disturbed rock. However the influence 
o f  the excavations around the  test area clearly dominated 
both the seismic velocity reduct ion and the classification 
attr ibuted t o  each area. The results w i l l  be fur ther  analyzed 
w i th  reqard t o  rock mass structure and properties a t  depth as 
determined by stat ist ical methods (Lapointe and 
Hudson, 1985). Care must be exercised when interpret ing the 
velocity maps part icular ly w i t h  regard t o  the ef fect ive 
resolution o f  the system. F o r  instance, although la tera l ly  
extensive areas of highly discontinuous rock along the 
heading walls were identif ied, the small heading in to the area 
(sectional dimensions of which were simi lar to  the 
predominant compressional wavelengths) was not  clearly 
resolved unless transducers were actual ly located w i th in  the 
cavity. 

Figure 19.7 shows tha t  the representative seismic 
velocity is wel l  related t o  the rock classification a t  a l l  the 
rock exposures examined. The northwest and southwest 
boundary walls of the test area are both heavily blast 
damaged and extensively dr i l led compared w i t h  the smaller 
heading along the southeast boundary. The very lowest 
velocities are associated w i t h  a heavily damaged and 
weathered area of rock w i t h  several major joints a t  the 
western ext remi ty  of the test area. These tests have 
confirmed that  classification of rock by  seismic methods can 
give a good indicat ion of the engineering properties of a rock 
mass. I n  part icular a low i n  s i tu  velocity (compared t o  tha t  
of an in tac t  sample) indicates disturbed rock i n  which 
excavation and support d i f f icu l t ies may be expected. Fur ther  
tr ials w i l l  be carr ied out  t o  determine i f  seismic wave 
attenuation would also provide a potent ial ly useful measure 
of the engineering properties of a rock mass. 
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Abstract 

Present day borehole gravity instrumentation has been designed to  operate i n  petroleum 
exploration and production wells. The major i ty  o f  these surveys make use o f  the tool's abi l i ty to  
provide very high accuracy density measurements for  large volumes o f  rock surrounding the borehole. 

The current tools are miniature versions o f  the LaCoste and Rornberg surface gravity meters. 
They are housed i n  10.48 cm outside diameter pressure sondes and require at  least a 4-conductor 
wireline. Operation is by remote control  f rom a surface console. 

Single reading accuracy fo r  this system is about 7 microgals. Mul t ip le  reading sets of ten have 
standard deviations o f  less than 2.5 microgals. To obtain accurate densities over small intervals, the 
vert ical depth interval must commonly be known to  less than 2 cm. 

The large outside diameter of the too l  presently restr icts the use of borehole grav i ty  i n  many 
mining situations. I f  this d i f f icu l ty  were overcome, several applications such as locat ing faults wi th in  
coal seams and providing density maps of sulphide ore bodies are at t ract ive possibilities. 

Les appareils uti l ises de nos jours pour les diagraphies gravimetriques des sondages ont  k t 6  
conqus pour les puits d'exploration e t  de production du petrole. Dans l a  plupart des cas, on ut i l ise des 
outils susceptibles de fournir  des mesures tres precises de l a  densite des Bnormes volumes de roche 
entourant le  sondage. 

Les outils uti l ises aujourd'hui sont des versions miniatures des gravimhtres LaCoste e t  Romberg 
employes en surface. 11s sont loges dans des sondes de pression dont l e  diamhtre exter ieur est de 
10,48 cm e t  ut i l isent un chble A au moins 4 conducteurs. 11s sont actionnes A distance en surface 3 
par t i r  d'un tableau de commandes. 

L a  precision des lectures simples est d'environ 7 microgals. Les lectures mult iples ont  souvent 
un Bcart-type infer ieur A 2,5 microgals. Pour obtenir des ch i f f res precis de l a  densite sur de pet i ts  
intervalles, I ' intervalle ver t ica l  de l a  profondeur doit  generalement Etre infer ieur B 2 cm. 

L e  grand diametre externe de I 'out i l  l i m i t e  presentement son ut i l isat ion dans bon nombre de 
cas. Si I'on parvenait B resoudre ce problhme, il sera interessant de pouvoir ut i l iser cet te  methode de 
maintes faqons notamment pour deceler les fail les dans les fi lons houillers e t  fournir  des cartes de l a  
densite des masses sulfur6es. 

Introduction 

Borehole gravity survey capability has been available 
since about 1964 when Shell Development and Esso 
Production Research Co. bu i l t  operational meters ut i l iz ing 
the vibrating - str ing principle. These meters are no longer 
i n  use. The presently available meters were a l l  manufactured 
by LaCoste and Romberg. There were twelve o f  these 
meters bui l t  of which eleven are current ly operational. Four 
o f  these meters are available t o  prospective clients on a 
contract basis. 

Two development ef for ts  are now underway t o  
manufacture borehole meters.' Bodenseewerke o f  Germany is 
working on a meter  similar to  the Askania sea meter  and 

De l ta  g Instruments, Inc. is pursuing a design related to  the 
Worden land meter  principle. These meters may be operating 
wi th in  the next two  years. 

The major users of borehole gravity surveys have been 
the major o i l  companies. These surveys have been used i n  a 
number of ways which could be broadly described as 
belonging t o  ei ther a structural mapping type of survey o r  a 
formation evaluation survey type. Use o f  the tool for  
formation evaluation purposes is expected to  be predominant 
i n  the future. 

The too l  has also been used for  engineering surveys. I n  
part icular,  several surveys have been performed a t  proposed 
nuclear waste disposal sites and also as a par t  of the 

EDCON Inc., 605 Par fet  Street, Lakewood, Colorado 80215 USA 



Figure 20.1. Borehole gravity meter tilted for deviated holes. 

containment studies in  conjunction w i th  the testing of 
nuclear devices. The large external diameter of the tool and 
the high expense involved has up to  now prevented i ts  regular 
use within the mining industry. 

Instrumentation 

The present borehole gravity meters operate on exact ly 
the same zero length spring and weighted beam principle as 
their wel l  known land and sea counterparts. The f i r s t  three 
of these meters used elements f rom LaCoste and Romberg 
geodetic meters. Subsequent meters have been miniatur ized 
to enable them to  operate wi th in  a 10.48 cm outside diameter 
sonde. A l l  but the last produced meter (BHGM 12)  have an 
operating range of about 2500 mill igals corresponding to  
about 45 degrees of latitude range on the Earth's surface. 
BHGM 1 2  has a range adjustment fac i l i ty  to enable worldwide 
operation. 

Figure 20.1 shows BHGM 8 outside i t s  pressure sonde. 
The element is enclosed i n  polyurethene foam type insulating 
material. Suspended beneath the element are 
two capacitance/pendulum type levels used to ensure that the 
element is i n  a true vert ical position when a reading is made. 
The element is placed i n  a vert ical position by rotat ing and 
t i l t ing it w i th  respect to  the pressure sonde. The rods 
feeding into the element f rom above move the meter screw 
to change the spring tension and clamp and unclamp the beam 
so the element can be moved without damage. 

Immediately above the meter i n  the sonde lies the 
downhole electronics package. This contains a transformer 
which steps down the 440 v alternating current power supply 
sent down the line to several direct current levels which 
supply the positioning motors, the heater circuitry,  the 
telemetry system and the receiving system for the telemetry 
f rom uphole. 

The meter is operated by remote control  f rom a surface 
console which sends tones of di f fer ing frequencies to a 
downhole f i l t e r  bank to  operate the desired motor.  
Information f rom the downhole system is relayed uphole as 
10  kHz bursts r iding on a voltage which is dependent on the 
position o f  the element beam. The length of the 1 0  kHz burst 
is related to the magnitude of the number being transmitted. 
This system requires 4 conductors i n  the supporting wirel ine 
to operate. The tool is normally supported beneath a natural 

Element Temperature ( O  C) 
Figure  20.2. Nose curve for LaCoste and Romberg borehole 
gravity meter no. 8 .  

gamma tool and a casing col lar locator (CCL) tool which 
require the remaining three of the normal o i l  industry 
wireline's seven conductors. The gamma and C C L  tools are 
used for  locat ion of the gravity meter w i th  respect to the 
other logs. 

To take a reading the tool must be stationary i n  the 
hole. The element is leveled, the beam unclamped and the 
spring tension changed un t i l  the beam is balanced. The beam 
is then clamped and the too l  is moved to the next station. 
This process normally takes f rom 4 to 1 0  minutes depending 
upon the distance moved f rom the previous stat ion and the 
amount of noise due to  f lu id  mot ion i n  the hole or seismic 
noise. I f  the distance f r o m  the previous stat ion was large 
enough to  produce a change i n  the wel l  bore temperature 
near the sonde of lo or more, the operator w i l l  o f ten have to  
wai t  for a few extra minutes while the thermostatt ing system 
achieves equilibrium. 



The accuracy obtained on a borehole gravity survey the gravity readings are converted to  densities. The equation 
depends to a large extent  on how well the element can be is derived by considering the di f ference i n  gravity, AG, i n  an 
maintained a t  a constant temperature. Figure 20.2 is a in f in i te  slab of un i form density, p, located a vert ical 
diagram showing the variat ion i n  apparent gravity readings distance, Az, apart. BY inserting the appropriate constant 
which w i l l  occur as a funct ion of element temperature. This values (Robbins, 1980) we obtain an equation for  this slab 
is the nose curve for BHGM 8. ~h~ temperature is kept a t  density i n  terms o f  AG and A z .  The value 3.6837 corrects 

the point marked 'nose' by a bridge circuit  which controls the for the free air gravity gradient. This varies w i th  position on 
current f low to the heater wir ing beneath the element the Earth's surface and w i th  depth. 
insulation. Thermistors wi th in  the insulation and a sensistor I n  a complex geological environment, this computed 
placed outside the insulation monitor the temperature borehole gravity density will be an apparent density as it is 
difference across the insulation and are part o f  the bridge density of a uniform slab of rock which produces the 
circuit .  A reference thermistor placed under the insulation same A G  to  a z  ratio as measured in the actual complex 
provides the Operator with a the situation. The accuracy of the density calculation depends on 
element temperature during the survey. the accuracy of the A G  and A z  measurements. This 

Fur ther  control  of the temperature has been provided dependence is shown by the equation i n  Figure 20.6. 
this year fo r  the f i r s t  t ime  by the construction o f  a Dewar Operating experience has shown that re la t ive depth 
sonde to house the meter and the downhole electronics. This measurements in a well can be obtained to an accuracy of 
was designed w i th  the primary aim of allowing the meter to  less than 2 c m  provided that the too l  is able to  move freely. 
be in and geothermal with Differences between repeat gravity measurements made a t  
temperatures in excess of the gravity meter the same position are normally w i th in  the range f r o m  1 t o  
temperature. It w i l l  also ef fect ive ly  isolate the meter  f r o m  7 ,iCrogals. 
temperature variations between stations. 

The density error equation has a A z  te rm i n  the 
Figure 20.3 shows the Dewar flask and i t s  contents. denominator. Density measurement accuracy is therefore 

The small cylinders are fusible meta l  heat sinks which me l t  inversely proportional to the gravity station vertical 
at  about 97OC. Figure 20.4 shows how the temperature inside separation. 
the Dewar flask increases due to  the heat output of the 
gravity meter  electronics and heater circuit .  This smooth To obtain highly accurate densities as required in, fo r  
temperature increase allows the thermostatting temperature example, residual o i l  saturation determinations, several 
of the element to  be wel l  maintained un t i l  the nose repeat readings are taken alternately occupying stations at  
temperature is approached. Then, electronic component each depth. This ~rod.uces two clusters of points on a p lo t  of 
failures are generally responsible for  survey termination. grav i ty  against depth (Fig- 20.7)- The slope of the l ine of 
The immersion t ime can be extended by cooling the best fit t o  these two clusters is proportional t o  the density 
electronics and the heat sinks t o  about DOC before inserting and a confidence level may be assigned t o  each density value. 
them in  the flask. Two completely separate surveys were made over the 

Borehole grav i ty  data are normally presented not as a same set of depths in  a we l l  to  test the accuracies which 
series o f  gravity values corresponding to stat ion depths i n  the could be obtained using this method (Fig- 20.8). Survey 1, 
borehole, but  as densities for  the intervals between each o f  shown by the dashed lines on this density log and survey 2, 
the gravity stations. The equation i n  Figure 20.5 shows how shown by the solid lines were performed w i t h  10 repeated 
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Figure 20.3. Dcwar flask (Thermoshield), borehole gravity meter, downhole electronics and fusible 
metal heat sinks. 



Externa l  Temperature 2 5 O  C 

Time (Hours) 
Figure 20.4. Temperature increase due t o  heating of gravity meter electronics and heater circuit 
plotted against immersion t ime.  

gravity measurements at each depth. The 80% confidence 
l imi ts  for these densities are shown by the error bars. The 

I p = -  
density differences between the two surveys are w r i t t e n  4 7 ~ K  
beside the appropriate intervals. The differences i n  densit Y { F -  E} measurements for  the two ten foot  zones were 0.005 q/cm 
and 0.004 g/cm3. 

Ag - Difference in Gravity 
Applications o f  borehole grav i ty  

Borehole gravity surveys have been used t o  investiqate 
Az - Depth Interval 

remote discontinuities o f  rock density and to  provide highly 
accurate measurements of rock densities or chanqes o f  rock F - Free-Air Gradient 
density for a large volume of rock surrounding the borehole. 
Commonly, surveys have combined both these functions. K - Universal Gravitat ional Constant 

Surveys performed t o  investigate possible nuclear waste 
disposal sites i n  salt domes, fo r  example, could use stat ion 
spacings as close as 5 m to check for  impuri t ies i n  the salt 
which may provide access channels for  qround water to  m ix  A g 
wi th  the waste material. Surveys w i th  wider stat ion spacings P B  3.6837 - 39.1308 - 
can provide a means o f  investigating the horizontal extent  o f  A z 
the salt to  ensure tha t  suff ic ient room exists for  a disposal 
chamber. This type o f  survey has been done i n  Denmark A mil l igals, A 2  f ee t  
(LaFehr and Dean (1983); LaFehr e t  al. (1983)). 

Figw-e 20.5. Density calculation equations. 



if: 6 (Az) = . 04 feet  

8 (As) = 2 p g a l  

Az = l o f e e t  

p = 2.3 g/cc 

Then: 8 ( p e l  = .014 g/cc 

Figure 20.6. Error calculation equations. 
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Figure 20.7. Density calculation f rom mult iple borehole 
grav i ty  readings. Depth scatter is due t o  relocat ion errors. 

Hydrocarbons are of ten stored i n  salt  domes i n  a simi lar 
fashion. Surveys w i t h  the borehole grav i ty  meter  have been 
performed during si te selection processes fo r  this type o f  
storage. They have also been suggested as a means of 
monitoring leaching of the side walls of these storage 
caverns. 

Borehole gravity surveys have been performed i n  
investigations o f  hard rock storage sites for  nuclear waste 
disposal. They are used here to  detect fracture systems 
which w i l l  increase the bulk porosity of the rock and hence 
lower i t s  density. Since f racture porosity is normally only 
about 2% t o  8% o f  the rock volume, these surveys must be 
designed to  achieve accilracies o f  about +- 0.01 g/cm3.. 
Mult iple readings or wide stat ion spacings are therefore 
necessary. 

Situations where this type o f  survey could benefi t  the 
mining industry would most l ike ly  be i n  deep exploration 
areas where the region of investigation about each borehole 
should be as wide as possible. A n  example of this si tuat ion 
would be i n  a Mississippi Valley type lead zinc exploration 
program. Use of the grav i ty  meter  would help ensure that  
dril lholes which narrowly missed a dense sulphide 
accumulation would not  be w r i t t e n  of f  as barren. I n  a 
situation where a mine is i n  the planning stage and several 
holes intersect the ore body, gravity surveys i n  those holes 
could provide an apparent density section of the body to  
indicate higher ore concentrations. 

Figure 20.9 shows a hypothet ical 'density-difference' 
section obtained by contouring the difference between the 
borehole gravity density and the nuclear density lo  i n  the 
v ic in i ty  o f  two bodies having densities of 2.0 g/crng higher 
than the surrounding rocks. The densities were calculated 
using a two dimensional Talwani modelling algorithm. 

The density pattern surrounding the two bodies is one 
which w i l l  be seen about any body of f in i te  extent and 
positive density contrast. Above and below the body are 
apparent negative densities whi le t o  ei ther side there are 
apparent positive densities. I n  a rea l  world si tuat ion this 
would translate t o  lower than true densities being recorded 
above and below the body and higher than true densities 
recorded on each side. The abi l i ty  to  recognize this pat tern 
is dependent upon how we l l  the interpreter knows the rock 
densities immediately surrounding the drillhole. I n  this 
example, a positive density anomaly o f  0.01 g/cm3 exists 
about 50 m f rom the side of the body. A nuclear density log 
would probably be needed t o  provide accurate enough 
reference densities t o  enable this t o  be recognized. 

Densities obtained w i t h  the grav i ty  meter w i th in  an ore 
body w i l l  also be distorted by this low/high density pattern. 
Nearness t o  the edge of the body w i l l  also decrease the 
apparent densities recorded so i t  should be emphasized that 
this is an apparent density and not  a true density 
measurement. True densities w i l l  only be approached i n  the 
case o f  very extensive f l a t  ly ing bodies. 

Borehole gravity could also be used to detect fault ing i n  
coal seams adjacent to  a dril lhole. This situation is 
i l lustrated i n  Figures 20.10A and B. Figure 20.10A shows a 
6 m thick coal seam interrupted by a 4 m throw ver t ica l  
fault .  The density data are modelled for  a dril lhole 2 m from 
the fau l t  on the up side. The presence of the fau l t  causes a 
higher than t rue apparent density to  be recorded wi th in  the 
coal seam and an asymmetric pat tern o f  lower than true and 
higher than t rue apparent densities t o  be recorded above and 
below the seam respectively. 

SURVEY 1 - ----  DENSITY - g / c m 3  
SURVEY 2 
Figure 20.8. Density logs from two  independent borehole 
grav i ty  surveys over the same section of a well. 



C O N T O U R  I N T E R V A L  .05 C/CC 

Figure 20.9. Contoured density-difference data in the vicinity of two bodies of density 2.0 g/cm3 
higher than surrounding rocks. 

Figure 20.10a. Hypothetical coal seam of thickness 6.0 m ,  interrupted by a 4 m Figure 20.10b. Density-difference data 
throw vertical fault. The density data are modelled in Figure 20.10b for a computed for the model o f  Figure 20.10a 
borehole located 2 m from the fault on the up side. showing the apparent changes in density 

over the coal. 



Conclusions 

Borehole gravity surveys are presently being performed 
for  engineering studies and i n  part icular those involved w i t h  
selection of nuclear waste disposal sites. The data, i n  the 
form o f  high accuracy apparent densities, aid i n  the detect ion 
o f  rock fractures and salt  impuri t ies and help estimate the 
size of the storage volume. 

Use o f  the too l  i n  mining exploration and development 
is presently restr icted by the large diameter of the sonde. 
Applications concerned w i th  detect ion and mapping of 
sulphide bodies and detect ion o f  fau l t ing i n  coal  seams are 
possible but  these await  the introduct ion of smaller and less 
expensive tools. 
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Abstract 

A new pulse radar system permi t t ing measurements i n  46 m m  boreholes has been developed by 
the Boliden Mineral Company. The system w i t h  i t s  peak transmitted energy a t  50 MHz has separate 
transmitter and receiver probes thus making both ref lect ion and transmission measurements possible. 
The two  probes communicate w i th  the central  u n i t  situated on the ground surface v ia  f i b re  opt ic  
links. This technique ef fect ive ly  eliminates the unwanted wave propagation along o r  ref lect ions f r o m  
a conventional conducting cable. 

Presently the system operates w i th  f ibre opt ic  l inks 300 m i n  length but  is capable of using up 
to  1000 m. The central  un i t  is equipped w i th  a video memory feeding a CRT display w i th  a resolution 
of 256 x 256 4-bit  pixels, thus allowing a radar image presentation i n  16 levels of gray-scale. Storage 
of data is accomplished by  an integral d ig i ta l  cassette tape recorder. Playback o f  cassette data may 
be either on the CRT o f  the central  un i t  or on an external image processing system. I n  the ref lect ion 
mode, the radar system is  able t o  detect discontinuities i n  the conduct ivi ty and/or permi t t i v i t y  
parameters of the medium. I n  the transmission mode, on the other hand, the average absolute values 
o f  the two parameters along the propagation path are obtainable. Pract ica l  tests have proved the 
system t o  have a range of up to  100 m i n  the ref lect ion mode i n  low conduct ivi ty rock such as 
granite. 

L a  Boliden Mineral Company a mis au point un nouveau systhme radar 2 impulsion qui permet 
d'effectuer des mesures dans les sondages de 46 mm. L e  systhme, dont I'bnergie maximale transmise 
est de 50 MHz, comprend un Bmetteur dist inct e t  des sondes receptrices lu i  permettant de mesurer 
les ondes rBflBchies e t  les ondes Bmises. Les deux sondes sont rel ikes au moyen de fibres optiques B 
I tunit6 centrale qui est situ6e 2 l a  surface du sol. C e t t e  m6thode Blimine ef fect ivement  l a  
propagation des ondes l e  long dtun cable conducteur normal ou l a  re f lex ion de ces ondes par t i r  de ce 
cable. 

L e  systkme ut i l ise presentement des fibres optiques de 300 m de long mais peut ut i l iser des 
fibres de 1000 m. Ltuni tb  centrale est munie dtune memoire 2 Bcran de visualisation qui alimente un 
Bcran cathodique ayant une rBsolution de 256 x 256 pixels h 4 bits, ce qui permet de presenter I'image 
radar en ut i l isant 16 niveaux de Itbchelle de gris. L e  stockage de I t information se f a i t  au moyen dtun 
cassettophone num6rique int6gral. L a  reproduction des donnBes peut se fa i re  soit  sur I t6cran 
cathodique de I tunit6 centrale, soit  sur un systeme externe de t ra i tement  de Itimage. Dans l e  mode 
r6flexion, l e  systkme radar peut dBceler des discontinuit6s dans les parametres de conductibil it6, de 
permi t t i v i tb  ou des deux, du matBriau. Par contre, dans l e  mode transmission, il est possible de 
calculer les valeurs absolues moyennes des deux parametres l e  long du t ra je t  de propagation. Des 
essais dtexBcution ont montr6 que l a  portee du systhme at te in t  un  maximum de 100 m dans l e  mode 
ref lexion dans les roches h faible conduct ibi l i t6 tel les que l e  granite. 

Introduct ion The earl iest known proposal f o r  the use o f  e lect r ica l  
shockwaves i n  subsurface investigations, seems t o  be that  by 

In recent years there has been a growing interest in Hulsenbeck e t  al. (1926) who were granted a German patent 
geophysical methods ut i l iz ing electromagnetic fields of very in 1926. idea was to  use a spark-discharge device 
high frequencies. I n  this case the wave aspect of the f i e ld  is connected to a suitable antenna as the transmitter, and a 

pr ime That is, the may high frequency oscilloscope connected t o  another antenna as 
be described in terms such as propagation, attenuation, the receiver. This principle was the basis of the pulse-radar 
reflection, re f ract ion and so on. I n  pract ice an technique used i n  World War 11. 
electromaqnetic f i e ld  w i th  a frequency, between 1 and 
300 MHz may be regarded as a wave field, given proper 
geological conditions. 

- 
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Figure 21.1 

The borehole radar in transmission mode. 
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Figure 21.2 

The borehole radar in reflection mode. 
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The same basic principle is applied i n  most o f  the 
present systems f o r  subsurface investigations. This includes 
the f i r s t  widely available system, manufactured by 
Geophysical Survey System, Inc, which was introduced i n  the 
middle 1970s (Morey, 1974). 

A body w i t h  high conduct ivi ty located between the 
boreholes should manifest i tse l f  as a decrease i n  amplitude o f  
the received pulse. This i s  due t o  both the ref lect ion o f  the 
incident wave a t  the surface o f  the body and absorption 
wi th in  the body. Some o f  the energy may be ref lected a t  the 
ground surface, as indicated, and reach the receiver behind 
the body. However, this component is easy t o  distinguish 
f r o m  the d i rect  pulse due t o  i t s  longer t i m e  delay. 

The Boliden Mining Co. i n  Sweden has been doing 
research i n  this area fo r  the last  10 years (Nilsson, 1973, 
1976, 1978) and i n  this paper our most recently developed 
borehole radar system is described. I n  Figure 21.2 the radar is shown i n  the ref lect ion 

mode. The target is detected by the ref lected waves. The 
amplitude of these ref lect ions is dependent upon the contrast 
of the target w i th  the respect t o  i t s  surroundings and the 
propagation delay gives the distance t o  the target. 

Background 

As w i th  most geophysical methods, the borehole radar 
is a suitable tool only i n  proper geological environments. The 
most important requirement is the relat ively high resist iv i ty 
o f  the medium needed fo r  wave propagation t o  occur. 

I n  this case also we may have ref lect ions f r o m  the 
ground surface as indicated. 

The objective of our ongoing borehole radar project has 
been, on one hand, t o  develop the equipment i tse l f  and on the 
other to  evaluate the possible use o f  such a system as a tool 
i n  mineral exploration. Figure 21.1 shows radar used i n  the 
transmission mode. The main i tems o f  interest i n  this 
si tuat ion are the amplitude and propagation delay o f  the 
d i rect  pulse. I n  a homogeneous situation, the amplitude 
indicates the resist iv i ty o f  the medium and the propagation 
delay indicates the permitt iv i ty.  

Transmitter 

The basic pr inciple o f  the t ransmi t ter  (Fig. 21.3) is very 
simple and is simi lar t o  tha t  covered by the German patent 
f r o m  1926 mentioned above. 

To the r igh t  (Fig. 21.3) the f i b re  opt ic  l i nk  f r o m  the 
centra l  un i t  enters an opt ica l  receiver which converts the 
opt ical signal t o  a corresponding e lect r ica l  signal. 

BOREHOLE RADAR 
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Figure 21.4 

Schematic diagram of the receiver.  

CENTRAL _ 
=-. ., . .& ...* 

AMPLER 
FIBRE 
OPTIC 

RECEIVER 

CONVERTER - Ur"c - TRANSMITTER 
--..-.-- 

BOREHOLE RADAR 
Received pulse . 

Figure 21.5 

Receiver pulse. 



Figure 21.6 

Picture of the equipment. 
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When the central  un i t  commands the transmitter to  
send out a pulse, i t  sends an opt ical tr igger pulse i n  the fibre. 
A f t e r  propagation along the f ibre and conversion i n  the 
opt ica l  receiver, the tr igger pulse f i res the pulse generator. 
This i n  turn feeds the antenna w i th  a current pulse of 1 A 
having a rise t ime  o f  a few nanoseconds thus causing an 
electromagnetic pulse to  be radiated. The pulse repeti t ion 
ra te  is 50 kHz. 

The antenna is a periodically loaded travel l ing wave 
dipole structure that is capable o f  transmitt ing a pulse o f  
short duration. The theory o f  this antenna, designed t o  
achieve a purely outward travel l ing wave along the antenna 
elements, was studied by Wu and King (1965). The antenna 
structure is made of sections o f  copper pipe w i th  resistive 
elements i n  between the pieces. 

The probe has a diameter of 40 m m  and a length of 4 m 
t o  accomodate the selected frequency range. I n  this system, 
the peak o f  the transmitted energy was selected t o  be 
50 MHz i n  order t o  obtain a suitable trade o f f  between wave 
attenuation and resolution. 

Receiver 

The receiver shown i n  Figure 21.4 i s  basically a 
sensitive high frequency oscilloscope o f  the sampling type 
connected to  a suitable antenna. The antenna signal is 
ampli f ied by a low noise preampli f ier w i th  a bandwidth of 
60 MHz. 

The central  unit  furnishes t iming information to the 
sampler i n  the receiver on one of the two f ibre opt ic  l inks 
connected to  the receiver. The sampler produces a low 
frequency repl ica o f  the ampli f ied antenna signal. F o r  the 
purpose of transmitt ing this signal on the f ibre l inks t o  the 
centra l  unit, the signal i s  converted t o  a pulse t ra in  by  means 
o f  a voltage-to-frequency converter. The converter 
generates a pulse t ra in  w i th  an instantaneous frequency 
proportional t o  the instantaneous signal output f rom the 
sampler. The electr ical pulse t ra in  is converted t o  a 
corresponding opt ical and then, finally, fed  on the f ibre l ink 
t o  the central  unit. 

The antenna of the receiver is ident ical t o  that of the 
transmitter.  

Figure 21.5 shows a receiver pulse af ter  penetration of 
40 m o f  quartzite. The degree of dispersion i s  found t o  be 
very low; that  is, the pulse shape w i l l  normally remain very 
stable along the path o f  propagation. 

F igure 21.6 shows the receiver going down in to the 
borehole and the central  un i t  standing t o  the right. 

Cen t ra l  unit 

The central  un i t  is i l lustrated i n  Figures 21.7 and 21.8. 
The control ler supervises the t iming control ler which, i n  turn, 
controls the t iming of the two probes via the opt ic  links. 

A f t e r  the central  unit  has commanded the transmitter 
to  send out an electromagnetic pulse, i t  starts the receiver 
sampling process for  reception of the pulse (and possible 
echoes o f  i t )  a t  the receiver. This is done by converting the 
opt ica l  pulse t ra in  on the f ibre back t o  a corresponding 
e lect r ica l  pulse t ra in  by  the opt ical receiver. The l o w  
frequency repl ica o f  the receiver signal i s  sent t o  the central  
un i t  by  using a frequency-to-voltage converter. 

The repl ica signal is conveyed as an analog input t o  the 
main control ler and i s  transferred t o  the video memory f o r  
presentation on a CRT screen. The video memory has a 
resolution of 256 x 256 4-bit  pixels, thus allowing 
presentation i n  16 levels of grayscale. The data may also be 

stored i n  the mass memory which is of the d ig i ta l  tape 
cassette type. One cassette may store four separate radar 
images. 

Image processing system 

I n  order to  analyze the radar measurements i n  more 
detail, the radar data are transferred to  a separate image 
processing system (Fig. 21.91, developed by Boliden Minera l  
Co. This system has 3 image planes, each 4-bits deep, 
connected t o  the RGB inputs of a regular colour video 
monitor. The resolution is 256 x 256 pixels. 

A computer, based on the 8073 microprocessor 
manufactured by Nat ional  Semiconductor, controls the image 
memories. For  data storage both 8 inch and 5 112 inch 
diskettes are used. 

The system is equipped w i th  two graphics copiers. One 
i s  the Tektronix 4695 ink  je t  colour copier f o r  high qual i ty 
colour graphics. The other is the Honeywell  VGR 4000 fo r  
fast black and whi te  continuous-tone images. 

The system software has a number o f  in teract ive tools 
available fo r  the enhancement o f  the radar images. These 
include various routines f o r  ar i thmet ic  and log ica l  processing, 
correlat ion and f i l ter ing. 

Field results 

Figure 21.10 shows the results f rom a radar re f lect ion 
survey i n  the Saxberg mine i n  central  Sweden. This mine is a 
zinc-lead sulphide mine operated by Boliden Mineral Co. 

The receiver was located i n  horizontal borehole 613 and 
the transmitter i n  borehole 608 paral lel  t o  it. The two probes 
were then moved i n  unison i n  the boreholes. The separation 
between the two  boreholes was 15 m. 

bolide, 

Figure 21.9. Picture of the image processing system. 
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The holes traverse a rock formation made up o f  paral lel  A t  a point between 50 and 60 m down the borehole, a 
layers of quartzite, granite, pegmatite, and arnphibolite. The strong echo was observed f rom a body between 25 and 30 m 
layers dip at  an angle of about 30 degrees to  the boreholes f rom the borehole. This is interpreted as a highly conductive 
w i th  a str ike perpendicular to  the plane containing them. sulphide lens, due to  i t s  high ref lect iv i ty .  

One dominant feature is the ref lect ion f rom the d r i f t  
f rom which the two boreholes originate. The angle between 
the d r i f t  and the boreholes i s  30 degrees. Since the geometry 
is known, th is .  re f lect ion allows the wave velocity to  be 
measured, and thus also the permi t t iv i ty .  I n  this case the 
wave velocity was 10' m/s, giving a relat ive permi t iv i ty  o f  9. 

The ref lect ion f rom a sloping interface w i l l  show up as 
a hyperbola i n  this grayscale image. However, since the 
separation between the two probes is relat ively small, the 
two branches of the hyperbola do not deviate much f rom 

Figure 21.11 i l lustrates a radar re f lect ion survey from 
borehole F 1  on the 360. level i n  the Stripa mine in  central  
Sweden. Stripa is an old iron mine which is now used as a 
research s i te  o f  the OECDINEA Internat ional Str ipa Project. 

The bedrock consists o f  a medium grained rnonzogranite 
(Carlsson e t  al., 1982). The dominant re f lect ion extending 
f rom the beginning o f  the borehole down t o  more than 150 m 
is caused by an aluminum tube inserted in to borehole El .  
Since the angle between E l  and F 2  is 15 degrees, range 
cal ibrat ion is possible. 

straight lines. 
The hyperbola shaped ref lect ion at  175 m is caused by a 

The various interfaces show up i n  most cases relat ively d r i f t  a t  the 410 level, perpendicular to  the borehole. The 
well. Certain rock interfaces not  traversed by the borehole measured distance to the d r i f t  is 12 m. 
can also be distinguished. 

A number o f  weaker, l inear ref lect ions are also 
The various rock types along the borehole have very low observed. These correspond t o  known tectonized sections 

conductivity. The ref lect ions are thus due t o  the di f ferent oenetrated bv the borehole (5. Carlsten and K-a Maanusson. 
permi t t iv i tbs o f  the various rock types involved. bersonal cor;~munication, 1983). A t  117 m a 9 & wid; 
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Figure 21.10 

Field result from the Saxberg mine. 
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tectonized zone of weathered rock gives rise t o  a relat ively 
strong reflection. Another relat ively strong ref lect ion is 
found near the end of the borehole, however the hole was not  
deep enough t o  actually penetrate this ref lector.  

Conclusians 

The work carr ied out  t o  date on this borehole radar 
probe development project has proved tha t  the VHF pulse- 
radar is capable of providing valuable in format ion no t  easily 
obtainable w i t h  other geophysical methods. 

One major advantage w i t h  the method is tha t  it allows 
a simple and straight forward technique t o  be used f o r  the 
interpretat ion o f  measured results. 

Another advantage is the possibil ity o f  locating 
boundaries between d i f ferent  low conductivity rocks provided 
there is a contrast i n  permi t t iv i ty .  A drawback o f  the 
method is the necessity of rest r ic t ing operation to  media 
w i th  relat ively low conductivity i n  order to  obtain useful 
propagation. 

I n  low conductivity media, the system has a range of up 
t o  100 rn. 
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Abstract  

A new borehole radar system has been developed by  Boliden Mineral A B  i n  Sweden. The system 
consists of a control  un i t  and separate units for  transmitter and receiver antennas. Thus the system 
may be used both fo r  single hole and crosshole measurements. The communication of data and 
control  signals between the control  un i t  and transmitter and receiver is made using opt ical fibres. 

The measurements have mainly been performed i n  the f o r m  o f  single hole measurements w i t h  a 
transmitter-receiver spacing of 13  m. Attenuation and delay o f  the d i rect  wave between transmitter 
and receiver have been observed i n  connection w i th  f racture zones which penetrate the borehole. 
Fracture zones also cause reflections which have given information on the or ientat ion of the f racture 
zones re la t ive t o  the borehole. The maximum two way t ravel  distance fo r  which a ref lect ion was 
observed was 88 m. Reflections have also been observed f r o m  an a i r  f i l l ed  d r i f t  30 m f r o m  the 
borehole. I n  the present system, resolution i s  l i m i t e d  by r inging on the antenna, however, signif icant 
enhancement o f  the radar data has been obtained by deconvolution fi ltering. 

L a  sociBt6 suBdoise Boliden Minera l  AB a mis au point un nouveau systeme de diagraphie radar 
des sondages. Ce systeme comprend une unit6 de contr8le e t  des unites distinctes pour les antennes 
dlBmission e t  de reception. I1 peut donc &re ut i l is6 dans un  seul sondage e t  dlun sondage B un autre. 
L a  communication des donnBes e t  des signaux de contrBle entre I 'unite de contrele e t  I1bmetteur e t  l e  
rhcepteur se f a i t  au moyen de fibres optiques. 

L a  plus grande par t ie  des mesures on t  BtB effectuhes dans un  seul sondage B l a  fois avec un 
espacement Bmetteur-rBcepteur de 13  m. L1onde directe transmise entre I 'bmetteur e t  l e  rBcepteur 
est att6nuBe e t  ra lent ie  prhs des zones de fractures traversant l e  sondage. Ces zones de fractures 
produisent Bgalement des Bchos qui fournissent des donnees sur I1orientation des zones par rapport au 
sondage. L a  distance maximale du parcours all6e-retour pour lequel on a observe un Bcho est de 
88 m. On a Bgalement observe des Bchos provenant dlune galerie remplie d'air situee 30 m du 
sondage. Avec c e  systerne, l a  rBsolution est l im i t6e  par des oscil lations parasites sur I1antenne; 
toutefois l a  dBconvolution a beaucoup amBliorB les donnBes radar. 

Introduct ion fracture zones or sinqle fractures. However the conduct ivi ty 

~h~ new pulse radar system developed by Boliden o f  water  increases si-gnificantly a t  frequencies greater than 

Mineral AB was in i t ia l ly  intended fo r  use mainly i n  mineral 100 MHz (Nilsson, 1978), thus frequencies greater than 

prospecting. I n  this application ref lect ions are expected loo MHz be preferred for the of 
f r o m  conductive mineralizations a t  a distance f r o m  the water-bearing fracture 
borehole. Detectable mineral izat ion supposedly has a large Experiments w i t h  borehole radar have recently been 
conductivity contrast re la t ive t o  the surrounding bedrock. performed i n  granite by Wright and Watts (1982) and i n  salt 
The transmitted frequency has been kept low (less than domes by N icke l  e t  al. (1983). I n  the salt dome experiments 
50 MHz) w i th  the in tent  to  reduce ref lect ions f rom and radar ranges of up to  600 m were reported. There are also 
attenuation due to  supposedly low contrast anomalies such as possibil it ies fo r  detect ion o f  fractures between boreholes by 
fractures. use o f  the tomographic technique (Okada e t  al., 1980). 

Borehole radar may also be used for  engineering To  test the capabilit ies o f  the borehole radar system 
applications where the main interest is to  detect fracture fo r  engineering applications, measurements have been 
zones a t  a distance f rom the borehole. I n  this case, the performed i n  some boreholes i n  crystal l ine rock. The 
resist iv i ty contrasts are small  compared t o  mineralizations object ive o f  the tests was the mapping o f  f racture systems, 
bu t  ref lect ions w i l l  also be due t o  changes i n  the re la t ive which are o f  significance i n  the geological storage o f  spent 
dielectr ic constant, e.g. caused by  a higher water content i n  nuclear fuel. Measurements were made a t  the Swedish test 
f racture zones. A t  least i n  low conductive rock such as s i te  a t  Finnsjon and a t  the Str ipa mine. 
granite the borehole radar system has a potent ial  t o  detect 

Swedish Geological Co., Box 1424, 5-751 44 Uppsala, Sweden 
Boliden Mineral AB, 5-936 00 Boliden, Sweden 



The borehole radar system In the case o f  point l ike ref lector  the two  way travel 
distance, 2a (the measured travel-t ime has been converted to  

The characteristics O f  the borehole radar distance by mult iplying w i th  the velocity), w i l l  vary when the 
'ystem are described here as a array is moved along the borehole according t o  the equation 
presentation was given by Nilsson (1986). 

The pulse radar system employs separate transmitter 2a = d2 + (x+cI2 + d2+(x-el2 (1) 
and receiver borehole probes and may thus be used both for  
single hole ref lect ion and crosshole transmission where: 2c i s  the distance between the antennas; 
measurements. The borehole probes are 40 m m  i n  diameter x is the distance along borehole; and 
and contain transmitter and receiver electronics respectively d is the closest distance f rom the borehole t o  the 
and ident ical resistively loaded dipole antennas. Resistively point ref lector.  
loaded antennas are used t o  obtain a larger bandwidth I n  the case o f  a planar reflector, such as a f racture 

to thus defined pulses crossing the hole, the two way travel distance, Za, w i l l  vary 
be obtained. The system is designed to  transmit signals w i t h  according to 
a centre frequency of 50 MHz. 

Transmission o f  pulses and recording o f  the received 2a = 2 x2 sin2 0 + c2 cos2 0 (2) 
signal are controlled by a central  un i t  located a t  the ground 
surface. The communication between the probes and the where 8 is the angle between the borehole and the f racture 
central  un i t  is made on opt ica l  f ibre links. The f ibres plane. 
e f fect ive ly  el iminate the unwanted wave propagation along Equation (2) is valid when both transmitter and receiver 
or ref lect ions f r o m  conventional conducting cables. are on the same side of the fracture. Also note tha t  the 

Theoretical responses from simple targets 

When the radar system is used i n  the ref lect ion mode, 
the transmitter and receiver are moved along the borehole 
w i t h  a f ixed separation distance, 2c. The radiat ion pat tern o f  
the antennas is rotat ional ly symmetr ical around the borehole, 
thus the or igin o f  a re f lect ion may be any point on a 
rotat ional ell ipsoid w i t h  the focuses a t  the transmitter and 
receiver antennas respectively. When the antenna array is 
moved along the borehole the distance to  a ref lector  is varied 
and a character ist ic re f lect ion pat tern w i l l  be generated. 

re f lect ion f r o m  a f racture plane i s  symmetr ical w i t h  respect 
t o  the intersect ion o f  the f racture plane and the borehole. 
Equation (2) is actually the equation of a hyperbola b u t  when 
transmitter-receiver separation, 2c, is small  or when the 
angle between the  hole and the f racture plane i s  nearly 
perpendicular it degenerates in to  a line. Wi th the use o f  the 
equations given above it is possible to  calculate the distance 
between the borehole and a point re f lector  and the angle 
between a f racture plane and the borehole. 

The character ist ic signatures o f  the point and planar 
ref lectors are shown i n  Figure 22.1. 
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Results from field tests a t  Finnsjon of the medium. This is i n  agreement w i t h  Maxwell 's 

The f i r s t  tests fo r  engineering purposes were made a t  
the Swedish test site at  Finnsjon, which is situated about 
150 km north o f  Stockholm. The bedrock a t  Finnsjon consists 
o f  a grey medium grained granodiorite (Carlsson et  al., 1983). 
The bedrock at  the site is heavily tectonized w i th  mylonites 
and breccias and has a high fracture frequency. 

Borehole G4 is a percussion dri l led vert ical borehole 
w i th  a diameter of 155 mm. The hole is dril led close'to a 
major regional l ineament passing through the site. The hole 
i s  generally fractured containing zones o f  more intense 
fracturing. These zones may be seen i n  the normal resist iv i ty 
log  (electrode spacing 1.6 m) shown i n  F igure 22.2. 

The radar measurements were performed w i t h  
transmitter and receiver i n  the same borehole. The 
transmitter-receiver spacing was f ixed a t  13 m and the array 
was moved along the hole. 

The f i r s t  horizontal band on the radar recording shown 
i n  Figure 22.2 is the arr ival of the direct wave propagating 
along the borehole. The la ter  horizontal bands are due to 

equations which predict increased attenuation f o r  increased 
conduct ivi ty and decreased velocity fo r  increased dielectr ic 
constant (due t o  higher water content also normally 
associated w i t h  increased conductivity). 

There is only a fa in t  re f lect ion t o  be seen a t  A, which 
seems to  be associated w i th  the lower (deeper) of the two 
fracture zones intersecting the borehole. 

Borehole F i 8  is a dipping core dr i l led hole 56 m m  i n  
diameter. The borehole is positioned close t o  the regional 
l ineament penetrated by borehole G4. The hole i s  directed 
towards the lineament and penetrates it, bu t  no t  i n  the par t  
o f  the hole measured by radar. The radar p lo t  shown i n  
Figure 22.3 i s  simi lar t o  the one obtained i n  G4. A t i m e  
delay and increased attenuation is observed a t  the two  
f racture zones penetrated by the borehole, indicated by  the 
resist iv i ty lows, close t o  the surface. A f e w  fa in t  re f~ed t ions  
are seen (they are more easily seen i f  the radar p lo t  i s  viewed 
a t  a glancing angle). It has n o t  been possible t o  make a 
def ini te correlat ion between the observed ref lect ions and any 
dist inct geological feature. 

antenna resonance, ringing. The data are displayed w i t h  a The s imi lar i ty  between the results obtained i n  the 
t ime variable gain; i.e. gain increases w i t h  time. Thus the boreholes and G4 indicates that influence of the borehole 
latter part of  the pulse, i.e. the ringing, appear f luid is comparat ively small. The DC res is t iv i ty  of the 
than it real ly is. borehole f l u id  i s  a ~ ~ r o x i m a t e l v  LOO 0hm.m. s t i l l  there seems 

The t ravel  t ime  o f  the d i rect  wave i s  seen to  vary along to  be only a smail ' e f fec t  duk to  the d i f ierent  amounts of 
the borehole where the increase i n  t ravel  t ime  i s  associated borehole f l u id  surrounding the antennas (borehole diameters 
w i t h  increased attenuation o f  the wave. The t ime delay and are 56 and 115 m m  respectively). 
attenuation has a clear correlat ion w i t h  low resist iv i ty zones 
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A crosshole experiment was also conducted between 
two ver t ica l  percussion dri l led holes separated by 40 m. 
However, i t  was not possible to  detect any signals passing 
between the holes. This negative result is probably caused by 
high attenuation i n  the generally fractured rock at  Finnsjon. 

Results f r o m  f ie ld  tests at Str ipa 

Stripa is an old iron mine which is now used as a 
research site of the OECD/NEA International Stripa Project.  
The Stripa mine is situated about 200 k m  west-northwest o f  
Stockholm, Sweden. Measurements have been performed i n  
boreholes E l  and N1, dr i l led as a par t  o f  a hydrogeological 
investigation program o f  the Stripa Project. 

Boreholes E l  and N1 are semihorizontal and 
perpendicular w i t h  a diameter o f  76 mm; N l  directed t o  the 
north and E l  to  the east. The bedrock consists of a medium 
grained monzogranite (Carlsson e t  al., 1982). Borehole E l  
penetrates several tectonized zones such as breccia, 
mylonite, and weathered and altered rocks. I n  borehole N 1  
there are only a few minor tectonized zones. The boreholes 
are also intersected by pegmatite dykes usually w i th  a w id th  
o f  less than 1 m. The f racture frequency i n  borehole E l  is 
4.3 fractureslm which is larger than i n  N l  where it is 1.6 
fractures/m. The fracture orientations are concentrated in  
two main groups, one steeply dipping w i th  a str ike to  the 
northeast and one semihorizontal. 

Figure 22.4 shows the results f rom a radar re f lect ion 
survey i n  E l  i n  which the distance between the antennas is 
13 m. The dominating feature of the radar plot is antenna 
resonance, ringing, showing up as horizontal bands. The 
ringing natural ly obscures some o f  the ref lect ions obtained. 

The f i r s t  notable feature on the radar p lo t  is a 12 rn 
wide section, B, centred a t  9 8 m  i n  the borehole, 
characterized by increased attenuation and a t ime  delay o f  
the direct wave propagating along the borehole. There are no 
evident ref lect ions f rom this feature, indicating i t s  extension 
outside o f  the borehole. I n  the core, a highly fractured 
section of the borehole between 93 and 106 m is observed. 
Within the same section there is also a decrease i n  
resistivity, the largest decrease being a t  106 m. F r o m  the 
core and the resist iv i ty log, it is d i f f i cu l t  t o  re la te the 
attenuation and t ime delay t o  any outstanding feature w i th in  
the section, but  there is a th in  brecciated zone at  98 m. 

The next significant feature on the radar p lo t  is the 
ref lect ion f rom a planar structure, C, at  129 m. The 
ref lect ion f r o m  the plane is seen a considerable distance 
f r o m  the borehole. A t  180 rn borehole length the two way 
t ravel  distance o f  the ref lected wave is 88 m. Towards 
decreasing borehole lengths the ref lect ion is seen fo r  a 
somewhat smaller distance. The angle between the planar 
re f lector  and the borehole has been estimated at  45O by use 
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of equation (2). The velocity of the radar waves used for this 
calculation were determined i n  a crosshole experiment 
described below. 

The ref lect ion is caused by a 1.2 m wide brecciated 
zone w i th  sealed fractures. The zone is also associated w i t h  
a marked decrease i n  resistivity. 

The f racture planes observed i n  the core have an angle 
to  the borehole axis i n  the range 40-60° which is i n  
reasonable agreement w i th  the or ientat ion calculated f r o m  
the radar measurements. 

Centred at 145 m there is a ref lect ion f rom a planar 
structure, D. This re f lector  is only seen on one side (smaller 
borehole lengths) o f  the ref lector  and a t  comparatively short 
distances f rom the borehole. The feature is also associated 
w i th  a small t ime  delay of the d i rect  wave. The angle 
between the borehole and the plane is estimated a t  37O. The 
ref lect ion is caused by a 1 m wide brecciated zone w i th  
fractured pegmatite veins. About 0.5 m of the core consists 
o f  crushed rock. The zone is also associated w i th  a decrease 
i n  resistivity. The fractures i n  this zone are hydraulically 
conductive, this zone constituting the most hydraulically 
conductive zone i n  the ent ire borehole (hydraulic 
conductivity 3 x 10-a m/s). It is surprising to  note that this 
zone, D, which is hydraulically conductive and is a crushed 
zone gives a much smaller re f lect ion compared t o  zone C 
which is a brecciated zone w i t h  sealed fractures. 

The most outstanding feature on the radar p lo t  f rom 
borehole E l  is the hyperbola shaped ref lect ion centred a t  
182 m. The ref lect ion is evidently caused by a point or 
cyl indrical shaped object w i th  i t s  axis perpendicular t o  the 
borehole. The distance f rom the object to  the borehole has 
been calculated a t  30 m. The origin of this re f lect ion is an 
air f i l led d r i f t  a t  the 410 m level i n  the mine. The borehole 
is dipping slightly downwards so the closest distance between 
the borehole and the d r i f t  is 30 m, which is i n  agreement w i t h  
the distance calculated f rom the radar measurements. 

Centred at  201 m is a ref lect ion, E, f rom a planar 
structure which is seen only to the side of shorter borehole 
lengths. The angle between the plane and the borehole is 
estimated a t  51°. The ref lect ion is caused by several th in  
zones o f  brecciat ion which are associated w i th  intense 
fracturing. 

The last re f lect ion seen, F, is caused by a planar 
structure crossing the borehole a t  229 m. This re f lect ion is 
also associated w i th  a t ime  delay o f  the d i rect  wave 
propagating along the borehole. The angle between the plane 
and the hole is est imated at  47O. 

There is a tectonized section f rom 229 to  240 m 
containing f racture zones w i th  marked slickensides and thin 
zones o f  mylonite. Associated w i t h  this section is also a 
marked decrease i n  resist iv i ty along the to ta l  length. That 
the ref lect ion is seen only on one side may be because the 
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ref lect ion was obtained f rom only one side of this thick 
tectonized section. The eventual re f lect ion f rom the other 
side is not seen because the measurement i n  the hole was 
stopped before the ent ire antenna array had gone far  enough 
on the other side o f  the zone. 

The planar ref lectors found i n  E l  have been associated 
w i t h  tectonized sections o f  the borehole where brecciation or 
mylonit izat ion and high fractur ing is present. The ref lectors  
are also associated w i t h  low resist iv i ty conditions shown by 
the ordinary resist iv i ty log. The f racture zones have also 
been observed in  a recently dril led borehole adjacent to E l .  
Thus, the extension o f  the fracture zones outside of the 
borehole have been verified. The orientat ion of these 
fracture zones interpreted f rom the radar measurements, are 
i n  general agreement w i th  observations i n  the new borehole. 
There are however also a few tectonized sections which 
cause no detectable radar anomalies, most notably the 
tectonized section at 38 m. 

A measurement has also been made in  El wi th  a 
transmitter-receiver spacing o f  2 3  m as shown i n  Figure 22.5. 
(Note that the timetdistance scale is d i f ferent  f rom 
Fig. 22.4). Due to  the increased transmitter-receiver 
separation the amplitude o f  the d i rect  wave has decreased 
significantly and consequently the amplitude o f  the ringing is 
reduced proportionally. Thus the ringing becomes less 
dominant. I n  this diagram the same characteristic re f lectors  
are more clearly evident than i n  Figure 22.4. The increased 
transmitter-receiver separation causes an increase i n  
distance between the ref lect ion limbs o f  ref lector,  C, and the 

Borehole layout 

small  t ime delay,caused by ref lector  D is widened. I t is also 
interesting to  note that  the t ime delay associated w i t h  
fracture zone B is now widened to  2 2  m which is 
approximately the transmitter-receiver separation. This 
indicates that the t ime lag is due t o  lower wave speed i n  the 
th in  brecciated zone a t  9 8  m rather  than a change i n  antenna 
properties due t o  increased f ractur ing i n  the section 
93-106 m. The magnitude o f  the t ime delay is approximately 
6 ns, which should be compared to  a to ta l  t ravel  t ime  o f  
122 ns for  a transmitter receiver separation o f  13  m and 
219 ns for  a separation of 23 m. As an example a t ime  delay 
o f  6 ns may be caused by a 1.4 m wide zone w i t h  a velocity 
two thirds o f  the average velocity of the granite. 

Estimates have been made o f  the angle between the 
borehole axis and the fracture planes. The dif ference 
between these estimates and the estimates made for  a 
transmitter-receiver separation of 1 3  m is less than IOU. 

Measurements were also made as shown i n  Figure 22.6 
i n  borehole N1 which is perpendicular to  E l .  Transmitter- 
receiver separation was 13 m. The rock penetrated by this 
borehole is also monzogranite, bu t  the fracture frequency is 
much lower compared t o  E l .  There are only a few minor 
zones o f  tectonization. On the resist iv i ty log there are only 
a few small  indications o f  low resist iv i ty.  Since there are no 
dist inct zones o f  fractur ing no radar ref lect ions are seen. 
There are only a few weak ref lectors  a t  a distance o f  about 
30 m f r o m  the borehole between borehole positions o f  50 and 
100 m. The origin o f  these ref lect ions is not  known. 

0 50 70 Depth in both 
01 boreholes 

Travel - 
t ime 

W - 4  -fl -5  5 ?d 41 I 

Figure 22.7. Radar plot from the crosshole measurement between E l  and N 1  in Stripa. 



A crosshole measurement was made between the 
perpendicular boreholes E l  and N1 as shown i n  Figure 22.7 
The main purpose o f  this measurement was t o  obtain a t ime- 
distance cal ibrat ion o f  the recorded data. The transmitter 
was p u t  in to E l  and the receiver in to N1. Both transmitter 
and receiver were then moved i n  each hole simultaneously i n  
1 m increments. Since the holes are perpendicular, the 
distance between the probes is increased by 2 m between 
each measurement, whi le the relat ive or ientat ion o f  the 
antennas is kept the same. This or ientat ion gives a larger 
coupling between the antennas compared to when both 
antennas are i n  the same hole, consequently the amplitude of 
the received signal is considerably larger. Ampli tude is also 
seen to  decrease w i th  distance. However there is a t ime  
variable gain which has not been calibrated, thus no def ini te 
conclusions can be drawn concerning the attenuation 
properties of the rock. 

As noted f rom the radar plot, the time-distance curve 
is vir tual ly a straight line. This indicates that  there are no 
large low velocity zones between the boreholes t o  cause 
detectable changes i n  t ime  delay. Thus the rock mass 
between the boreholes seem to  be relat ively homogeneous 
w i th  respect to the propagation o f  radar waves. 

F rom this crosshole experiment the velocity of the 
radar waves has been est imated t o  106 000 km/s, which 
corresponds t o  a re la t ive dielectr ic constant o f  8. 

Frequency analysis 

To analyze the frequency content and t o  test some 
signal processing techniques, a Fourier transform has been 
made o f  the received signals. I t  is important t o  note tha t  

signals are recorded w i t h  a t ime  variable gain where the gain 
is increasing w i t h  time. The Fourier transform has been 
made on the raw data and no correct ion has been made o f  the 
change of gain w i t h  time. The displayed spectrum is  thus 
somewhat distorted. 

The frequency spectrum f r o m  E l  w i t h  a transmitter- 
receiver separation o f  23 m (Fig. 22.8) has the energy 
concentrated i n  the frequency band 10-40 MHz w i t h  peaks a t  
approximately 19 and 35 MHz. There is also a th i rd  minor 
peak outside the main frequency band i n  about half  o f  the 
recorded traces. The frequency of this peak is a t  64 MHz. 
The observed antenna ringing evidently corresponds to  the 
dominance of the two  main frequency peaks. 

I t  is interest ing t o  note that the spectrum is re la t ive ly  
independent o f  the position i n  the borehole. Most ref lect ions 
do not  seem t o  be associated w i t h  any changes i n  the 
spectrum. 

I n  an at tempt  t o  improve the radar images so that  the 
ref lect ions stand out more clearly, d i f ferent  signal processing 
techniques have been applied. D i f fe ren t  passband, 
correlation, and deconvolution f i l ters  have been tested and 
resulted i n  some i m p r o v e r n e n t ~ ~ o f  the radar image. 

The best improvement so fa r  i s  obtained by a 
deconvolution f i l t e r  w i th  prewhitening. The deconvolved 
radar p lo t  is shown i n  Fig. 22.9. The improvement i n  the 
radar image i s  substantial, showing tha t  the ref lect ions 
previously seen w i t h  some d i f f i cu l t y  now stand ou t  more 
clearly (compare Fig. 22.5) and a few new ref lect ions may be 
seen. The brecciated zone, B, only associated w i t h  a t i m e  
delay i n  F igure 22.5 i s  now associated w i t h  a ref lect ion 
indicating that  i t is a planar structure. I n  the deconvolved 
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plot, the resolution is sreat ly improved close t o  the borehole. 
Note that the reflections f rom the planar structures show a 
tendency t o  be sliqhtly curved close to  the borehole, which is 
to be expected f rom equation (2). 

Concluding remarks 

The experiments performed so far  w i th  the radar 
system have been a preliminary test o f  the capabilit ies o f  
single-hole pulse radar for  engineering purposes. Crosshole 
measurements have only been made for cal ibrat ion purposes. 
Reflections f rom fracture zones crossing the borehole have 
been obtained i n  the granite a t  Stripa where there are a 
number o f  relat ively wel l  defined tectonized zones. It has 
also been possible to  calculate the or ientat ion of the f racture 
zones relat ive t o  the borehole. I n  the boreholes a t  Finnsjon, 
where the bedrock is generally more fractured, only a few 
indist inct ref lect ions were observed. 

A ref lect ion was obtained a t  Stripa f rom an air f i l led 
d r i f t  a t  a distance o f  30 m f rom the borehole and a ref lect ion 
f rom a fracture zone was obtained af ter  a two way t ravel  
distance o f  88 m. Considering the obtained results it is 
estimated that the present radar system has a range of about 
50 m i n  this type o f  rock. 

have t o  investigate what properties o f  the fracture zones 
actually cause the reflections. Possible causes of the 
ref lect ions are the increased water content of f racture 
zones, conductive fracture minerals, or the tectonizat ion 
associated w i t h  the f racture zones. Considering that  the 
present system was designed for mining purposes rather than 
engineering applications the results obtained may be 
considered promising. With an increase i n  the centre 
frequency of the transmitted pulse it is l ikely that the 
resolution o f  fracture zones w i l l  be improved. A bet ter  
defined pulse w i l l  also improve resolution especially close to  
the borehole. Increase i n  transmitted power and dynamic 
range w i l l  improve the range of investigation. 

Further work w i th  borehole radar w i l l  be performed 
wi th in  the framework o f  the OECD/NEA International Str ipa 
Project where more emphasis w i l l  be put on the crosshole 
applications o f  pulse radar. 
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SINGLE-HOLE SHORT-PULSE BOREHOLE R A D A R  EXPERIMENTS 
A N D  A CROSSHOLE TRANSPONDER 

D.L. Wright, R.D. Watts, and E. ~ r a m s o e '  

Wright, D.L., Watts, R.D., and Bramsoe, E., Single-hole short-pulse borehole radar experiments and a 
crosshole transponder; Borehole Geophysics f o r  Mining and Geotechnical Applications, 
ed. P.G. Kil leen, Geological Survey of Canada, Paper 85-27, p. 207-216, 1986. 

Abstract 

We have developed a single-hole short-pulse radar system f o r  use i n  deep f luid-f i l led o r  dry 
boreholes. Experiments using this system were conducted at  the Underground Research Laboratory 
si te of A tomic  Energy o f  Canada Ltd.  Two boreholes i n  granite were logged. Prel iminary analysis o f  
the data shows that  the radar was sensitive t o  major fracture zones intersecting the boreholes, and t o  
many lesser features as well. Besides detect ing f racture zones intersect ing the borehole, the  system 
detected an anomalous zone which appears to  extend f rom near the borehole t o  more than 20 m 
away. 

To extend the capability of the radar to  crosshole as wel l  as single-hole operation, we have 
designed, built, and tested a borehole transponder (abtive reflector). The transponder triggers when a 
wave is incident f rom the radar, generating a pulse which propagates back t o  the radar. Unl ike other 
time-domain crosshole radar systems, which use fibre-optic or meta l l ic  cables t o  establish a t ime  
reference between transmitter and receiver, the transponder requires no cables. The t i m e  reference 
is established automatical ly by the radar wave propagated through the medium. The transponder 
requires no modif icat ions t o  the radar itself, and provides a means o f  simultaneously acquiring both 
reflection-mode and transmission-mode data i f  adjacent boreholes are available. The transponder is 
bat tery  powered and is suspended on a d ie lect r ic  rope, thus avoiding cable-guided waves which 
propagate on steel-armored logging cable. F ie ld  tests using the transponder yielded crosshole 
observations through almost 20 m of inhomogeneous and moderately lossy granite a t  a test  s i te  near 
Gold Hill, Colorado. 

Nous avons mis au point un systkme radar B courtes impulsions susceptible d'etre ut i l is6 dans 
des sondages simples, secs ou remplis de fluide. Ce  systhme a Bt6 mis B llessai au Laboratoire de 
recherches souterraines dlEnergie atomique du Canada Limitbe. Deux sondages for6s dans du granite 
ont 6 t6 diagraphi6s. L'analyse proVisoire des donn6es montre que l e  radar peut d6celer les grandes 
zones de fractures qui intersectent les trous ainsi qu'un grand nombre d1616ments moins importants. 
En plus de deceler les zones de fractures, l e  systhme a deceld une zone anormale qui semble se 
prolonger B plus de 20 m du sondage. 

A f i n  de pouvoir ut i l iser ce systbme dans les travaux effectuees dans un seul sondage e t  dans 
plus d'un sondage, nous avons c o n y ,  construi t  e t  mis  B I'essai un transpondeur (r6f lecteur actif), qui 
est d6clench6 lorsqu'il est touch6 par une onde provenant du radar, e t  produit une impulsion qui se 
propage jusqu'au radar. L e  transpondeur nlutilise pas de cable, contrairement B d'autres systhmes 
radar B domaine temporel qui servent B Btudier plus d'un sondage B l a  fo is  e t  qui emploient des chbles 
m6tall iques ou des cables en fibres optiques pour Btablir un temps 6talon entre I 'bmetteur e t  l e  
r6cepteur. Ce  temps 6talon est dtabl i  automatiquement par I'onde radar qui traverse l e  mat6riau. 
L'ut i l isat ion du transpondeur n'exige aucune modif icat ion du radar e t  o f f r e  un moyen d'obtenir 
simultanbment des donn6es en mode ref lex ion e t  en mode transmission dans les sondages contigus. L e  
transpondeur est al iment6 par piles e t  suspendu B un c i b l e  diGlectrique, ce qui 6v i te  l a  creation 
d'ondes qui se propagent l e  long des cables de carottage B armature dlacier. Des essais pfatiques 
effectues B I'aide du transpondeur dans plus d'un sondage ont donne des observations dans presque 
20 m de granite h6t6rogbne e t  plus ou moins dissipatif B un emplacement prhs de Gold Hill, au 
Colorado. 

l Uni ted States Geological Survey MS 964, Box 25046, Federal Center, Denver, 
Colorado 80225, USA 



Introduction mater ia l ,  however, should be relatively dry and homoqeneous. 

Borehole geophysics is widely used to study potential  
nuclear-waste disposal si tes.  Iiowever, many of the  standard 
borehole logging techniques gather  information f rom only a 
thin cylindrical region around the  borehole. I t  is  desirable t o  
gather  information from a larger volume around a borehole 
and to do it with high resolution. High frequency 
e lec t romagnet ic  techniques, such as radar,  of fer  good 
resolution and can have reasonable range in high resistivity, 
relatively homogeneous media. Attenuation of 
e lec t romagnet ic  waves may arise f rom inhomogeneities in 
the dielectric permitt ivity,  which s c a t t e r  energy, and from 
ohmic losses due to electrical  conductivity of the  medium. 
Ohmic losses a re  generally controlled mainly by the  amount 
of pore wa te r  in the  material .  A nuclear waste  host rock 

WATER TABLE 

Thus, high frequency e lec t romagne~t ic  methods  &ay be 
expected to be useful in waste repository studies. Seismic 
waves a t  kHz or higher a r e  also useful for  such studies; they 
o f fe r  comparable resolution and range and a re  
complementary to  radar  in tha t  they respond to d i f ferent  
physical properties. 

Because the e lec t r ica l  properties of proposed host 
media for  nuclear was te  repositories a r e  o f t en  favorable for  
use of high frequency e lec t romagnet ic  waves, t he  United 
S ta t e s  Geological Survey designed and built a prototype 
borehole radar  sys tem for use in deep fluid-filled or  dry 
boreholes. Although the system design assumed that  the 
radar  would be used in salt ,  to d a t e  only t e s t s  in granitic 
rocks have been conducted. Early t e s t s  were  made a t  s i tes  a t  
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Figure. 23.1. The borehole radar system transmits short pulses of electromagnetic energy. When an 
inhomogeneity is present, some of  the incident energy is backscattered t o  the receiving antenna. 
Some of the transmitted energy will be guided along the cable and borehole. Possible echo patterns 
from various kinds o f  ref lectors  are shown in the right-hand part o f  the figure. 



Gold Hill and Idaho Springs, Colorado. These tests 
demonstrated that the radar was functioning, b u t  were not  
suitable f o r  performance evaluation because the rock is 
inhomogeneous and comparatively lossy a t  the radar 
operating frequencies and because geophysical logs for  
comparison purposes were not  available f r o m  these sites. 
The Underground Research Laboratory (URL) s i te  of A tomic  
Energy o f  Canada Ltd., near Pinawa, Manitoba, had suitable 
boreholes i n  which geophysical logs had been run. Radar 
tests were performed i n  two  boreholes a t  the LlKL site i n  
August 1983. 

I f  more than one borehole is available, crosshole 
experiments are desirable. I n  short-pulse crosshole 
experiments a t ime  reference is necessary between the 
transmitter and receiver. Usually this reference i s  provided 
through fibre-optic o r  meta l l ic  cables. The radar system 
which we developed is operated on a 2000 m long 7-wire 
steel-armored logging cable. The bandwidth characteristics 
o f  this cable are too poor t o  pass fast  t iming pulses up and 
down the cable. F o r  this reason, it appeared tha t  the existing 
system was not capable of crosshole work without a di f ferent 
cable. However, we conceived, built, and tested a borehole 
radar transponder which circumvents the need for  a t iming 
cable and permits simultaneous acquisition of single-hole 
reflection-mode and crosshole transmission-mode data. The 
borehole transponder senses the arr ival of the wave 
transmitted by the radar pulser and sends a simi lar signal 
back t o  the radar receiver. F ie ld  tests using the transponder 
yielded crosshole observations through nearly 20 m of 
inhomogeneous lossy granite at  Gold Hill, Colorado. 
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Figure 23.2. Data from U R L  borehole M 8 .  Antenna 
spacing = 3 m .  The depth is from the top  of  the borehole 
casing t o  the top of the radar. The vertical stripe which 
begins a t  approximately 49 ns represents the directly coupled 
wave from the transmitting antenna. The change noted a t  
about 12 m depth is due t o  the entry  of the radar probe into 
water in the borehole. 

Borehole radar 

The borehole radar system shown i n  F igure 23.1 uses 
identical, but  separate, transmitt ing and receiving antennas. 
Each antenna is a 1.5 m long resistively loaded e lect r ic  
dipole. The transmitt ing antenna radiates a short 
electromagnetic pulse. Ideally, the pulse would be a single 
cycle o f  a sine wave, bu t  r inging usually persists fo r  some 
t ime due to  imper fect  antenna damping, coupling between 
antennas, and ref lect ions f rom the ends of the probe body. 
The peak of the power spectrum is probably between 20 MHz 
and 30 MHz, b u t  we have not  ye t  transformed our data in to  
the frequency domain. I f  the radiated pulse encounters a 
region whose permi t t i v i t y  or conduct ivi ty d i f fers  f r o m  that  
of the surrounding medium, some of the energy w i l l  be back- 
scattered t o  the receiving antenna. I f  the back-scattered 
energy i s  suff ic ient,  the presence of the inhomogeneous 
region w i l l  be detected i n  the received waveform. The t ime 
between the transmitted pulse and the received re tu rn  may 
be converted t o  range i f  the propagation velocity i n  the 
medium is  known or measured. 

Figure 23.1 shows wave types and propagation paths 
that  may occur w i t h  borehole radar, and the character of the 
echos that  are produced by various reflectors. Cable and 
borehole waves are guided waves which may be excited by 
the transmitter and propagate along the borehole. The 
differences between the two types of waves are i n  the axial 
propagation velocity, attenuation, and spatial distr ibut ion of 
the electromagnetic f i e ld  i n  the surrounding rock. Since the 
borehole i s  small  compared t o  a wavelength i n  the rock, the 
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Figure 23.3. Data from U R L  borehole M8. Antenna 
spacing = 5 . 4  m .  The increased spacing reduces direct 
antenna coupling and permits the operator t o  select a higher 
gain setting on the receiver.  The results are  increased 
sensitivity t o  reflections, but more pronounced oscillatory 
ringing. 



propagation velocity of borehole waves is only sl ight ly slower 
than the  intr insic propagation velocity i n  the rock. Cable 
waves, on the other hand, propagate considerably more slowly 
and do not  occur without a centre conductor such as the 
steel-armored logging cable. The direct wave is a borehole 
guided wave f rom the transmitt ing antenna t o  the receiving 
antenna. Mult iple ref lect ions of ten occur between the ends 
o f  the probe body and perhaps between the antennas. The 
mult iple ref lect ions occur la te r  i n  t i m e  than the direct wave 
arrival. Examples o f  mul t ip le  ref lect ions are shown i n  
Figures 23.2 and 23.4. The direct wave arr ival and fol lowing 
ref lect ions are referred t o  as "direct wave coupling." Body 
waves are waves which are not  bound to  the borehole guiding 
surface, bu t  propogate i n  the body of the rock. I f  a wave of 
any type encounters a discontinuity i n  electr ical properties, 
energy w i l l  be ref lected or scattered f r o m  the discontinuity. 
Reflected or scattered energy detected by the receiver w i l l  
produce characteristic patterns i n  a time-depth p lo t  (which 
has an appearance much l i ke  that of a borehole seismogram) 
depending on the nature and locat ion of the ref lector  or 
scatterer. The patterns i n  the time-depth p lo t  are o f ten  
loosely and interchangeably referred t o  as "reflections," 
llreturnsll, or "ethos". The r igh t  side o f  F igure 23.1 depicts 
patterns which w i l l  be produced by three types of ref lectors 
or scatterers. A ref lect ing horizon above the radar w i l l  
produce a downward-sloping echo. Ref lect ing horizons below 
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Figure 23.4. Data from -URL borehole MS. Antenna 
spacing = 7 m .  On this log the radar antennas were packaged 
in physically separate tubes, as opposed t o  a single continuous 
tube. Timing pulses were passed between receiver and 
transmitter by means of a fibre-optic cable. Segments from 
0 rn t o  1 1  m and 17 m to  44  m are missing or deviant due t o  
an electronics malfunction. In other respects this log is 
similar t o  the log shown in Figure 23.3 with a minor 
improvement in the oscillatory ringing due t o  reduced 
antenna coupling. 

the radar w i l l  produce upward-sloping echos. Dipping 
horizons and local ized off-axis inhomogeneities w i l l  produce 
hyperbolas. The downward-sloping echos are generally cable 
waves which have a dist inct ly slower velocity than the 
upward-sloping borehole waves, but  i n  echos f r o m  some 
horizons above the radar both cable and borehole waves may 
be seen. 

The transmitt ing and receiving antennas are housed i n  
tubular fiberglass-epoxy pressure vessels 114.3 m m  i n  
diameter. The antennas may be i n  one continuous tube 4.9 m, 
6.1 m, or 7.3 m long, or placed i n  two  separate tubes an 
arbitrary distance apart. The t iming signals between the 
receiver and the transmitter are passed through a f ibre-opt ic 
link. The t ransmi t ter  is bat tery  powered, so tha t  no meta l l ic  
cables run  between the transmitter and the receiver. When 
the radar i s  configured i n  two parts, the transmitter is 
suspended f rom the receiver by a dielectr ic rope. Avoidance 
of a meta l l ic  cable between the antennas reduces, bu t  does 
not  eliminate, coupling between the antennas i n  the borehole. 
The direct wave between antennas should be minimized t o  
avoid saturat ing the receiver preampli f ier and masking 
desired ref lect ion signals. However, the d i rect  wave can 
provide useful information about the borehole wa l l  material. 

The radar system communicates t o  the surface through 
a standard 7-wire logging cable. The measured frequency 
response of the cable indicated tha t  signals w i t h  frequency 
content t o  about 1 k H z  could be passed through the  cable 
w i t h  l i t t l e  distortion, bu t  serious attenuation and cross-talk 
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Figure23.5. Data from U R L  borehole M8. Antenna 
spacing = 20 rn. These data were obtained with separate 
tubes as  in Figure 23.4, but with increased separation. The 
directly coupled wave and following ringing is  diminished 
relative t o  the desired reflections. Subtle features of 
reflections are visible in this log which can not be seen in the 
previous logs. 



between wires occurred a t  frequencies as low as 2 kHz. For  
this reason i t  was decided not t o  at tempt  t o  pass fast t iming 
pulses o r  digi t ized data pulses through this cable. Rather, 
the radio frequency (RF) signal is sampled downhole as i n  a 
sampling oscilloscope and an audio frequency repl ica o f  the 
repet i t ive RF signal is transmitted through the cable t o  the 
logging t ruck for  recording. 

Recording i s  current ly done on an analog F M  
instrumentation tape recorder. Dig i t izat ion and processing is 
done as a separate step, bu t  a real-t ime digi tal  data 
acquisition system is  being developed. 

Fur ther  details and est imated theoretical l im i t s  for  this 
radar system are given by Wright and Watts (1982). A simi lar 
system operated i n  dry salt  has produced recognizable 
ref lect ions a t  ranges of up t o  600 m (Nickel e t  al., 1983). 

Experiments at  the underground research laboratory 

In i t i a l  tests of the radar system were made i n  shallow 
(50 m) boreholes i n  inhomogeneous granite a t  sites near 
Denver, Colorado. These tests were useful, but  not  adequate 
t o  fu l l y  evaluate the performance of the radar i n  granites 
which might  be acceptable fo r  nuclear waste repositories. 
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Figure 23.6. Data from U R L  borehole M8. Antenna 
spacing = 20 m. In this part of the log the response from a 
known fracture zone may be seen. The transmitting and 
receiving antennas staddle the zone from 130 rn to 150 rn. 
The direct wave is diminished in amplitude in this zone. 
Reflections from the top side and bottom side of the fracture 
zone result in upward and downward-sloping signatures. 
Twodistinct downward slopes may be seen indicating the 
presence of both a cable wave and a borehole or body wave. 
The fact that the positive and negative slopes generally 
differ in magnitude is attributed to the effect of the steel- 
armored cable on wave propagation along the borehole. 

A more suitable s i te  was sought and, i n  August 1983, we were 
granted access t o  several 152.4 m m  diameter boreholes i n  
granite a t  the Underground Research Laboratory of A tomic  
Energy of Canada Ltd. near Pinawa, Ivlanitoba. We logged 
boreholes MI3 and M 9  which are 400 m and 350 m deep, 
respectively. 

The U R L  tests had three objectives. F i rs t ,  we wanted 
t o  t r y  the radar i n  deeper f lu id- f i l led boreholes t o  see what 
operational and mechanical d i f f icu l t ies might  be 
encountered. Second, we wanted t o  study the ef fects  of 
various antenna separations and packaging on radar 
performance. Third, we wanted t o  correlate our radar logs 
w i t h  other geophysical logs t o  see how we l l  our radar system 
could detect known geological features and whether it might  
detect features missed by other techniques. 

We found tha t  the fiberglass-epoxy pressure vessels 
withstood the hydrostatic pressure .(3900 kPa), and no "0" 
r ing  failures occurred. One electronics fa i lure occurred that  
was repaired i n  the field. We experienced several f ibre-opt ic 
cable failures. Modifications involving a d i f ferent  type of 
f ibre-opt ic cable w i l l  be required before the system can be 
considered t o  be reliable. 

Borehole ME was logged w i t h  the radar i n  four d i f ferent  
configurations. I n  the f i r s t  configuration the antennas were 
housed i n  a single continuous pressure vessel 4.9 m long w i th  
3 m between antenna centres. I n  the second configuration 
the antennas were i n  a continuous pressure vessel 7.3 m long 
w i t h  a 5.4 m antenna spacing. I n  the th i rd  configuration each 
antenna was housed i n  a separate pressure vessel 2.5 m long 
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Figwe 23.7. Data from U R L  borehole M8. Antenna 
spacing = 20 m. In the 200 m to  300 m segment of the log a 
number of responses occur. A distinct change in the strength 
of the direct wave occurs at an indicated depth of 288 m. 
The rock below this depth attenuates waves more strongly 
than that above the boundary. 



wi th  a 7 m antenna spacing. I n  the fourth configuration the 
antennas were i n  separate pressure vessels w i t h  a 20 m 
antenna spacing. Pressure vessel lengths are significant 
because both the pressure vessels and the antennas w i l l  
influence borehole-guided waves and the transmitter-receiver 
coupling. Figure 23.2 shows data obtained w i t h  the antennas 
spaced 3 m apart. Figure 23.3 shows data obtained w i t h  a 
5.4 m antenna spacing. I n  Figures 23.4 and 23.5 the data 
were obtained wi th  the antennas housed i n  separate pressure 
vessels w i t h  antenna spacings of 7 m and 20 m, respectively. 
A l l  data i n  Figures 23.2 through 23.5 were obtained i n  
borehole M8. The numbers along the l e f t  margin indicate the 
depth i n  metres i n  the borehole measured f rom the top of the 
borehole casing to  the top o f  the radar probe. These depths 
are only approximate and are based on an assumed constant 
logging speed. (The electronic depth encoder on the draw 
works fai led in termi t tent ly  and could not be rel ied on.) The 
horizontal axis represents time. I n  these figures, the ver t ica l  
stripes near the l e f t  side represent the direct wave f rom the 
transmitt ing antenna and subsequent re f lected waves 
between antennas and pressure vessels. Our objective was to  
maximize the sensitivity of the radar to returns f rom 
inhomogeneities that are o f f  the borehole axis while 
minimizing the d i rect  wave coupling between the antennas. 

We concluded that the greatest antenna spacing that  we 
tr ied was bet ter  than the smaller spacings. This is not 
unexpected, since antenna coupling decreases w i th  increasing 
antenna separation. Antenna coupling i n  boreholes depends 
on frequency, borehole diameter, the electromagnetic 
properties o f  the surrounding rock and borehole fluid, the 
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Figure 23.8. Data from U R L  borehole M 8 .  Antenna 
spacing = 20 m .  In the 300 m t o  342 m part o f  this segment 
the directly coupled wave gradually increases. A second 
known fracture zone causes the wave t o  abruptly drop in 
amplitude and be delayed in time in the 342 m t o  362 m 
section. 

diameter, length, and e lect r ica l  properties o f  the insulating 
tube, antenna characteristics and separation, and type o f  
electromagnetic wave suppressors which may be used 
between the antennas. Although many of these factors can 
be addressed theoretically, the to ta l  problem depends on so 
many variables that precise analysis is d i f f icu l t .  I n  
particular, the performance o f  a borehole radar system may 
depend as heavily on the environment as on the system. 

Since the best results were obtained w i th  the greatest 
antenna separation, we concentrate on that data set for  
further discussion. Figure 23.6 shows the 100 m t o  200 m 
segment, Figure 23.7 shows the 200 m to 300 m segment, and 
Figure 23.8 shows the 300 m to  375 m segment. Besides the 
ver t ica l  stripe near the l e f t  margin representing the arr ival 
o f  the direct wave, the prominent elements i n  the data are 
the approximately straight lines sloping downward and 
upward. The downward-sloping features are caused by 
ref lect ions o f f  the bot tom side of fractures, and the upward- 
sloping features are caused by ref lect ions f r o m  the top sides. 
The asymmetry i n  slopes is because the radar probe has the 
steel-armored logging cable above it, but no cable beneath it. 
A meta l l ic  cable supports a mode of propagation along the 
borehole that is not possible where there is no cable (i.e., 
below the radar probe). We have tested several devices t o  
suppress these cable-guided waves, but  none was used here. 
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Figure23.9. Data from U R L  borehole M8. Antenna 
spacing = 20 m .  This segment o f  data is dominated by  the 
wide curving feature centered at  an indicated depth of 
205 m .  It is not clear from the data whether the anomaly 
causing this feature intersects the borehole, or just comes 
close. The signature of  the anomaly persists for more than 
350 ns, indicating that the anomaly may extend t o  a distance 
o f  more than 20 m from the borehole. An acoustic 
televiewer log of this zone does not show fractures 
intersecting the borehole, and standard geophysical logs d o  
not indicate a major anomaly. 



The cable wave turned out t o  be a fa i r ly  sensitive means o f  noticeably slowed, as may be seen i n  the 130 rn t o  150 m 
detecting fractures that intersected the borehole. The data. Both effects are probably caused by water i n  the 
velocity calculated f rom the downward slope is neither the fracture zone. 
propagation velocity o f  the rock nor that o f  water, but  
depends on both as wel l  as on the diameter o f  the cable and 
the borehole. The velocity calculated f rom the upward- 
sloping features is essentially the propagation velocity i n  the 
rock mass. Since the winch speed could not be held precisely 
constant, and because the electronic depth encoder was 
unreliable, velocities calculated f rom the slopes of echos i n  
this data set are only approximate. Propagation velocities 
ranging between 139 m / y s  and 123.5 m / y s  were calculated 
f rom the data. These velocities correspond to  re la t ive 
permi t t iv i t ies ranging between 4.7 and 5.9. It is thought that  
the variations are mainly due to winch speed variations 
rather than actual changes i n  the rock permi t t iv i ty .  A t  a 
velocity o f  123.5 m/ps, a return at  1000 ns would correspond 
to  a ref lector  distance o f  62 m. 

The strong echos at  depths of up to  50 m in  Figures 23.2 
through 23.5 are ref lect ions f rom the top o f  the water 
column at  about 12 m depth, and f rom the top o f  the 
borehole. Electr ical,  acoustic, nuclear, and caliper logs 
indicate two major fracture zones intersecting borehole ME. 
The radar responds strongly t o  these fracture zones a t  depths 
of 130 m to 150 m (Fig. 23.6) and 342 m to  362 m (Fig. 23.8). 
The 20 m apparent thickness of the zones is due to  the 
separation between transmitt ing and receiving antennas, and 
does not represent the true thickness of the fracture zone. 
The thickness of the zones to which the radar is responding is 
d i f f i cu l t  to  determine f rom these logs since the thickness is 
probably much less than the antenna separation. The true 
depths ( i f  our depth scale were accurate) would be about 
151 m and 363 m. Whenever the transmitt ing and receiving 
antennas are on opposite sides o f  a fracture, the d i rect  wave 
is usually diminished. I n  addition, the direct wave is o f ten 

The radar also responds t o  gradual changes i n  electr ical 
resist iv i ty of the rock as indicated by the gradual increase i n  
amplitude of the d i rect  wave i n  the 310 m t o  340 m section. 
This increase correlates w i t h  gradually increasing DC 
resist iv i ty i n  the rock as measured by conventional electr ical 
resist iv i ty logs, and probably indicates a decrease i n  the 
amount o f  pore water i n  the rock. 

The curving eci?os centred at about 2 0 5 m  i n  
Figure 23.9 appear t o  be ~ a u s e d  by an inhomogeneity that 
does not  intersect the borehole. The conventional logs show 
nothing unusual a t  this location, nor does an acoustic 
televiewer log show any fractures i n  this zone. The t ime 
durat ion of the return f r o m  this anomalous zone indicates 
that it extends t o  over 20 rn f r o m  the borehole axis. We 
speculate that this zone may contain a ver t ica l  pegmatite, a 
xenolith w i th  relat ively ver t ica l  faces, o r  block fractures 
w i t h  some ver t ica l  facets. The major importance o f  this 
feature is that i t  demonstrates the capability of radar to  
detect off-axis anomalies tens o f  metres f rom the borehole 
that  would not  be observed by standard geophysical logs. 

Crosshole transponder 

In cases where two adjacent boreholes are available, it 
is desirable to do crosshole studies o f  the intervening 
material. Because o f  the design o f  our single-hole radar 
system it was thought tha t  crosshole data could not  be 
obtained w i th  that system without extensive modifications 
and a new cable. However, we have developed a borehole 
transponder (Fig. 23.10) which, i n  many cases, w i l l  allow both 
single-hole and crosshole data to  be simultaneously acquired 
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Figure 23.10. A borehole transponder extends the capabi l i ty of a short-pulse radar system so that 
both single-hole and crosshole data may be acquired simlultaneously. Since the transponder transmits 
when it senses a signal incident from the radar, the requirement for a t iming cable in the transponder 
borehole i s  eliminated. 



with no modifications to  t he  radar  itself. The transponder 
may be thought of as an ac t ive  reflector.  When a wave is 
incident f rom the  radar,  t he  transponder is tr iggered and 
gene ra t e s  an  "echo" which re turns  t o  t he  r ada r  rece iver  and 
is recorded. The incident signal a t  t he  transponder input 
te rminals  may be millivolts in amplitude,  whereas  t he  pulse 
a t  t he  transponder output  antenna terminals is about  1 kV. 
Thus, t h e  r a t i o  between t h e  incident and re turned signal c a n  
be a s  much a s  120 dB. This amplification grea t ly  enhances 
t he  abikity of t he  radar  t o  d e t e c t  and cha rac t e r i ze  
inhomogeneit ies between two boreholes. 

The transponder shown schematically in Figure 23.11 
requires no sampling o r  timing circuits .  It consists simply of 
two antennas,  an  amplifier ,  a pulser, a ba t t e ry  pack, a 
multivibrator,  and a diode-bridge clipper circuit .  The 
monostable multivibrator serves two functions: f i r s t ,  it 
t r iggers  t h e  pulser; second, i t  blocks any fur ther  inputs which 
might t r igger  t h e  pulser by remaining in i t s  quasi-stable s t a t e  
fo r  a pre-set  period. This f ea tu re  ensures t h a t  antenna 
t rans ients  f rom the  transponder pulser have decayed to  very 
low levels before another  tr igger pulse is accepted .  
Otherwise,  t h e  transponder will go into spontaneous and 
perhaps self-destructive firing. The diode-bridge clipper 
c i rcui t  p ro t ec t s  the  video amplifier  f rom high-voltage 
t rans ients  when the  pulser fires. Low amplitude signals a r e  
passed unhindered by the  diode-bridge circuit .  The 
transponder is  housed in a d ie lec t r ic  tube,  is ba t t e ry  powered, 
and is suspended on a d ie lec t r ic  rope. Because me ta l  cables  
a r e  no t  present,  cable-guided waves in the  transponder 
borehole a r e  avoided. 

Since the  transponder opera tes  by sensing an incident 
signal and returning a similar but la rger  signal, t he  e lec t ronic  
delay t ime  between transponder exci ta t ion  and response mus t  
be  known if absolute propagation t ime  is important.  In many 

cases re la t ive  t imes  a r e  sufficient.  The measured e lec t ronic  
delay t ime  is 40 ns if the  incident signal is la rge ,  but is 
amplitude dependent f o r  smal l  signals, and may  increase  t o  a s  
much a s  50 ns fo r  signals a t  t he  l imit  of de tec t ion .  Fo r  
signals of a given amplitude the  delay t ime  is cons is tent ,  so  
j i t te r  is no t  a problem. The maximum 1 0  ns d i f f e r ence  would 
amount  t o  a range e r ro r  of 0.75 m in a medium having a 
re la t ive  permi t t iv i ty  of 4, less if t h e  permi t t iv i ty  is  higher. 
In one sense the  change of delay t ime with ampl i tude  is a 
source  of er ror ,  but i t  might also be  used t o  indica te  cases  
where  t h e  propagation path  a t t enua t ion  changes spatially.  

The sensit ivity of t he  transponder video amplifier  
cannot  be increased without l imit ,  part icularly s ince  pulsed 
sys t ems  a r e  wideband systems. The par t icular  video 
amplifier  we  employ has ex t e rna l  gain s e l e c t  pins, a 
maximum gain of 52 dB, and a bandwidth of 120 MHz. When 
t e s t s  in air  were  conducted near  Denver,  t he  presence  of 
television and F M  radio s t a t i ons  generally made  i t  necessary 
t o  ope ra t e  t h e  transponder with reduced sensit ivity.  In 
boreholes, the  maximum available sensit ivity was  somet imes  
used successfully. C a r e  must be taken t o  avoid internally 
genera ted  e lec t ronic  noise. Fo r  example,  switching dc-to-dc 
conve r t e r s  o f t en  r ad i a t e  sufficiently,  even when f i l t e r s  a r e  
added t o  the i r  terminals,  t o  preclude the i r  use in this 
application.  All voltages,  including the  high vol tage  for  t he  
pulser, a r e  derived d i rec t ly  f rom bat ter ies .  The maximum 
range a t  which t h e  transponder will be  usable depends on t h e  
radia ted  power f rom the  radar ,  t he  length and radiation 
pat tern  of t h e  antennas  including any cable  and borehole fluid 
e f f ec t s ,  t h e  a t t enua t ion  of t h e  intervening mater ia l ,  and t h e  
maximum gain of t h e  transponder ampl i f ier  which can  be  
to lera ted  without spurious triggering. The incident signal 
f rom the  radar  must  substantially exceed background levels 
f o r  t h e  transponder t o  t r igger  properly. 

R E C E I V I N G  

A N T E N N A  

B A T T E R Y  1-1 

I T R A N S M I T T I N G  

A N T E N N A  

Figure 23.11. The transponder consists of only four  e lec t ronic  functional blocks. All power is  
der ived f rom ba t t e r i e s  t o  minimize in ternal ly  gene ra t ed  e lec t ronic  noise. 
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Figure 23.12. Density plot of raw data when transponder is 
at fixed depth and radar is in motion. The indicated depth 
refers t o  the depth of the radar in the borehole. The time 
axis may be converted to distance if propagation velocity is 
known. The data sampling begins prior to  the arrival o f  the 
direct wave from the radar transmitter t o  receiver, indicated 
by the horizontal arrow. Strong oscillations, resulting in the 
vertical stripes, largely obscure the transponder return 
indicated by the diagonal arrow. 

T i m 0  / n t \  
Figure 23.13. Density plot of raw data when radar is at 
fixed depth and transponder is in motion. Depth refers to  
depth of the transponder and is approximate, since speed 
control on manually operated transponder winch was not 
precise. I f  the radar and data sampling are completely 
consistent the vertical stripes will be exactly uniform since 
the radar is not moving. The vertical arrow indicates the 
partially obscured transponder signature. 

Figure 23.14. Data derived from Figure 23.12 by subtraction 
of the average o f  all the waveforms. The vertical stripes are 
largely removed. The broad diagonal band, indicated by the 
diagonal arrow, is caused by the part o f  the radar signal that 
couples to  the cable resulting in waveguide-mode propagation 
up t o  the borehole, reflecting at the surface, and propagating 
back down. The transponder signal, fndicated by the 
horizontal arraw, is more evident. The vertical arrow points 
t o  a jump in time which may be caused by a zone with slower 
velocity. 

o 2rio 400 600 

Time (ns) 

Figure 23.15. Data derived from Figure 23.13 by subtraction 
of the computed average waveform. The fact that the 
vertical stripes are not entirely removed is an indication of 
some variation in the radar performance. The result does 
make the transponder signature quite clear, however. The 
faint replica o f  the transponder signal, fndicated by the 
arrow, was not expected. The source of this replica is a 
cable-guided wave reflecting from the top of the borehole. 



Transponder f i e ld  test  results 

The transponder was f i r s t  tested at  a si te near Gold 
Hi l l ,  Colorado i n  dry boreholes i n  granite spaced 12.2 m 
apart. The bulk dc resist iv i ty of the rock is reported t o  be i n  
the order of 1000 0hm.m w i t h  VHF (30 MHz - 300 MHz) 
velocity o f  about 127 m / y s  and attenuation o f  1.2 dB/m 
(Myers and Leckenby,l983). The granite is quite 
inhomogeneous, however, containing gold ore vein deposits, 
apl i te and pegmati te dykes, and other inclusions 
(Goddard, 1940). Lerner e t  al. (1983) reported tha t  the 
attenuation a t  higher frequencies is anomalously high and has 
an unexpected frequency dependence. 

The transponder was tested using two  methods: f i r s t  
the transponder was lowered t o  a f i xed  depth while the radar 
was continuously moved; second, the radar was lowered t o  a 
f ixed depth while the transponder was moved. The raw data 
shown i n  Figures 23.12 and 23.13 for  the two cases is 
dominated by r inging i n  the radar. The transponder signature 
is barely visible. 

By digi tal ly subtracting the average waveform f rom the 
data some improvement is evident both when the radar is i n  
motion as shown i n  Figure 23.14 and when the transponder is 
i n  motion as shown i n  Figure 23.15. The broad diagonal str ipe 
i n  Figure 23.14 is the result  of the cable-guided wave 
previously discussed. Subtraction of the average waveform i n  
the case where the radar is stationary ought to  yield only the 
transponder signature. The fact  tha t  there is some residual 
waveform associated w i t h  the radar i n  Figure 23.15 indicates 
that the radar is not completely consistent i n  i t s  behavior. 

F rom the known spacing between boreholes a 
propagation velocity of 129 m / y s  was calculated f r o m  the 
data af ter  subtraction o f  the 40 ns electronic delay time. 
This compares we l l  w i t h  the previously mentioned value of 
127 m / p  s. 

I n  an at tempt  to  remove the  ef fects  o f  the cable-guided 
wave i n  Figure 23.14, the radar logged the same hole a 
second t ime without using the transponder i n  the second hole, 
and the data f rom this run were subtracted f rom that  w i t h  
the transponder i n  place. I f  the radar could log the hole 
twice i n  exact ly the same fashion, the result  would b e  only 
the transponder signature. For  a number o f  reasons, 
including an inabi l i ty t o  precisely control  the speed of the 
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Figure 23.16. Data derived from Figure 23.12 b y  repeating 
the radar run with no transponder in the second borehole and 
subtracting the second data set from the first. As discussed 
in the tex t ,  the result is not perfect but does make the 
transponder signal indicated by the arrow much more visible. 

hydraulic winch on the truck, complete repeatabi l i ty i s  no t  
achieved. Nevertheless, the result  presented i n  F igure 23.16 
does show that  the transponder was tr iggering over a greater 
portion of the borehole than was apparent i n  the raw data. 

Conclusions 

The tests i n  granite of the borehole radar operating i n  a 
single-hole configuration a t  the Underground Research 
Laboratory were encouraging. Although considerable analysis 
remains t o  be done, it is clear that the radar was responsive 
t o  known major fracture zones intersect ing the hole and t o  
many lesser fractures as well. The cable-guided wave, which 
is an annoyance i n  many respects, seems t o  be sensitive t o  
horizontal fractures which intersect the borehole. I n  
addition, the radar detected what appears t o  be an anomalous 
zone extending f rom near the borehole t o  more than 20 m 
f rom the borehole axis. I t  is this capability of detecting, 
w i t h  good resolution, inhomogeneities some distance o f f  the 
borehole axis which makes radar a useful supplement t o  other 
geophysical techniques. 

The borehole transponder extends the abi l i ty of the 
radar so that  it can be used t o  gather both single-hole and 
crosshole data. F ie ld  tests have shown tha t  the device works 
and can help detect inhomogeneities i n  a rock mass. The 
signal-to-noise ra t io  a t  the transponder input terminals 
determines the maximum distance a t  which the transponder 
may be used. The signal-to-noise ratio, i n  turn, i s  governed 
by the radar radiated power i n  the direct ion o f  the 
transponder, attenuation i n  the rock between the boreholes, 
external R F  cul tura l  noise, and internal electronic noise. The 
simpl ici ty of the  transponder makes it an a t t rac t i ve  
al ternat ive t o  t iming cables which can be 
electromagnetically or operationally undesirable except i n  
cases where large borehole separations and/or high 
attenuation is encountered. I n  such cases the use o f  t iming 
cables i s  necessary. 
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THE INFLUENCE OF FISSURING ON SALINE INCURSION 
IN A LIMESTONE AQUIFER AS REVEALED BY FLUID LOGGING 
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fluid logging; & Borehole Geophysics f o r  Mining and Geotechnica l  Applications, ed. P.G. Killeen, 
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Abs t r ac t  

The Cre t aceous  Chalk  i s  a major  source  of potable w a t e r  f o r  rura l  and industrial  communi t ies  in 
e a s t  cen t r a l  England. Concern  arose  for  t h e  fu tu re  of t hese  supplies when w a t e r  quali ty began t o  
de t e r io ra t e  in high abs t rac t ion  areas.  

Instrumental  well  logging was carried ou t  a s  par t  of a de ta i led  hydro-geological s tudy in i t ia ted  t o  
inves t iga te  temporal  and  spat ia l  relationships between f resh  groundwater  and sa l ine  groundwaters  of 
severa l  possible origins. Logging was  conducted in over  70 existing and purpose drilled wells. Logged 
pa rame te r s  include S.P., multi-  and single-point resist ivity,  gamma ray ,  t empera tu re ,  d i f ferent ia l  
t empera tu re ,  fluid conductivity and impeller flow. 

Temperature  and differential  t empera tu re  logs identify fissure flow a s  t he  dominant groundwater  
f low mechanism. Fissuring i s  mainly confined t o  t w o  dist inctive zones towards  t h e  t o p  of t h e  geological  
unit  whe re  i t s  development appears  unre la ted  t o  t h e  chalk unit  s t ra t igraphy a s  defined by geophysical 
logs. Flow me te r  measurements  suggest  t h a t  t h e  lower fissure zone contr ibutes  very l i t t l e  t o  t h e  
cumulat ive  transmissivity of t he  aquifer. In r a r e  instances t h e  format ion of deeper  f issures can  be  
re la ted  t o  t he  presence of occasional, thin but persistent,  argil laceous bands. 

Par t icular ly  impor t an t  is  t h e  influence of fissuring on t h e  behaviour of old sa l ine  w a t e r  prevalent  
a t  depth  in t h e  e a s t  of t h e  area.  According t o  classical  understanding t h e  sa l ine  groundwater  body 
should give rise to  a single freshlsaline wa te r  in ter face ,  t he  elevation of which is controlled by 
densitylhead relationships. Fluid conductivity logs suggest  t he  classical  ideal is approached only in t he  
southeas t  where  pumping is  minimal. In high abs t rac t ion  areas  f r e sh  wa te r  inflows a t  f issures t ransform 
t h e  borehole salinity profile in to  a ser ies  of s t eps  unrepresenta t ive  of conditions in t h e  format ion.  By 
con t r a s t  i t  is  significant t h a t  t h e  saline wa te r  of r ecen t  s eawa te r  origin tends  t o  be  confined t o  t he  
upper, well-developed fissure zone where,  due t o  preferent ia l  horizontal  f low, i t  gives r i se  locally t o  a 
hydrostatically unstable salinity profile. 

La  c ra i e  dl%ge c r e t a c 6  e s t  une impor tante  source  dleau potable pour les collectivit6s rura les  e t  
industriel les d e  l a  par t ie  cen t r a l e  de  IIAngleterre.  L1approvisionnement fu tu r  en  e a u  susc i te  de  
11inqui6tude depuis que  l a  quali t6 d e  I1eau a commenc6 b s e  degrader  dans l e s  zones b p e r t e  Blev6e. 

L e s  sondages o n t  Bt6 diagraphiks dans  l e  cad re  d'une e t u d e  hydrogdologique deta i l lee  visant a 
examiner  l e s  l iens temporels  e t  spat iaux e n t r e  I'eau douce  souter ra ine  e t  I'eau sa l ine  souter ra ine  
pouvant provenir d e  diverses origines. Les  diagraphies on t  Bt6 e f f ec tu6es  dans plus de  70 sondages 
exis tants  e t  for&. Les  parametres  comprennent  l e  potentiel  spontan6, l a  resist ivite en  un e t  en  
plusieurs points, l e  rayonnement  gamma,  la t empera tu re ,  l a  t emp6ra tu re  differentielle,  l a  conductibil i t6 
des  fluides e t  l a  c i rcula t ion  provoquee par  une roue & aubes. 

Les  diagraphies d e  t empera tu re  e t  d e  t empera tu re  d i f ferent ie l le  montrent  que  la circulation b 
t r ave r s  les  diaclases e s t  l e  principal mecanisme d16coulement des  eaux souterraines.  L a  fissuration s e  
produit sur tout  dans deux zones carac ter is t iques  s i tu6es  vers l e  hau t  d e  11unit6 g6ologique e t  ne  semble  
pas & t r e  li6e b l a  s t ra t igraphie  d e  11unit6 d e  c r a i e  te l le  qu'elle e s t  definie par  l e s  diagraphies 
geophysiques. Des  mesures  a u  f luxmbtre  laissent cro i re  que  l a  zone  d e  fissuration infer ieure  contr ibue  
t rb s  peu b l a  transmissivite cumulat ive  de  I1aquifbre. Dans des c a s  rares ,  l a  format ion de  fissures plus 
profondes peut  e t r e  re l iee  2 l a  presence d e  bandes argileuses i n t e rmi t t en t e s ,  minces mais  persistantes.  

L1influence de  l a  f issuration sur  l e  comportement  d 'anciennes eaux salines que I'on t rouve souvent 
e n  profondeur dans l a  par t ie  e s t  d e  l a  region r eve t  une impor tance  t o u t e  particulibre.  D'aprBs l a  th6or ie  
classique, l a  masse  d'eau sa lde  souter ra ine  devra i t  donner lieu B un seul i n t e r f ace  eau fralche-eau sal6e,  
dont 11B16vation se ra i t  cont rd lee  par les liens e n t r e  la dens i te  e t  l a  W e .  Les diagraphies de  
conductibil i t6 des  fluides laissent cro i re  que c e t  ideal  classique e s t  a t t e i n t  uniquement dans l e  sud-est, 
oh il y a t rbs  peu d e  pompage. Dans l e s  zones & p e r t e  6lev6e, I 'apport d'eau f ra lche  dans  l e s  f issures 
t r ans fo rme  l e  profil d e  sa l in i t6  e n  une s6r ie  d 'dtapes qui ne  son t  pas  carac ter is t iques  des  conditions 
exis tant  dans l a  formation.  P a r  opposition, il e s t  impor tant  d e  no te r  que  I'eau sa l ee  dlorigine mar ine  
r6cen te  tend s e  trouver uniquement dans la zone superieure de  fissures bien d6velopp6es oh, en  raison 
d'un Bcoulement horizontal  preferentiel ,  el le donne lieu par endroi ts  ?I un profil d e  salinit6 
hydros ta t iquement  instable. 

Depa r tmen t  of Geology, Scarborough College,  University of Toronto Scarborough, 
Ontario,  M1C 1A4, Canada  



Introduct ion 

The Cretaceous Chalk of east central  England supplies 
some 170 ML/d  o f  good quality potable water to  local 
industrial and agricultural  communities. Concern arose for  
the future of these supplies when water quality began t o  
deteriorate during the 1950s and 1960s i n  high abstraction 
areas around Grimsby and Immingham (Gray, 1964; 
L loyd  e t  al., 1978). Although i t  was speculated that  saline 
water was being drawn i n  f rom the adjacent Humber Estuary 
and N o r t h  Sea, such a source could no t  be reconciled w i t h  
slightly saline water la te r  ident i f ied a t  depth i n  a production 
we l l  over 6 k m  f r o m  the coast. 

Instrumental we l l  logging was carr ied out  as par t  o f  a 
comprehensive hydrogeological investigation o f  the saline 
groundwater problem and i t s  e f fects  on resource management 
(University o f  Birmingham, 1978; Evans e t  al., 1979). Other 
fundamental elements o f  the investigation included 
hvdrochemistrv (Llovd and Howard. 1978: Howard and 
~ i o ~ d ,  19831, surface' geophysics ( ~ a r k e r ,  1978; Barker and 
Gri f f i ths, 1981) and numerical modelling. The overal l  
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objectives of the study were: i) t o  determine the or igin o f  
the saline waters; i i )  t o  develop an understanding o f  the 
regional f low system; and i i i )  t o  represent aquifer behaviour 
using a f i n i te  di f ference model. 

The we l l  logging program was planned w i t h  more 
specific objectives i n  mind: i )  to  define the geological 
structure of the area; i i )  t o  evaluate the importance of 
fissure f l ow on a regional and local  scale; and i i i )  t o  
determine spatial relationships between the fresh and saline 
groundwater bodies. I n  this paper emphasis i s  placed upon 
the use o f  temperature, d i f ferent ia l  temperature, f l u id  
conductivity and f lowmeter  logs as means o f  satisfying the 
last two we l l  logging objectives. 

Geology and hydrogeology 

The study area is shown i n  Figure 24.1 and a 
generalized east-west hydrogeological section across the area 
i s  given i n  F igure 24.2. 

The Cretaceous Chalk i s  a massive white, finegrained 
Upper Cretaceous limestone containing an irregular ly spaced 
sequence o f  thin, b u t  persistent, argillaceous bands (Wood and 
Smith, 1978). These bands are very rare ly  observed i n  dr i l l ing 
returns but  proved t o  be excel lent geophysical marker 
horizons during logging operations, giving sharp responses on 
the resist iv i ty logs (Fig. 24.3). As  indicated fur ther  by 
Figure 24.3, the chalk un i t  varies l i t t l e  i n  character across 
the study area and single point  resist iv i ty logs al low 
stratigraphic correlat ion t o  be accomplished easily over 
distances of 25 k m  or  more (University of Birmingham, 1978). 

I n  the west (Fig. 24.2) the chalk un i t  is wel l  exposed, 
has high re l ie f  and recharge o f  a predominantly direct nature 
occurs (Howard and Lloyd, 1979). Groundwater heads i n  this 
region local ly exceed 100 m above sea level and f low occurs 
i n  a generally northeasterly direct ion towards the coast. As 
i n  most l imestone aquifers f l ow is predominantly associated 
w i th  fissures developed by chemical dissolution. 

By contrast the eastern par t  o f  the area has been 
considerably af fected by recent Quaternary events. A major 
transgression during the Ipswichian interglacial  (120 000 BP) 
resulted i n  the formation o f  a c l i f f - l ine and extensive wave 
cut  p la t form which are now buried beneath a mantle of 
Devensian t i l l s  up t o  30 m thick. The t i l ls  date between 
18 000 and 13 000 BP (Penny e t  al., 1969) and presently 
confine groundwaters throughout the eastern seaboard. With 
two small, but  notable exceptions (McQuil l in e t  al., 1969), the 
t i l ls  also extend as a v i r tua l ly  impermeable cover across the 
Humber Estuary and N o r t h  Sea f loor  where they signif icant ly 
reduce the potent ial  f o r  hydraul ic interact ion between 
aquifer and the sea. km 

Figure 24.1. Location of study area and feature maps. 

---- Piezometric surface 

lpswichian interglacial 

E A 
Pigwe 24.2 

Generalized east-west hydrogeological 
section. 

- 



KIPLINGCOTES MARLS. { 1- increasing 
resistivitity 

Conoco (No.2) 
Site 13 

ENTHORPE MARLS. {H 
ULCEBY MARL. ti 
WOOTTON MARLS. 
THORNTON CURTIS MARL. 

NORTH ORMSBY MARL. 

BEACON HILL MARL. 
DEEPDALE UPPER MARL. 
DEEPDALE LOWER MARL. El 
RlBY MARL. 

MELTON ROSS MARL. 
Fulstow 
Site 24 

BARTON MARLS. 

GRASBY MARL. 

BLACK BAND. 
UPPER PlNK BAND. 

LOWER PlNK BAND. 

RED CHALK. 

Figure 24.3. Correlation of single-point resistivity logs in wells 25 km apart with chalk lithology 
(a f t er  University of Birmingham, 19781. 



Well logging operation 

Well logging was conducted i n  over 70 existing and 
purpose dri l led wells using an early series Wuidard 
H ydrologger. This equipment, as described by 
Robinson (l974), was designed specifically fo r  narrow 
diameter water wells and is capable of logging S.P. 
(spontaneous potential), mu l t i -  and single-point resistivity, 
natural gamma, temperature, d i f ferent ia l  temperature, f lu id  
conductivity and impel ler flow. The sondes were lowered and 
raised on a six-conductor reinforced cable connected to  a 
two-channel chart recorder via a manually operated winch. 
E lect r ica l  power was provided by a 1 2  vo l t  heavy duty 
storage battery. Although the equipment lacked the 
rel iabi l i ty and electronic sophistication of i t s  modern-day 
counterpart, i t did prove t o  be extremely versatile and 
provided reasonably complete sets o f  logs fo r  over 60 wells. 
The locations of the wells logged are shown i n  Figure 24.4. 
For  c lar i ty  only those wells re fer red t o  i n  the tex t  are 
numbered. 

Fissure f l ow study 

Carbonate aquifers such as the chalk un i t  re l y  on 
narrow openings, known as fissures, as the pr imary means o f  
transmitt ing water. These fissures tend t o  develop 
preferent ial ly close t o  the water table where the  water  is 
chemically most aggressive and f low rates are frequently 
high. Deeper fissures may fo rm when groundwater levels are 
lowered for  a considerable period o f  t ime  as experienced 
during glacial  episodes. A knowledge o f  fissure distr ibut ion is 

essential as it allows the vert ical extent  o f  the aquifer t o  be 
determined. I n  many carbonate systems the aquifer, as 
defined by the zone of fissuring, comprises only a small  
proportion o f  the t o t a l  thickness of the formation. 

D i f fe ren t ia l  temperature logging i s  a valuable means o f  
investigating fissure flow, part icular ly i n  the absence of a 
caliper tool. I n  a borehole devoid of fissure f low the ver t ica l  
temperature prof i le  shows a smooth variat ion corresponding 
t o  the local geothermal gradient. When fissures are present, 
very small differences i n  temperature between fissure water 
and water i n  the borehole column cause sl ight inf lect ions i n  
the temperature prof i le  tha t  can be great ly ampli f ied when 
dif ferent iated w i t h  respect t o  vert ical distance. I n  modern 
instrumentation, di f ferent iat ion of the signal f rom a single 
temperature sensor is achieved by computer processing. I n  
the study described d i f ferent ia l  temperature was 
satisfactorily determined by measuring the small di f ference 
i n  temperature between two careful ly matched thermistors 
lowered a t  a f i xed  1 m separation. 

Previous f lu id  logging investigations i n  Cretaceous 
Chalk o f  southern England have revealed a single zone of 
fissuring towards the top o f  the geological unit. Along the 
south coast o f  Sussex the fissure zone extends t o  a depth o f  
100 m below the water table (Monkhouse and Fleet, 1975). I n  
Berkshire, west o f  London, exhaustive work by Robinson 
(1975) has shown tha t  fissure development reaches a 
maximum between a depth o f  20 and 35 m below ground level 
and reduces considerably below a depth of 45 m. 

Figure 24.4. Location of logged well 
sites and coastal saline zones. 
Numbered wells are discussed in the 
text .  
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Uncalibrated differential  t empera tu re  logs f rom the  
study a r e a  a r e  displayed in Figure 24.5. To allow comparison 
and correlation between the  logs the  top of the  aquifer a s  
defined by e i ther  the  wa te r  table  or  base of t h e  till confining 
layer has been taken a s  a common datum. 

The logs displayed clearly reveal t h e  presence of two 
major zones of fissuring. The upper fissure zone occurs to  a 
depth of about 25 m below the  top of t h e  aquifer and can be 
recognized throughout the  study area.  The zone shows no 
correlation with chalk unit stratigraphy and was presumably 
developed by circulating wa te r s  a t  a t i m e  when groundwater 
levels were  close to  thei r  present elevation. More unusual is 
a deeper zone of fissuring occurring throughout the  a rea  a t  a 
depth of between 45 and 65 m below t h e  top  of the  aquifer. 
There  is some evidence t o  suggest t h a t  t he  development of 
ce r t a in  individual fissures within this lower zone may be 
associated with specific argillaceous bands, in particular t he  
North Ormsby Marl. In general,  however, t h e  lower fissure 
zone cannot be corre la ted  with t h e  chalk unit  and must have 
formed regionally when s e a  and groundwater levels were  
about 50 m below thei r  present elevations. Such a condition 
is  known t o  have persisted in eas t e rn  England during t h e  
Early and Middle Devensian (115 000 - 26 000 BP) 
(Mitchell, 1977) when due t o  t h e  onset  of glaciation t h e  
coastl ine receded t o  leave much of t h e  southern North Sea  
Basin dry. In neighbouring North Humberside, Foster  e t  al. 
(1976) have postulated t h e  existence of a similar lower zone 
of fissuring a t  a depth comparable t o  t h a t  revealed by the  
present study. The zone was  identified on the  basis of 
relatively l imited information and was  thought t o  occur only 
in the  unconfined region t o  t h e  west. 

Despite the  presence of the  deeper  zone of fissuring, 
impeller flow me te r  logs indicate t h a t  most of the  
groundwater flow occurs in the  upper fissure zone towards 
t h e  top of t h e  aquifer. Figures 24.6 and 24.7 compare 
temperature  logs with impeller flow m e t e r  measurements  

TEMPERATURE 
"C DIFFERENTIAL 

FLOW METER 
REV/SEC 

1-14 TEMPERATURE , 2 3 * 

limit of blank casing/ 
top of aquifer 

Figure 24.6. Temperature ,  differential  temperature  and 
flow me te r  logs a t  Kirmington ( s i t e  38). 

obtained in flowing ar tes ian  wells a t  Kirmington (s i te  38) and 
Tetney (s i te  54) respectively.  A t  Kirmington most  of t h e  
wa te r  en te r s  t h e  well  a t  a major fissure 20  m below t h e  top 
of t h e  aquifer and a t  o the r  shallower fissures. Although a 
deeper fissure occurs  4 5  m below t h e  top of t h e  aquifer,  t h e  
inflow a t  th is  level was  so  small  a s  t o  be  below t h e  threshold 
level of t he  flow meter .  A t  Tetney (Fig. 24.7) t h e  situation is 
more  complicated in t h a t  t he re  is evidence of minor flows 
between fissures a t  d i f ferent  levels. Aqain, however, 
virtually all t h e  wa te r  discharging a t  t he  well-head originates 
a t  fissures just a f e w  me t re s  below t h e  base of t h e  well 
casing. 

Saline groundwater s tudy 

To invest igate  t h e  spatial  distribution of saline 
groundwater in t h e  s tudy area ,  fluid conductivity logging was 
carr ied  out  by means  of a throughflow conductivity ce l l  
a t t ached  immediately beneath t h e  thermis tor  on t h e  
t empera tu re  sonde. Par t icular  a t t en t ion  was  paid t o  t h e  
t h r e e  coas ta l  saline zones defined in Figure  24.4. General 
character is t ics  and origins of t h e  saline w a t e r s  in these  zones  
a r e  shown in Table  24.1. Conductivity logs f rom t h e  t w o  
saline zones of g rea t e s t  concern (Grimsby and Eas t  of Louth) 
a r e  displayed in Figure  24.8. 

TEMPERATURE DIFFERENTIAL FLOW METER 
TEMPERATURE REV/SEC 

(UNCALIB.) 0 10 20 30 40 50 60 

DEPTH 
m 

10 

--- top of aquifer 

'Figure 24.7. Temperature ,  differential  temperature  and 
flow me te r  logs a t  T e t n e y  No. 3 ( s i t e  5 4 ) .  
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Table 24.1. Characteristics and origins of the saline groundwaters 

Saline zone Maximum salinity Origin Abstraction Degree 
at  depth (Howard and L loyd  ~n of 

mg/L 1983) area concern 
chloride 

Northern 

Grimsby 

Seepage f rom 
estuarine si l ts 

11 000 i) Old seawater intruded 
during Ipswichian 
interglacial  

East of Lou th  8 000 

i i )  Modern seawater 
intrusion 

Minor Moderate 

Minor 

Old seawater intruded 
during Ipswichian 
interglacial. Occurs Major 
up t o  8 k m  inland 

Major 

Major 

The study and predict ion o f  saline groundwater 
behaviour is commonly, and sometimes routinely, approached 
by assuming a sharp freshlsaline water interface and adopting 
techniques based on the Ghyben-Herzberg hydrostatic 
equilibrium relationship (Hubbert, 1940). Modern 
developments of these techniques now permi t  representation 
o f  zones of diffusion, mix ing and transient f l ow conditions 
(Cooper et  al., 1964; Segol and Pinder, 1976). Rarely, 
however, do such analytical advances cope adequately w i th  
aquifers that  are anisotropic and heterogeneous. 

The problem, indeed the fu t i l i t y  o f  adopting an 
analytical approach t o  the study of saline groundwater i n  
fissured Cretaceous Chalk is wel l  i l lustrated by the 
conduct ivi ty logs i n  Figure 24.8. As shown i n  Figure 24.8A 
only old saline groundwaters i n  a minor abstraction area east 
of Louth display i n  any way the classical ideal o f  a single 
(though diffuse) transition f rom fresh to  saline water. I n  a 
major pumping area around Grimsby (Fig. 24.8B) minor 
inflows at  fissures have transformed the salinity prof i le of 
similar deep, saline groundwaters in to a series of steps that  
mask the t rue position of the saline groundwater body. 
Remarkably, regular logging a t  several wells has shown that  
the stepped salinity prof i les are vir tual ly unaffected by the 
pumping condition of the well. This is a further indication of 
preferent ial  f low i n  the upper fissured zone w i th  only minor 
f low act iv i ty  a t  depth. 

Although preferent ial  f l ow i n  the upper zone of 
fissuring tends t o  reduce the incidence o f  upconing of old 
saline groundwater f rom depth, the zone can also provide an 
ef fect ive f low path for  the la tera l  intrusion of modern 
seawater. Fortunately this condition has been observed only 
t o  the south and east o f  Immingham where the chalk un i t  is 
exposed i n  the bed of the Estuary (Fig. 24.1). Figure 24.8C 
shows salinity profiles i n  wells affected by modern seawater 
intrusion. Character ist ical ly they show highest salinity at 
levels corresponding to  the in f low of saline water through the 
upper fissure zone and a moderation of salinity w i th  depth. 
Salinity profiles displaying simi lar ly hydrostatically unstable 
conditions have been recorded i n  association w i th  modern 
seawater intrusion along the south coast o f  England 
(Monkhouse and Fleet, 1975). 

Conclusion 

Flu id logs including temperature, di f ferent ial  
temperature, f lu id  conduct ivi ty and impel ler f l ow have 
proved an invaluable means of investigating the influence of 
fissuring on fresh and saline groundwater behaviour in  the 
chalk unit  of east central  England. 

Temperature and d i f ferent ia l  temperature logs reveal 
the importance of fissuring as the dominant groundwater f low 
mechanism. Two major fissure zones are ident i f ied but f l ow 
meter  measurements indicate that  the major i ty  of f low is 
confined t o  the upper zone immediately below the top o f  the 
aquifer. Neither fissure zone can be correlated w i t h  Chalk 
stratigraphy, but there is some evidence t o  suggest that  the 
development o f  certain individual fissures w i th in  the lower 
fissure zone may be associated w i th  specific argillaceous 
bands. 

Part icular ly important is the influence of fissuring on 
the behaviour of old saline water prevalent a t  depth i n  the 
east o f  the area. According t o  classical understanding the 
saline groundwater body should give r ise t o  a single 
freshlsaline water interface, the elevation o f  which is 
control led by densitylhead relationships. F lu id  conduct ivi ty 
logs suggest the classical ideal is approached only i n  the 
southeast where pumping is minimal. I n  high abstraction 
areas fresh water inf lows a t  fissures transform the borehole 
sal ini ty prof i le in to a series o f  steps that  disguise the t rue 
locat ion o f  the saline groundwater body. Below the upper 
zone of fissuring the inf lows are minor and i n  most cases the 
old saline groundwater body is barely disturbed. 

By contrast i t  is signif icant tha t  the saline water of 
recent seawater or igin tends to  be confined t o  the upper 
fissure zone where, due t o  preferent ial  horizontal f low, i t  
gives r ise local ly t o  a hydrostatically unstable salinity 
prof i le.  
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APPLICATION O F  MAGNETIC SUSCEPTIBILITY 
WITHIN CRYSTALLINE ROCKS 

B.A. c h o m y n l ,  P. ~ a p o i n t e ~ ,  W.A. Plorris3, and R.L. c o l e s 2  

Chomyn, B.A., Lapointe, P., Morris, W.A., and Coles, R.L., Application of magnet ic  susceptibil i ty 
within crystall ine rocks; Borehole Geophysics for  Mining and Geotechnical Applications, 
ed. P.G. Killeen, Geological Survey of Canada, Paper  85-27, p. 227-236, 1986. 

Abst ract  

This review highlights some of the  important  f ea tu res  of bulk magnetic susceptibil i ty measured 
on drillcore f rom the  Lac du Bonnet in Manitoba and Atikokan and Chalk River in Ontario. The 
variations in susceptibility r e f l ec t  changes in lithology, in particular a l tera t ion associated with 
f rac tured rock. Similar levels in susceptibility a r e  observed in the  Lac  du Bonnet rocks: 
susceptibility minima character ize  f rac tured and a l tered core; 'background' uniform susceptibil i t ies 
correspond t o  non-fractured, unaltered core; and anomalously high susceptibil i t ies coincide with 
magnetite-rich xenoliths. The Atikokan rocks exhibit generally higher and less varied susceptibil i t ies 
than Lac du Bonnet rocks. The metamorphosed and highly f rac tured Chalk River granite- 
granodiorites give values severa l  orders  of magnitude lower than t h e  o the r  research areas ,  wi th  t h e  
exception of anomalously higher susceptibil i t ies coinciding with metagabbro lenses and diabase dykes. 

Le present  rapport  f a i t  ressortir  cer ta ines  des caracter is t iques  importantes  des mesures  de  
susceptibil i te magndtique fa i tes  B par t i r  de  ca ro t t e s  provenant de la  zone du l ac  Dubonnet, au  
Manitoba, e t  dlAtikokan e t  d e  Chalk RIver, e n  Ontario. Les  variations de  susceptibil i te t raduisent  des  
changements  lithologiques, e n  particulier 11alt6ration associee B la  presence d e  roche f rac turee .  Des  
niveaux semblables de  susceptibilit6 magnktique peuvent &re  observes dans la  roche du l a c  Dubonnet: 
un niveau minimal d e  susceptibil i t6 caracter ise  l a  roche f r ac tu ree  e t  alter&; les susceptibil i tes 
uniformes ayan t  I7aspect d7un bruit  de fond correspondent B la roche non f r ac tu ree  e t  non a l teree;  
enfin, les susceptibil i tes anormalement  Blevkes coincident avec  la presence d e  xenolites riches en  
magnetite.  En g6n6ra1, la  roche dlAtikokan aff iche  des susceptibil i tes plus 6lev6es e t  moins vari6es 
que celle de  la roche du lac Dubonnet. Les granites-granodiorites metamorphoses e t  t r e s  f r ac tu res  d e  
Chalk River af f ichent  des valeurs de plusieurs ordres de grandeur inferieures celles qui ont  k t6  
observees 3 dlautres  endroits sond6s1 2 I'exception des  susceptibil i tes anormalement  61ev6es 
coincidant avec  l a  presence d e  lenti l les de metagabbro e t  de  fi lons intrusifs d e  diabase. 

Introduction 

The Canadian Nuclear Fuel Waste Management 
Program was formally init iated in June 1978 and i t s  prime 
objective is t he  disposal of nuclear waste  deep underground in 
s table ,  hardrock formations of the  Canadian Shield 
(Boulton, 1978; Boulton and Gibson, 1979; Boulton, 1980; 
Dixon and Rosinger, 1981; Sheng and Shemilt, 1981). There  
a r e  six research a reas  being studied, f ive  in Ontar io  and one 
in Manitoba (Fig. 25.1). In t h e  con tex t  of t he  program the  
measurement  of magnet ic  proper t ies  is one a spec t  of a ser ies  
of comprehensive geological and geophysical investigations 
undertaken within a given area.  

This review highlights some  of the  important  f ea tu res  
and correlations of bulk magnet ic  susceptibility measured on 
drillcore f rom t h e  Lac du Bonnet batholith in Manitoba and 
f rom granitic-granodiorite gneisses of Chalk River,  and the  
Eye-Dashwa grani t ic  pluton of Atikokan in Ontario. lvluch of 
the  research is ongoing. Some of t h e  investigations, such a s  
research on t h e  L a c  du Bonnet batholith and t h e  Eye-Dashwa 
Lake pluton, a r e  more  comprehensive than others.  In view of 

this, t h e  authors  have used some  examples  (Table 25.1) taken 
f rom a large collection of da t a  to  i l lus t ra te  some  of the  
important  f ea tu res  t h a t  have come t o  t h e  fore.  

Magnetic susceptibil i ty 

Magnetic susceptibil i ty i s  t h e  measure  of t he  ability of 
a sample  t o  become temporarily magnetized in a magnet ic  
field. The observed variation in bulk susceptibil i ty i s  
controlled largely by t h e  presence of iron and iron-titanium 
oxide minerals,  the i r  composition, grain s ize ,  and re la t ive  
abundance. Magnetite is the  most important  of the  iron 
oxides based on i t s  abundance and high values of 
susceptibility. Variations in susceptibility may ar ise  f rom 
changes in lithology, and in particular,  f rom t h e  a l tera t ion of 
primary iron oxide and possibly iron sulphide species, and 
f rom t h e  introduction of secondary iron oxide and/or iron 
sulphide species via fluid migration along f r a c t u r e  planes. 
The  recognition of particular susceptibil i ty signatures 
associa ted  with a l tera t ion about f r ac tu res  may provide a 
d i rec t  qual i ta t ive  e s t ima te  of the  significance of individual 
f r ac tu re  s e t s  for fluid movement (Coles, 1981). 

Atomic Energy of Canada Ltd., Energy Mines and Resources 
Ear th  Physics Branch, Energy Mines and Resources 
Morris Magnetics, Lucan, Ontar io  



Methodology 

The magnetic susceptibil ity o f  the cores was measured 
using a Bison Instrument Susceptibil ity Bridge model 3101A, 
w i t h  a 63.5 m m  diameter accessory coil, model 3110-6 (Bison 
Instruments, 1970). The quanti ty determined is the volume 
susceptibility, i.e. the magnetic moment per un i t  volume 
(Aim) per un i t  magnetizing force (A/m). Thus, "true 
magnetic susceptibility" is a dimensionless quantity. 

Every 2 m, a group of three measurements 0.1 m apart 
was made on core samples f r o m  the research areas. I n  cores 
U R L  1, - 2 ,  and -5 (Underground Research Laboratory, 
L a c  du Bonnet Batholith), measurements were taken every 
0.1 m wi th in  fracture zones and wi th in  intervals o f  marked 
l i thological change t o  record the near continuous change i n  
susceptibil ity i n  these zones. 

Lac du Bonnet batholith 

The WN and U R L  cores are f rom dril lholes a t  the 
Whiteshell Nuclear Research Establishment (WNRE) and 
Lac  du Bonnet, Manitoba respectively. These boreholes 
intersect the Lac du Bonnet batholith, a high-level granit ic 
intrusion wi th in  the Winnipeg River  bathol i th be l t  o f  the 
English River  subprovince i n  the Archean Superior Province 
(Beakhouse, 1977; Tarnmernagi e t  al., 1980). The bathol i th 
has been described by Tarnrnernagi e t  al. (19801, as a pink, 
medium- to coarse-grained, slightly porphyritic, granite- 
granodiorite, which attains a maximum width o f  25 k m  and an 
areal extent o f  over 1000 krn2. 

Generally, susceptibil ity plots show that  the cores can 
be divided in to  regions o f  d i f fer ing magnetic character. 
Hence, susceptibil ity signatures i n  the f i r s t  140 m o f  core 
wi th in  WN-1, WN-2 (Fig. 25.2) and WN-4 (Fig.25.31, are 
similar: "background", un i form susceptibil it ies 
(7 t o  10 x SI) occurring w i th in  the in terva l  0 t o  20 m 
correspond t o  non-fractured rock; susceptibil ity min ima 

(0 t o  2 x l o m 3  SI) i n  the in terva l  40 t o  90 m correspond t o  
highly fractured rock  (fracture frequency 5-35 
fractures/metre) and a grey fo l ia ted tonal i te zone (Coles and 
Morris, 1981). I n  WN-2 f ractured rock  prevails throughout 
the length o f  core f r o m  35 m t o  approximately 150 m, 
coinciding w i t h  generally variable and low susceptibil it ies 
w i th  the exception o f  a susceptibil ity increase a t  100 m. The 
high (25 x I.O-~ SI) corresponds t o  a magnetic anomaly which 
i s  notably present i n  a l l  cores. Un i fo rm background 
susceptibil it ies (7 t o  10  x 51) occur i n  the in terva l  140 m 
t o  480 m i n  WN-1, w i t h  except for a low a t  380 m t o  440 m. 
This region of susceptibil ity minima coincides w i t h  a major 
f racture zone, also observed i n  WN-4, exhibiting fracture 
frequencies i n  the order o f  4 t o  48 fractures/metre. Many of 
the fractures are open. Core WN-4 exhibits more variable 
susceptibility. In te rmi t ten t  lows occurring i n  the in terva l  
100 m t o  200 m correspond t o  fractured and altered rock. 
Somewhat higher values i n  the  intervals 200 m t o  380 rn and 
500 m t o  740 m coincide w i t h  less altered, less f ractured and 
comparatively homogeneous core. The amplitude and shape 
o f  the magnetic signatures corresponding t o  the  major 
f racture zones, the tonal i te  layer, and the  magnetic anomaly 
a t  100 m, are simi lar i n  a l l  the WN cores. 

The re la t ion between susceptibility, l i thology and 
fractur ing is evident i n  the U R L  cores. We see f r o m  a three- 
dimensional p lo t  of the smoothed susceptibil ity of cores 
U R L - 1  t o  -7 (Fig. 25.4), tha t  simi lar levels and types o f  
susceptibil ity are observed i n  a l l  cores except U R L - 4  (a short 
core). The levels o f  susceptibil ity are grouped in to four types 
(Chomyn and Lapointe, i n  press): (i) susceptibil ity minima 
(0 t o  5 x SI); (i i) "background" susceptibil it ies (7 t o  
10 x SI); ( i i i )  intermediate susceptibitities (10 t o  
20 x 10-3 SI) and (iv) susceptibil ity maxima (20 t o  
1 0 0 x  SI). The min ima are common t o  a l l  cores 
generally w i th in  the f i r s t  150 m, corresponding i n  most 
instances t o  zones o f  intense f ractur ing w i t h  f racture 
frequencies i n  the order o f  32 fractureslmetre and greater. 

Figure 25.1 

Locations of Atomic Energy of 
Canada Ltd.,  research areas in 
Manitoba and Ontario. 



A n  example o f  a well-defined fracture zone i n  U R L - 1  coarse-grained magnetic minerals. I n  U R L - 1  (Fig. 25.6) 
between 80 m and 160 m and corresponding susceptibil ity maxima predominate i n  the intervals 400 m t o  t o  620 m. The 
minima i s  shown i n  Figure 25.5. The recorded bulk uniform 'background' susceptibil it ies tha t  character ize 
susceptibil ity values are low (0 t o  4 x SI) i n  comparison homogeneous, non-fractured unaltered rocks, for example i n  
t o  the higher values measured i n  the enclosing less-altered, URL-1  at  60 m t o  210 m and 630 m t o  680 m, occur i n  
non-fractured rock. The re la t ion between f ractur inq and varying amounts i n  a l l  cores. 
susceptibil ity is wel l  defined i n  Lac du Bonnet core because 
o f  the overal l  high magnetic content o f  the rock. Other 
occurrences o f  susceptibil ity lows tha t  are no t  associated 
w i th  major fracturing, coincide w i th  hemati te in f i l led 
hairl ine fractures (<3 cm), and intervals o f  core tha t  are 
depleted i n  i ron oxides. I n  contrast t o  the w e l l  defined 
susceptibil ity lows characterizing major f racture zones, these 
features produce poorly defined lows and are no t  common. 
Susceptibility maxima coincide w i th  the presence of xenoliths 
and w i t h  intervals o f  core containing large and 

I t  is evident tha t  comparable levels o f  magnetic 
susceptibil ity are found i n  the WN and U R L  cores. 
Susceptibil ity minima (0 t o  5 x SI) characterize 
fractured and a l t ~ r e d  rock; un i form susceptibil it ies ranging 
f rom 7 t o  12  x 10  51 correspond t o  re la t ive ly  homogeneous, 
unaltered core; and susceptibil ity maxima, tha t  is anomalous 
values i n  susceptibil ity denote intervals o f  rock encompassing 
abundant magnetite. Susceptibil ity is more varied i n  the 
U R L  than i n  the WN, perhaps ref lect ing greater l i thological 
heterogeniety w i th in  the bathol i th  i n  the v ic in i ty  o f  the URL. 

Table 25.1. Character ist ic magnetic susceptibil it ies measured on dri l lcore f r o m  the 
respective research areas 

Research Area Borehole Depth Rock Type 

(Metres) 

Susceptibil it ies 

I 
Whiteshell Nuclear 
Research Establishment 
(Manitoba) 

L a c  du Bonnet Bathol i th  

WN- 1 minima: 0 t o  4 x SI medium-to coarse-grained 
sl ight ly porphyri t ic 
granite-granodiorite 

maxima: 20 t o  80 x SI 
background: 7 t o  12 x SI 

Underground Research 
Laboratory (Manitoba) 

L a c  du Bonnet Bathol i th  

minima: 0 t o  4 x SI 
maxima: 20 t o  100 x SI  
background: 7 t o  12 x SI 

U R L - 1  
U R L - 2  
U R L - 3  
U R L - 4  
URL-5  
U R L  - 6 
U R L - 7  

same as above 

Chalk River, Ontario 

minima: 0 t o  4 x SI 
maxima: 20 t o  100 x lo - '  S 
background: 5 t o  7 x l o - '  SI 

garnetiferous quartz 
monzonite; amphibolite t o  
granulite metamorphic grade 

Atikokan, Ontario Eye-Dashwa Lake Pluton 

ATK - 1 minima: 0 t o  10 x SI medium t o  coarse-grained 
porphyritic, hornblende- 
b io t i te  granite 

ATK - 2 
ATK-3  
ATK-4  
ATK-5  

maxima: 25 t o  50 x S 
background: 17 t o  22 x SI  



Chalk R ive r  

The Chalk River  research area ly ing w i th in  Atomic 
Energy o f  Canada Limited's (AECL) Chalk River  Nuclear 
Research Establishment, is underlain b y  complex folded rocks 
o f  the Canadian Shield and overlain by Pleistocene deposits. 
The area is l i thological ly heterogeneous and structural ly 
complex. The main rock unit, a folded sheet o f  garnetiferous 
quartz monzonite, comprises granit ic rnonzonitic and syenitic 
phases, and is overlain and underlain by paragneisses, and 
discontinuous pods of metagabbro (Dence and Scott, 1979). 
The rocks are o f  amphibolite t o  granulite regional 
metamorphic grade. The area is cu t  by  numerous faults and 
fractures (Brown and Roy, i n  press). Susceptibil ity values o f  
the C R  cores are about 5 x lo - '  51; an order of magnitude 
less than the average values o f  the L a c  du Bonnet and 
At ikokan granites. However, caution is advised i n  the 

MAGNETIC SUSCEPTIBILITY 

W N 1  
RAW SUSCEPTIBILITY SMOOTHED SUSCEPTIBILITY 

(SIX ( SI x 10-3) 

MAGNETIC SUSCEPTIBILITY 
W N 2  

RAW SUSCEPTIBILITY SMOOTHED SUSCEPTIBILITY 
(SI x 10-3) (SI x 10-3) 

Figure 25.2. Plots of raw and smoothed susceptibility of 
cores WN-1 and WN-2. The smoothed curve is obtained by 
averaging three measurements, O. lm apart, per 
susceptibility sampling interval. The horizontal lines in the 
raw data join maximum and minimum susceptibility 
measurements within the 2 m interval. This plotting 
technique applies t o  the smoothed susceptibility logs in 
subsequent figures. 

interpretat ion of the data, because the average magnetic 
susceptibil ity values are close t o  the resolution o f  the 
susceptibil ity instrument (Coles, i n  press). 

I n  CR-1, min ima predominate i n  regions o f  extensive 
fractur ing and shear zones; i n  part icular i n  the  intervals 80 
t o  110 m, 160 m t o  175 m, and 230 m t o  240 m. O f  the t o t a l  
length of core (270.6 m), the upper 160 m exhibits a higher 
level o f  susceptibil ity than the remaining 110 rn. This 
feature ref lects  a higher maf ic  content i n  the former than i n  
the latter. 

CR-2  is more extensively f ractured throughout i t s  
213 m than CR-1, a character ist ic re f lected i n  i t s  overal l  low 
susceptibil ity values (0-2 x lo- '  SI). 

CR-3, l i ke  CR-2 i s  a short core (160.5 m). I t exhibits 
somewhat higher values o f  susceptibil ity i n  the f i r s t  100 m of 
core than i n  ei ther C R - 1  or CR-2. The higher susceptibil ity 
re f lects  the predominance o f  maf ic  r i c h  units: amphibolites 
and pyroxenites. A quartz monzonitic gneiss occurs i n  the 

MAGNETIC SUSCEPTIBILITY 

W N 4  
RAW SUSCEPTIBILITY SMOOTHED SUSCEPTIBILITY 

(SI x 10-3)  (SI x 10-3) 

Figure 25.3. Plots of raw and smoothed susceptibility for 
core WN-4. 



URL BOREHOLES NO. 1 TO 7 
MAGNETIC SUSCEPTIBILITY 

Figure 25.4. Three dimensional plot of smoothed susceptibility of cores URL - 1 ,  -2, -3, - 4 ,  - 5 ,  -6 
and -7,  portraying characteristic susceptibility 'zonest. 



remaining 60 m of CR-3, and is also characterized by wel l  
developed f ractur ing and brecciation. This in terva l  o f  
fractur ing is marked by decreased susceptibil ity i n  
comparison w i th  the less fractured core above 100 m. 

CR-4 is simi lar ly highly fractured. A n  extensive zone 
o f  fractur ing and fault ing occurs f rom 80 m t o  100 m, 
containing several zones o f  open fractures tha t  correspond t o  
susceptibil ity near zero. A susceptibil ity maxima (greater 
than 100 x l o - +  SI) occurs a t  100 m and denotes~ the 
intersection o f  the core by a diabase dyke. Pyroxenite and 
arnphibolite units and less fractured rock occurring above this 
zone (shallower than 50 m) account fo r  generally higher 
susceptibilities. 

MAGNETIC SUSCEPTIBILITY 

(SI x 

FRACTURES / m 

Figure 25.5. Plot of susceptibility measured at 10 cm 
intervals in URL-1 between 80 and 160 m. Note correlation 
between susceptibility minima (solid line) and fractured rock 
(stippled area). 

Higher and somewhat more variable susceptibil it ies are 
observed i n  CR-5. Susceptibility maxima (20 t o  80 x SI) 
occurring i n  the intervals, 70 m t o  105 m, 125 m t o  140 m and 
210 m t o  the end o f  the core (230.1 m), coincide w i t h  
intervals o f  core tha t  are less f ractured (fracture 
frequencies 5 t o  35 fractures/metre). B y  comparison the 
upper and middle port ion of CR-5 i s  more fractured (25 t o  
100 fracturestmetre) with- corresponding susceptibil ity 
minima values o f  0 t o  2 x 10  SI. 

I n  CR-6, a pronounced increase i n  susceptibil ity occurs 
f rom 200 m t o  300 rn which coincides w i th  the presence o f  a 
diabase dyke (Fig. 25.7) ( f racture and l i thological logs of 
CR cores, Dugal and Kamineni, i n  press). 

There are no diabase uni ts  or anomalous zones i n  CR-7. 
L o w  and re la t ive ly  uniform susceptibil it ies character ize the 
152 m of core. 

I n  CR-8 several anomalous zones occur around 50 m 
and f r o m  240 m t o  270 rn. The la t te r  zone coincides w i t h  
lenses of metagabbro; the former corresponds t o  an in terva l  
o f  less fractured rock (2 t o  5 fractureslmetre) as compared 
t o  the more extensively f ractured rock (20 t o  
100 fractureslmetre) and attendent susceptibil ity min ima 
character ist ic o f  the rest of the core. 

Over i t s  704.3 m length, the susceptibil ity values o f  
CR-9 are generally low except fo r  a few zones. A n  
unmetamorphosed diabase dyke coinciding w i t h  susceptibil ity 
maxima (40 t o  greater than 100 x l o - '  SI) occurs w i th in  the 
intervals 40 m t o  60 m (Fig. 25.8) and a metagabbro w i t h  
simi lar susceptibil it ies occurs f rom 480 m t o  670 m (Chernis 
and Hamilton, i n  press). Two dist inct magnetic zones which 

URL - 1 
RAW SUSCEPTIBILITY SMOOTHED SUSCEPTIBILITY 

Figure 25.6. Plots of raw and smoothed susceptibility of 
URL-1. As in previous figures, the smoothed curve is 
obtained by averaging three measurements, 0.1 m apart per 
susceptibility sampling interval. 
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Figure 25.8. Raw and smoothed susceptibility plots and fracture and lithological logs of CR-9. 
Anomalous zones correspond to  an upper unmetamorphosed diabase dyke, and a lower metagabbro 
unit. 



a r e  believed t o  be lithologically d i f ferent  a r e  distinguished E ~ e - D a s h w a  ~ l u t o n ,  Atikokan 
within t h e  metagabbro unit (Coles e t  al., in press); one f rom Bulk magnet ic  susceptibil i ty measurements  were  made 
580 615 and the 615 670 m. The on f ive  cores  drilled within t h e  Eye-Dashwa grani te  pluton 
susceptibil i ty signature of t h e  remaining in tervals  of c o r e  i s  north of ~ t i k ~ k ~ ~ .  -rhe pluton, averaging 14 km in length and 
comparable t o  t h e  signatures of t h e  previous CR cores. 7 km in width, occur s  within t h e  Superior Province  of t h e  

Canadian Shield. I t  is described a s  a massive medium- t o  
coarse-grained porphyritic, hornblende-biotite grani te  
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surrounded by tonalitic gneisses which are in  turn enveloped 
by metavolcanics (Kamineni and Stone, 1983). The relatively 
homogeneous ~ r a n i t e  gives susceptibilities in  the order of 
17 to  18 x 10- SI, which are higher and generally more 
uniform i n  comparison wi th values from drillcore of the other 
research areas. Deviations from this value are indicative of 
lithologic change and/or alteration of the magnetic minerals 
by secondary geologic processes. 

The magnetic susceptibility of core ATK-1 (Fig. 25.9) is 
variable throughout i t s  1160 m (fracture and lithological logs, 
Dugal e t  al., 1981). The f i rs t  0 to  150 m of core, as in  ATK-2 
and ATK-3, is marked by many minima (0 to 10 x SI) 
that correspond to  major fracture zones. Somewhat higher 
susceptibilities (20 x SI) wi th several lows occur from 
100 m to 1000 m reflecting the presence of less fractured 
rock. A major fracture zone at 1000 m to  the end of the core 
(1150 m) is denoted by variable and low susceptibilities. 
Similarly, the occurrences of several fracture zones at 0 m to  
180 m, and 185 m to  195 m i n  ATK-2, and 50 m to 140 m, 
180 m to 260 m and 300 m to  380 m in  ATK-3 coincide wi th 
susceptibility minima (0 to 4 x SI). Fracture frequencies 
in  these intervals range f rom 5 to  55 fractures/metre; the 
more extensive the fracturing and associated alteration, the 
lower the susceptibility value. Similar features are observed 
i n  ATK-4 and ATK-5; magnetic susceptibility lows at 20 m, 
from 80 m t o  270 m in ATK-4, and 0 m to  530 rn and 1230 m 
to  1270 min ATK-5, correspond to fractured rock exhibiting 
fracture frequencies ranging from 5 to 90 fractures/metre. 
The core immediately between this fracture interval i n  
ATK-5 is less altered, and gives corresponding higher 
susceptibilities (18 to 22 x SI), wi th relatively low 
fracture frequencies (0 t o  10 fracturefmetre). I n  the ATK 
cores, the fracture fil l ings are of several generations. The 
oldest being pegmatite, aplite and hornblende porphyry 
fillings. Those younger include epidote, chlorite, diabase, 
iron oxides, gypsum, carbonate and clay (Stone and 
Kamineni, 1981). The magnetic data show that ATK-5 is 
from an area that has a tota l  f ield 100 gammas greater that 
the ATK-1 to  4 cores; a feature that could correspond to the 
higher levels of susceptibility measured i n  the ATK-5 core 
(J. Hayles, personal communication, 1984). 

Summary 

The magnetic susceptibility measurements on dril lcore 
from the Lac du Bonnet batholith, the Eye-Dashwa Lake 
pluton and the Chalk River research area have been used t o  
effectively characterize the differences in  lithology of these 
various rock bodies. Although the levels of susceptibility 
vary from one research area to  the next, the following 
significant similarities in the types of signatures are noted: 

1. Fractured, brecciated and altered rock i n  most a l l  cases 
correspond to susceptibility minima. This observation has 
been shown true wi th respect to  the major fracture 
systems i n  ATK, WN, CR and, i n  particular, i n  the URL 
core. 

2. Anomalous values of susceptibility ref lect  lithological 
changes, such as xenoliths comprising magnetite, dykes 
with high magnetite concentrations, etc. 

3. Unaltered core gives correspondin uniform 
susceptibilities of about 7 to 12 x lo - '  51 for WN 
and URL, and 17 to 22 x SI for ATK. 

4. Variability i n  susceptibility arises as a result of 
lithological change. The more variable the susceptibility, 
the more heterogeneous the rock body. This feature is 
evidenced by the heterogeneity of URL core compared t o  
homogeneity of ATK core. 

5. Similarities in  the types and levels of magnetic 
susceptibility are observed i n  the URL and WN cores. The 
ATK values are slightly higher, corresponding to a Inore 
magnetic rock type. The metamorphosed and highly 
fractured CR cores give the lowest values in  
susceptibility compared to  the other research areas. 
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Abstract 

Borehole magnetometry has been ut i l ized a t  Rautaruukki Oy since the la te  1950s using 
equipment developed by the company. Measurements of three orthogonal components of the 
magnetic f ie ld  are used for  ore prospectng and i n  the planning o f  mining operations. In teract ive 
programs have been developed f o r  data processing and fo r  interpretat ion using the Hewlet t -  
Packard 9845 desktop computer. The program uses 2-D models, but  the ef fect  of the th i rd  
component of the magnetic f i e ld  i n  a dr i l l ing prof i le  that  does not run perpendicular to  the str ike of 
the body can also be calculated. Results obtained f rom magneti te ores are described and the 
applicabil ity of the method i n  the search f o r  sulphide ores is discussed. 

L a  soci6t6 Rautaruukki Oy  poursuit l a  prospection magn6tom6trique des sondages depuis l a  f i n  
des ann6es 50 en ut i l isant des appareils qu'elle a elle-mkme mis au point. Les  mesures obtenues des 
trois composantes orthogonales du champ magngtique sont utilisees pour l a  prospection des minerais 
e t  l a  planif icat ion des act iv i t6s minikres. Des programmes in teract i fs  pour l e  t ra i tement  e t  
11interpr6tation des donnBes ont  6 t6 Blabor6s B I'aide d'un ordinateur de table Hewlett-Packard 9845. 
L e  programme ut i l ise des modgles en deux dimensions mais peut Bgalement calculer I 'e f fe t  de l a  
troisikme composante du champ magn6tique dans un p ro f i l  de forage qui n'est pas perpendiculaire a l a  
direct ion de l a  masse min6ralisee. L e  rapport dtScrit les r6sultats de I'btude des minerais de 
magneti te e t  l a  possibilit6 d'utiliser ce t te  m6thode pour l a  prospection des sulfures. 

Introduct ion converaence and diveraence of the vectors bv  reference t o  

Magnetic 3-component measurements i n  boreholes are 
not commonly used i n  mining and ore prospecting i n  the 
world, par t ly  due t o  the f a c t  tha t  generally magneti te i ron 
ore stoping blocks have increased t o  such a size tha t  borehole 
measurements i n  them are no longer of any significance. On 
the other hand, interest has been aroused recently i n  the 
possibil ity o f  using the magnetic 3-component method i n  
addition to  electromagnetic borehole measurement methods 
t o  study polymetal l ic ores. 

The stimulus fo r  the development of the 3-component 
magnetometry technique a t  Rautaruukki Oy was the need t o  
solve cer ta in  problems associated w i t h  the  investigation and 
extract ion o f  the complex i lmenite-magneti te ore a t  the 
Rautaruukki's Otanmaki mine i n  the mid-1950s 
(Paarma, 1954; Paarrna and Levanto, 1958). This l e d  t o  i t s  
establishment as a rout ine method a t  the company's mines 
and i n  i t s  exploration work. The method is now used i n  a l l  
boreholes made fo r  prospecting purposes, provided tha t  the 
magnetic anomalies a t  the surface are s u f f i c ~ e n t l y  strong. 

The simplest means of interpret ing the results of 
magnetic 3-component measurements consists of 
examination o f  the measured magnetic f i e l d  vector i n  t w o  
perpendicular planes. The locat ion o f  the poles of the 
magnetized rocks can then be calculated f rom the 

the ar& o f  a c i rc le  ( ~ e v a n t o ,  1963). A methob based on the 
approximation of sheet models by means of l ine poles has also 
been proposed, i n  which the zero points for  the horizontal and 
vert ical components o f  the anomaly f i e ld  are determined and 
the locat ion of the pole or poles ascertained f rom these using 
a set of model curves (Lantto, 1973). However, such visual 
and graphical methods prove inadequate as soon as one i s  
dealing w i th  even sl ight ly more complicated results, and thus 
computer technology has been introduced t o  develop bet ter  
interpretat ion programs and calculat ion methods. It has been 
shown tha t  the knowledge o f  t w o  perpendicular components 
of the magnetic f i e ld  yields new possibilities fo r  using the 
inversion technique and an exact s impl i f ied formulat ion o f  
the anomalous f ie ld  (Kunaratnam, 1972; Hjel t ,  1976a). A n  
in teract ive program fo r  processing and interpret ing magnetic 
3-component measurements on a Hewlett-Packard 9845 
desktop computer have been developed (Hat tu la  and 
Hje l t ,  1981). The program uses the technique of the 
demagnetization factor  fo r  calculat ing magnetic anomalies 
o f  bodies w i t h  h igh susceptibility. A good basis t o  compare 
the rap id calculat ion methods used i n  interact ive 
interpretat ions and t o  estimate accuracies is the technique 
where the surface integral equation i s  solved numerical ly by  
using the method o f  subsections. This enables precise 
solution of the inhomogeneous magnetization o f  complicated 
bodies (Eskola and Tervo, 1980). 

Rautaruukki Oy  Exploration, P.O. Box 217, SF-90101 Oulu 10, Finland 



Measurements and data pmcessinq The 3 fluxgate elements in  the probe are f i xed  t o  the same 

The borehole magnetometer 3DHM-4 comprises a 
borehole probe w i th  inclinometer and an electronic unit. The 
3 components of the magnetic f lux density are measured i n  a 
co-ordinate system determined by the borehole i tself :  the 
f i rs t  component i n  the direct ion of the borehole, the second 
i n  the ver t ica l  plane determined by the borehole and 
direct ion perpendicular t o  it, and the th i rd  a t  right-angles 
t o  the previous two, making up the horizontal component 
(Fig. 26.1). The diameter of the probe is 32 mm. 

frame, which is turned around an axis paral lel  t o  the f i rs t  
component by  a servomotor control led by  a positioning 
element suspended f r o m  a torsion w i re  (a pendulum). The 
a im i n  the construction of the device was t o  achieve a 
mechanically durable structure which would enable 
measurements t o  be carr ied out i n  pract ica l ly  ver t ica l  
boreholes (Hattula and Paarma, 1981). Measurements are 
performed stepwise along the borehole. 

DIRECTION OF COIL 
(hor izonta l  1 

p\:A/+ / /.-+, 
TTT f ?>, 

Jw UlHELTl  
( d i r e c t i ~  

DIRECTION OF COIL I1 

Figure 26.1. The components measured with the borehole magnetometer 3 D H M - 4 .  

RAUTARUUKKI OY Exploration 
OTANM#KI Borehole I V / 1 2 4  
Declination of BH I V / 1 2 4  is 210 gon 

Figure 26.2. The form of presentation of measured anomaly field. Projections of 
the borehole from a side (solid vectors)  and from back (dished vectors) .  
y =distance t o  the east in metres,  z = depth in metres ,  angle in gon (= grade). 
Note: 1 gon (grade) = O.gO. 
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The sensitivity of the magnetometer is approximately 
? 100 nT fo r  each component, and the measurement range 
+ 100 p T ,  although the actual l im i t s  of accuracy may run  
in to hundreds o f  nanoteslas, due t o  various sources o f  error 
such as inaccuracies i n  the determination of the direct ion of 
the borehole, imprecisions i n  the positioning o f  the f luxgate 
coils, the di f ference in  diameter between the borehole and 
the probe and temperature d r i f t  (Levanto, 1963). 

The principal task i n  the processing of the results is the 
elimination of the regional geomagnetic field, which is best 
done fo r  each measured component separately. Depending on 
the direct ion o f  the borehole i n  relat ion t o  the earth's field, 
any one component may emerge as c r i t i ca l  for  recognition of 
the t rue or ientat ion o f  the probe at  the moment o f  
measurement. The decisive step is the determination o f  the 
correct orientation o f  the borehole, since the measurements 
take place on a system of co-ordinates related t o  this. Even 
quite small errors, the causes o f  which can be extremely hard 
t o  detect, can strongly af fect  the f ina l  results. 

The results are presented i n  the form of anomaly 
vectors caused by bodies i n  the ver t ica l  cross-section and as 
projections onto the ver t ica l  plane running perpendicular t o  
that determined by the borehole (Fig. 26.2). The a im of the 
la t te r  is t o  i l lustrate the ef fect  o f  the horizontal component. 
The results can conveniently be processed using the program 
devised for the HP 9845 desktop computer (Fig. 26.3). 

The most typical errors are recognized as small  
constant vectors caused by horizontal component i n  the 
project ion (Fig. 26.4a). This indicates tha t  some mistake has 
probably been made i n  the determination of ei ther the la tera l  
direct ion of the borehole or i n  the horizontal components of 
the regional geomagnetic field. Even small inaccuracies i n  
measuring the incl inat ion of the borehole can seriously a f fec t  
the results when dealing w i t h  weak magnetic anomalies 
(Fig. 26.4b). I n  the f igure the borehole has been dril led 
towards the magnetic south, and i t  can be seen tha t  even an 
error of just one degree i n  i ts  angle of incl inat ion can alter 
the results substantially, i n  this case causing an error i n  the 
computation of the depth of the lower pole. This serves to  
demonstrate that the question o f  the sensitivity of the 
instrumentation can easily take second place to  the 
el iminat ion of error factors when developing the 
3-component technique f o r  use w i t h  weakly magnetized ores. 

In terpretat ion 

The main idea i n  constructing the  interpretat ion 
program for  magnetic borehole measurements was the 
achievement of speed, versatil ity, and the accuracy 
necessary i n  pract ical situations using an interact ive system. 
The program is installed on a HP 9845 desktop computer and 
is intended t o  be a simple technical aid which w i l l  allow the 
geophysicist t o  concentrate his attentions on obtaining an 
overall solution t o  the geological/geophysical problem i n  
hand. This is part icular ly important i n  the processing of 
borehole results, as one is already dealing w i t h  3-dimensional 
structures in  the source area itself. 

The interpretat ion employs 2-dimensional plates w i th  a 
parallelogram cross-section arranged i n  arb i t rary  attitudes 
(Fig. 26.5). Since the borehole w i l l  run  a t  an angle t o  the 
geological strike, the model can be positioned i n  accordance 
w i th  the actual geological structure and processed by means 
of the anomaly vectors i n  the section of the  borehole. I n  
rea l i ty  the calculations are performed i n  sections 
perpendicular t o  the 2-dimensional model and the results are 
then transformed back i n t o  anomaly vectors corresponding t o  
the section under examination. The algori thm employed i n  
the calculations is a complex solution fo r  a 2-dimensional 
th ick plate (Hjelt, 197613). The formulae are transposed in to 
rea l  and imaginary parts, since complex variables cannot be 
used i n  the BASIC language of the H P  9845 computer 
(Turunen, 1978). The demagnetization e f fec t  due to  the 
shape of the body is taken in to account on the basis of the 
dimension relations i n  the model (Joseph, 1967). 

The interpretat ion program is made up o f  independent 
modules. A f t e r  the input o f  the in i t i a l  data (measurements, 
earth's field, etc.), the program execution resembles, w i th  an 
interrupt ion faci l i ty,  tha t  o f  a rea l - t ime system. The central  
blocks i n  the structure diagram (Fig. 26.6) indicate that  the 
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Figure 26.6. Block structure of  the interactive magnetic 
Figure 26.5. Basic coordinate and model parameters. interpretation system.  



various functions are a l l  equally accessible t o  the operator 
through the control and display facil it ies. The measured and 
calculated anomalies are compared on the CRT screen of the 
HP 9845 computer i n  the f o r m  of magnetic f i e ld  vectors and 
recorded on a pr inter or plotter.  I n  deciding upon the 
locat ion o f  new models, assistance may be had f rom 
recordings of the differences between the measured and 
calculated vectors. The anomaly created by remanent 
magnetization can be accounted fo r  together w i t h  the 
induced magnetism and i t s  effect,  which is also recorded 
separately. 
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The accuracy of the interpretat ion method can be 
i l lustrated best by reference t o  the anomaly f i e ld  associated 
w i th  certain theoret ical models. The vector maps indicate 
the behaviour of the magnetic f i e ld  a t  various distances f r o m  
many causative bodies (Fig. 26.7, 26.8). The vectors inside 
the models denote magnetizations. The calculat ion method 
used i n  the interact ive interpretat ion program is compared 
w i t h  the same results as obtained b y  the method of 
subsections. The e f f e c t  of inhomogeneous magnetizat ion 
upon the f ie ld  is considerable near the corners of the 
magnetized units, but the errors diminish rapidly w i t h  

Figure 26.7 ( lef tF26.8 (right) Magnetic anomaly field vectors  maps of some models computed a )  by 
the method of  subsections and b )  by  the method based on homogeneous magnetization wi th 
demagnetization correction. The susceptibility of each model is 4 SI units. The point grid is 
20 x 20 m .  (Avdevich e t  a l . ,  1981). 



& / 2 0 0 0 n ~  S,Ho/20 & 
Method of subsections - ---- --- 

I Plate models - - 
1 K - 3  SI 

Figure 26.9. Magnetization and anomaly fields in a borehole near a fold 
represented by polygons computed using the method of subsections and 
the method used in interactive interpretation system (Avdevich e t  al., 
1981). 
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Figure 26.10. ~c'currences of ores at the 0thnmiiki mine, level +225 m. 



Table 26.1 Output parameters of the interpretation profile 
Y 5350 from the Valimalmi orebody at Otanmaki mine. Other 
parameters are described i n  Fiqure 26.5. 

T0 = 51900 nT T1 = 51856 nT H1 = 41.3 A/m 
10 = 83.0 gon I1 = 83.2 gon 
Declination of interpretation profile = 210 gon 

N X0/m D/m ~ d / m  H/m FII/gon K/SI J/(A/m) 
Q-ratio Ri/gon Rd/gon KU/gon KK/gon 

intensity of the main geomagnetic f ield 
inclination of geomagnetic f ield 
magnetic f ield i n  interpretation cross-section 
inclination of magnetic f ield i n  interpretation cross-section 
number of model 
susceptibility in  51 units 
magnetization 
ratio of remanent t o  induced magnetization 
inclination of remanent magnetization 
declination of remanent magnetization 
strike of body 
plunqe of body 

Table 26.2 Output parameters of the interpretation profile 
Y 1775 f rom the Huuhtijarvi orebody a t  the Kotalahti mine. 

T0 = 51700 nT T1 = 51692 nT H1 = 41.1 A/m 
10 = 82.4 gon I1 = 82.4 gon 
Declination of interpretation profile = 204 gon 
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Figure 26.12. Geological profile Y 5350 from Valimalmi, Otanmaki mine. 
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increasing distance. The vector anomaly maps also 
demonstrate that fields can vary a l o t  and may be weak even 
quite close to  the magnetized body due t o  the masking e f fec t  
o f  other bodies. Thus, by subtracting the theoret ical f ields of 
the known models f rom the to ta l  measured field, it is possible 
to  reveal previously hidden bodies. The possibilities for  
interpret ing more complex structures such as folds using 
plate models may be demonstrated i n  the fo rm o f  a 
theoretical example o f  borehole results compared w i t h  the 
method Of subsections (Fig. 26.9). The resulting magnetic 
f ie ld  proved fa i r ly  consistent even without any at tempt  being 
made to reconstruct the fo ld  f rom the parallelograms i n  any 
great detail, and the dif ference is reduced fur ther  a t  lower  
levels of susceptibility. The magnetic field, excluding the 
corners o f  the bodies, may be taken t o  be reproducible f r o m  
other boreholes, since the magnetizations i n  the centres o f  
the bodies are very close t o  being exact. Since actual 
geological structures are not  regular i n  shape, this method o f  

interact ive interpretat ion based on homogeneous 
magnetization, w i t h  a constant demagnetization correct ion 
according t o  shape o f  the body, is suf f ic ient ly  accurate fo r  
pract ical purposes. Where necessary, one can always resort 
to  theoret ical anomaly fields resolvable by the method of 
subsections. 

Examples 

Otanmaki 

The Otanmaki mine exploits a vanadium-bearing 
i lmenite-magneti te deposit which i s  associated w i t h  gabbroic 
intrusions. It consists o f  hundreds of small, i rregular ore 
lenses spread over a broad, heterogeneous zone (Fig. 26.10). 
The individual lenses, most of which are steeply dipping, vary 
i n  length f r o m  20 t o  200 m and i n  width f r o m  3 t o  30 m 
(Lindholm and Anttonen, 1980). 

RRUTRRUUKKI OY Exploration 
VUOROKRS BH-95 
SUSCEPTIB IL ITY  

Figure 26.15. Susceptibility at the Vuorokas BH-95 measured from core samples. 

10- 51988 n l  TI- 51158 n l  HI- 48.7 A/. 
10- 83.3 gon 11- 87.1 gon 

H X0la Dim ZWo H/a FIl/gon KG1 J/lFvml 
0-ratlo Rl/gon Rd/gon K W p n  KK/gon 

I 1621.2 12.8 5.0 130.1 118.7 .02 25.8 
18.8 83.3 8.8 255.8 0.8 

2 1640.3 21.6 5.8 130.2 111.2 .81 18.8 
48.8 03.3 0 . 8  255.8 8.0 

3 1673.8 23.3 5.8 130.7 118.9 .El 18.B 
48.8 33.3 8.8 255.0 0.8 

RRUTRRUUKKI O Y  E x p l o r a t i o n  
VUOROKRS BH-95 

10 000 n T  
Measured  .....----.-, 
Computed 

Figure 26.16. Interpretation a t  magnetic 3-component data measured from the 
Vuorokas BH-95. Declination o f  the profile is 155 gon. (Symbols as in Fig. 26.5 
and Table 26.1). 



Figure 26.17. Geological cross-section Y 1775 a t  the ~uuht l jarv i  orebody of  the Kotalahti mine. 

z 1000 

Figure 26.18. Magnetic 3-component data of the drilling profile Y 1775 from the 
~uuht i jarv i  orebody and computer anomaly vectors ,  which are very  small without 
remanent magnetism. 

HUUHTIJARVI 
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The susceptibility range corresponding t o  t h e  magne t i t e  Since t h e  o re  body is composed of lenses of d i f ferent  
content  of t he  ore ,  20 - 60% by weight,  is 0.5 - 3 51 units, sizes and occurring a t  d i f ferent  distances apa r t ,  3-component 
and t h e  ra t io  of remanent  to  induced magnetization Q = 1.2. magnetometry const i tu tes  an  important  method fo r  
The rich ore  in this deposit contains 35 - 40% magnet i te  and connecting the  ore  penetrations and predicting new lenses. 
28 - 30% ilmenite. Thus a typical result  would include evidence of a number of 

Percussion drilling is frequently employed to  sepa ra t e  lenses (Fig. 26.11). Susceptibility measurements  can 

complement t h e  diamond drilling used in geological be used t o  delimit  the  ore  penetrations.  The rnore small  

investigations of t h e  mine, being usable a t  only one f i f th  of lenses make up t h e  drilling sections,  t h e  more  complex will 

t he  cost. Magnetic 3-component measurements  and be t h e  magnet ic  anomaly field, a s  the re  will be a continual 

susceptibility measurements  a re  performed in all diamond a l tera t ion of internal and external  magnet ic  fields. The 

drillholes. The magnet i te  content  of t he  ore  is  determined in vectors measured inside o re  bodies cannot be used 
the percussion drillholes by susceptibility logging. In view of quantitatively. When to the magnetic 
the  constant magnet i te l i lmeni te  ratio,  t he  i lmenite content  evidence i t  is thus important  t o  bear  in mind which results 

can also be es t imated f rom the  same  susceptibili ty/magnetite a r e  the  most essential  in overall terms. The in teract ive  

calibrations (Paarma and Lindholrn, 1980). mode of in terpre ta t ion fo r  3-component readings offers  an  
excellent aid in the  construction of qeoloqical sect ions  
(Fig. 26.12). 

'Irn 
RRUTRRUUKKI  OY Exp l o r  a t  l  on 
OUTOKUMPU Oy KOTALRHTI  M I N E  
H u u h t l j a r v l  Y1775  

2000 nT  
Measured  -----* 
Computed --' 

REH 8.1983 

Figure 26.19. Interpretation of  magnetic 3-component data measured from the 
profile Y 1775 o f  the Huuhtijarvi orebody a t  the Kotalahti mine. Output 
parameters of interpretation are in numerical form in Table 26.2.  



Otanmaki, Vuorokas 

The other magnetite-ilmenite ore body i n  the Otanmaki 
area being mined is located i n  the centre o f  the Vuorokas 
gabbro intrusion, and a f e w  years ago exploration was carr ied 
out on the margins of this gabbro t o  ascertain the prospects 
fo r  small-scale open-pit mining. One of the sites used, the 
prof i le  K = 3250, i s  indicated on the airborne magnetic map 
i n  Figure 26.13. Ground magnetic measurements had 
suggested a possibil ity o f  f inding th in  magnetite-bearing 
layers here (Fig. 26.14), bu t  the boreholes d id  not  penetrate 
any magnetite ore but, only gabbro and anorthosite, w i t h  
susceptibil ity readings of 600 - 1500 x l o - '  SI units 
(Fig. 26.15). This raised the question o f  how the boreholes 
could have missed the assumed magnetite target. Three 
component magnetometry, however, soon revealed what had 
happened. The magnetized zone had indeed been penetrated 
almost exactly a t  the point expected, but  the magnetism had 
been largely remanent i n  kind. Thus, f i t t i n g  of the intensities 
o f  the measured and calculated magnetic f ie ld  vectors i n  the 
interpretat ion o f  the borehole results gave a Q (rat io o f  
remanent and induced magnetizations) value o f  
approximately 40 (Fig. 26.16), w i t h  parallel orientations for 
the remanent and the induced magnetizations.. 
Determinations o f  remanent magnetizat ion f rom borehole 
core samples gave Q values i n  the range 30 - 100. The cause 
of this magnetization was found t o  be a very f ine grained 
disseminated pyrrhot i te. 

Kota laht i  

The Kota laht i  ore deposit is a maf ic  complex showing 
dif ferent iat ion f rom peridot i te t o  diorite. The area forms 
par t  o f  a major tectonic be l t  characterized by  subparallel 
swarms o f  shear fractures trending northwest. The Ni-Cu- 
bearing rocks are related t o  transcurrent faults, and the 
contact between the intrusion and the wa l l  rocks, which 
consists of migmat i t ic  gneisses and amphibolites, is generally 
sharp, b u t  local ly gradational. The mineral izat ion varies 
f rom massive t o  disseminated w i t h  subgrade dissemination 
extending beyond the economic limits. The main ore 
minerals are pyrrhotite, pentlandite and chalcopyrite. The 
to ta l  sulphur content averages 10  - 15% (Koskinen,l980). 

The magnetic 3-component technique was employed a t  
the Kota laht i  mine of Outokumpu Oy t o  determine the 
possibility of downward extensions of the ~ u u h t i j a r v i  ore 
body. The mineral izat ion zone had been penetrated by 
boreholes to  an approximate level o f  +900 m (Fig. 26.17). 
Loggings done f rom the deepest two holes gave susceptibil ity 
readings for  the ore body of about 1000 x l o m 5  SI units, 
except fo r  a few th in  horizons i n  which the f igure was higher. 
The magnetization o f  the country rocks was very weak. 

A simple model was solved t o  describe the known ore 
zone fo r  the levels between +700 and +850 (Fig. 26.18). The 
induced magnetizat ion (K = 1000 x l o - '  SI) is too small  t o  
explain the measured magnetic field, b u t  the extent o f  the 
remanence can b e  estimated by f i t t i n g  the intensities o f  the 
measured anomaly vectors t o  those of the calculated vectors. 
This gives a Q value of 30. Comparison of the measured and 
computer anomalies suggests that the direct ion o f  the 
remanent magnetizat ion coincides adequately w i t h  the 
earth's magnetic field. I n  an area where ident i f icat ion w i t h  
the earth's f ield does not  prove satisfactory, one could t r y  
the directions o f  geological l ineat ion as the next  alternative, 
bu t  the test ing o f  other directions on a trial-and-error basis 
i s  too unreliable a procedure for  the present purpose. A 
bet ter  approach would be to  take oriented samples f rom the 
ore, since pyrrhot i te  may carry remanence w i t h  a direct ion 
that  d i f fers  strongly f r o m  tha t  o f  the induced magnetization. 
The occurrence o f  a d i f ferent  direct ion of remanent 
magnetization can normally be deduced f rom the 
3-component readings although it may s t i l l  not  be possible t o  
determine unambiguously what this direct ion is. 

The magnetic 3-component measurements indicate that  
the mineral izat ion zone continued below the +900 level. 
According t o  the  interpretation, the lower-surface l ies a t  
around + lo50 m (Fig. 26.19). Since the magnetic f i e ld  given 
by the models fo r  the ore zone lying above the +900 level can 
be derived accurately i n  the lowermost borehole, the e f fec t  
o f  the depth extent ion upon the results f r o m  this borehole 
can be examined relat ively reliably. The main r isk  factors 
are minor f luctuat ions in  the qual i ty o f  the ore or i t s  
dimensions and the extension of the distances involved 
beyond the range o f  accurate measurement. As  fa r  as the 
magnetized zone is concerned, the depths obtained may be 
regarded largely as minirr~:~m depths. 

The readings f rom w i th in  the ore body, show 
disproportionately strong fields, due t o  the occurrence o f  th in  
horizons whose susceptibil ity can be many t imes greater than 
the average although the Q ra t io  may remain constant. 

Conclusions 

Three-component magnetometry is applicable no t  only 
t o  magnetite-bearing deposits but  also t o  sulphide ores 
containing pyrrhotites, in  which a signif icant par t  is o f ten 
played by the  magnetic f i e ld  caused by  remanence. Such 
measurements can be o f  d i rect  assistance i n  ident i fy ing 
remanent magnetization and determining i t s  magnitude. I n  
investigations o f  sulphide ores it is needed t o  develop more 
sensitive equipment. Improvement o f  the instrumentat ion is 
no t  the most d i f f i c u l t  thing t o  achieve, however, as the 
question o f  increasing the accuracy o f  the or ientat ion 
measurements regarding the borehole and the probe remains 
a problematical one, since the regional geomagnetic f ie ld  has 
t o  be separated f r o m  the measured f ie ld  i n  retrospect. 

The best interpretat ion results can be obtained using an 
interact ive interpretat ion systern i n  which the measured and 
calculated anomalies are compared i n  vector form. It is 
characteristic of a l l  borehole results, however, that  the 
magnetic fields can vary rapidly i n  intensity and direct ion 
due t o  the distr ibut ion o f  sources around the borehole. Thus 
automatic inversion procedures are d i f f i cu l t  t o  apply as 
anything more than an aid i n  the opt imizat ion o f  certain 
parameters i n  in teract ive interpretation. Perhaps the most 
important step f o r  the fu ture development of the method w i l l  
be the inclusion o f  3-dimensional models i n  the program and 
some new instrumentation. 
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Abstract 

A magnetometer probe was developed for  measuring the direct ion and intensity of the Earth's 
magnetic f ie ld  i n  boreholes dr i l led fo r  mineral resource assessment studies and fo r  geological 
research. The 5.1 c m  diameter probe contains a 3-component f luxgate magnetometer w i t h  a 
sensitivity of approximately 50 nanoteslas (nT) and a range of + 80 000 nT, and a gyroscopic and 
inclinometer or ientat ion system fo r  determining the angular position o f  the magnetometer t o  a 
readout resolution o f  0.2O. The probe also contains signal conditioning, d ig i t iz ing and mult iplexing 
modules for transmitt ing d ig i ta l  data f rom the inclinometer, magnetometer, and temperature sensors 
to  the surface. Az imuthal  or ientat ion o f  the probe is determined by a gyroscope whose digi t ized 
readout is transmitted t o  the surface along w i t h  other mult iplexed data. The uphole power and signal 
conditioning c i rcu i t ry  collects and formats information f r o m  the downhole sensor modules and 
presents it t o  a digi tal  computer i n  the logging t ruck  for  edit ing and storage on magnetic tape. 

Two tests were made t o  determine the stabil ity, repeatabil ity, and overal l  sensit iv i ty o f  the 
probe. The f i r s t  test was made i n  a borehole dr i l led i n  nonmagnetic rock where the only expected 
anornaly was produced by steel surface casing. The other test was made w i t h  a small  pod o f  magnetic 
ore fastened near the middle o f  an aluminum test stand on which the probe was raised and lowered so 
tha t  it passed by the magnetic pod. The tests indicated that  the probe can detect anomalies tha t  are 
1 p T  or larger, and therefore should be useful for  locat ing pods of magnetic ore associated w i th  
minera l  deposits, and for  determining the direct ion and intensity o f  magnetization o f  bedded volcanic 
rocks. 

Une sonde ?I magnetombtre a Bt6 mise au point  en vue de mesurer l a  direct ion e t  11intensit6 du 
champ ~nagnetique de l a  Terre dans des sondages for& A des f ins d'bvaluation des ressources 
min6rales e t  de recherche geologique. L a  sonde, dont le  diamhtre est de 5,1 cm, cont ient un 
magnetom&tre Blectronique ?I sursaturation B t rois composantes dont l a  sensibilite est dtenviron 
50 nanoteslas (nT) e t  l a  port6e de 80 000 nT; el le comporte Bgalement un systbme dtorientation a 
gyroscope e t  B incl inometre qui permet de determiner l a  position angulaire du magnetometre B une 
resolution de 0.2O. L a  sonde contient Bgalement des modules de conditionnement, de numerisation e t  
de multiplexage du signal pour l a  transmission ?I l a  surface des donn6es num6riques recuei l l ies par 
I1inclinom8tre, l e  magnetombtre e t  les capteurs de temperature. L'or ientat ion azimutale de l a  sonde 
est determinee au moyen dtun gyroscope qui produit  des donn6es num6ris6es qui sont transmises en 
surface en meme temps que les autres donnees multiplex8es. L e  c i r cu i t  de puissance e t  de 
conditionnement du signal de t& te  de puits pr6lbve e t  met  en forme les donnees provenant des 
modules de capteur de fond e t  les transmet B un ordinateur numerique dans le camion-laboratoire B 
des fins d18dition e t  de stockage sur ruban magnetique. 

Deux essais ont  Bt6 effectuds en vue de determiner la  stabil ite, l a  repetabi l i te e t  la  sensibilit6 
globale de l a  sonde. L e  premier essai a 6t6 effectu6 dans un t rou for6 dans une roche non magnetique 
oh l a  seule anomalie prevue e t a i t  produite par l e  tubaqe de surface en  acier. L taut re essai a 6 t h  
effectue 3 I1aide dtune pe t i te  lent i l le  de minerai magngtique f ixee prbs du centre d'un support en 
aluminium sur lequel l a  sonde 6 ta i t  soulevee e t  abaissee de f a ~ o n  & passer prbs de l a  lent i l le  
maqnetique. Les essais on t  rev616 que l a  sonde peut deceler des anomalies dtau moins u n  p T e t  
qu'elle devrait  permet t re  de deceler les lent i l les de minerai magnetique associ6es aux gisements 
mineraux e t  de determiner l a  direct ion e t  11intensit6 de l 'a imantat ion des roches volcaniques 
stratif iges. 

U.S. Geological Survey, Denver, Colorado, 80225 
OWL Technical Associates, Inc., Longmont, Colorado, 80501 



Background 

The f i r s t  borehole measurements o f  the Earth's 
magnetic f ie ld  were reported by Eroding e t  al. (1952), who 
described a total- f ield f luxgate magnetometer probe w i t h  a 
sensitivity o f  1 nT developed for  petroleum exploration i n  the 
Uni ted States. Later,  Levanto (1959) described a 
3-component f luxgate magnetometer probe w i t h  a sensitivity 
o f  100 nT that was developed t o  map magnetic anomalies i n  
boreholes dr i l led f rom wi th in  the Otanmaki underground i ron 
mine i n  Finland. A t  about the same t ime a simi lar 
3-component probe was developed by the Swedish Geological 
Survey and the Swedish Mining Association, also for  use i n  
i ron mines (Bergdahl, 1963; Hood and Dyck, 1975). The 
design of these early systems has been refined, and a number 
o f  improved probes have been manufactured by Craelius i n  
Sweden and Metex i n  Finland (Hood, 1970). The commercial 
units have f ixed or selectable sensitivit ies o f  50-150 nT and 
corresponding measurement ranges o f  ? 100 000 nT and 
f 300 nGO nT. Probe tilt is determined by a pendulum 
:,.,:;=: ..,, :er installed i n  the magnetometer probes, or by 
separate borehole incl inat ion surveys. The azimuth o f  the 
probe is estimated by sighting along the axis of the borehole 
a t  the hole collar and assuming that  there is no azimuthal 
deviation w i th  depth. Probes are constructed w i t h  one o f  the 
three perpendicular f luxgate magnetometer elements aligned 
w i t h  the axis o f  probe. When measurements are made, the 
other t w o  coils, which can be rotated on the probe axis, are 
or iented so that  one is horizontal and the other is i n  the 
ver t ica l  plane, ei ther by a servo system or  by a pendulum 
suspension system. Because o f  uncertainties i n  probe position 
and sensor orientation, the overal l  accuracy o f  surveys made 
w i t h  these probes is est imated t o  be 500-1000 nT 
(Levanto, 1963). 

No significant improvements have been reported i n  
3-component magnetometer probe design since the early 
19609, although several papers have been published on 
interpretat ion of measurement data (Zuber, 1962; Ponomarev 

and Bakhvalov, 1964; Lantto, 1973; Parasnis, 1973; Silva and 
Hohmann, 1981). I n  a paper that  describes procedures for  
locat ing a magnetized prism i n  the v ic in i ty  of a borehole, 
Silva and Hohmann (1981) recommended using a gyroscopic 
reference f o r  determining the or ientat ion o f  a 3-component 
magnetometer probe, although they d id  n o t  do so i n  the i r  
study. To  our knowledge, the probe described i n  this paper i s  
the f i r s t  3-component magnetometer probe t o  use a 
gyroscope as an azimuthal reference. 

The objectives o f  the USGS and OWL Technical 
Associates i n  developing the new, improved 3-component 
magnetometer probe were (1) t o  detect and locate weakly 
magnetized pods o f  sulphide minerals (w i th  associated 
magnetic pyrrhot i te  and/or magnetite) occurring some 
distance f r o m  the borehole, and (2) t o  obtain magnetic 
signatures f r o m  volcanic rocks polarized i n  the direct ion o f  
the Earth's present magnetic f ie ld  (normal polarization) or 
opposite t o  i t  (reverse polarization). I n  order t o  accomplish 
this, it was decided t o  use a gyroscopic reference and 
sensitive inclinometers to  determine the azimuth and tilt o f  
the probe, and t o  use a 3-element f luxgate magnetometer t o  
determine the direct ion and magnitude o f  the magnetic field. 
Probe temperature was t o  be monitored so that  corrections 
could be applied t o  the magnetometer and incl inometer 
measurements. Probe measurement data were t o  be digi t ized 
and encoded downhole, then t ransmi t ted serially t o  the 
surface fo r  decoding and interfacing t o  a computer i n  the 
logging truck. The computer would edit  and store the data on 
magnetic tape, together w i t h  t i m e  and depth in format ion 
obtained f r o m  the  computer clock and the  probe depth 
measurement system o f  the logging truck. 

This repor t  describes the results o f  prel iminary tests o f  
the 3-component borehole magnetometer measurement 
system, the methods developed for  data acquisition and data 
reduction, some examples o f  experimental measurement 
data, and fu ture plans for  improving the system. 

Figure 27.1. Flow diagram of 3-component borehole magnetometer measurement 
system. 



Apparatus 

The 3-component borehole magnetometer system 
consists of a borehole probe and surface control  module 
designed and fabricated by OWL Technical Associates, a 
Hewlett-Packard 98458 desktop computer1, and the USGS 
logging truck-winch system w i t h  d ig i ta l  depth readout. A 
block diagram o f  the system is shown i n  F igure 27.1. 

The borehole probe is 5.1 c m  i n  diameter and 2.3 m 
long. I t  contains gyroscopic, magnetic, inclination, and 
temperature sensors for  making downhole measurements; also 
power conditioning, signal conditioning, and digi t iz ing and 
mult iplexing c i rcu i t ry  for  transmitt ing data t o  the surface. 
Sensor output signals are digi t ized sequentially over a period 
o f  less than 1s. A layout diagram o f  the probe i s  given i n  
Figure 27.2. 

Recessed mount for telescopic sight 
and connector for cagetuncage cable 

1 , 
Coupling for detaching upper section 

1 ILL Power conditioning circuits 

Trlaxial magnetometer and 
temperature sensor 

J 5.1 cm diameter 

Figure 27.2. Layout diagram of probe (not t o  scale). 

The gyroscope module, Humphrey model DG29-0701-2, 
is located i n  the top section o f  the probe which can be 
detached fo r  transport i n  a cushioned case. Near the top o f  
the probe is a recessed mounting bar for  temporari ly 
attaching a telescopic sight paral lel  w i t h  the spin axis o f  the 
gyroscope, and a recessed e lect r ica l  connector for  
temporarily connecting a power source f o r  caging and 
uncaging the gyroscope. The mounting bar and connector are 
covered by a water- t ight  meta l  sleeve during logging. The 
gyroscope is driven by an electr ic motor powered by  a d i rect  
current (325 mA)  sent downhole f rom a power supply i n  the 
logging truck. The outer gimbal o f  the gyroscope contains a 
circular potent iometer that  is used t o  measure the angle o f  
ro tat ion o f  the probe f r o m  O 0  t o  358O. There i s  a Z0 gap i n  
the potent iometer f r o m  358O t o  360°. A voltage output 
representing the angle o f  probe rotat ion (positive f r o m  O 0  t o  
358O, negative f r o m  358O t o  360°) is presented t o  the 
downhole digi t izer-mult iplexer for  encoding and transmission 
up  the logging cable t o  the surface control  module. 

The long axis o f  the probe is taken as the Z-axis. The 
other mutual ly perpendicular axes are the X -  and Y-axes, 
respectively. The X-axis o f  the magnetometer, the X-axis of 
the inclinometer, the spin axis o f  the gyroscope and the 
mounting bar fo r  the telescopic sight are a l l  aligned wi th in  
0.5 O. 

The magnetometer is a three-component f luxgate 
magnetic f ie ld  sensor developed by OWL Technical 
Associates, Inc. Three voltage outputs representing the three 
orthogonal magnetic-f ield components measured along the 
probe's X-, Y-, and Z-axes, are processed by the digi t izer- 
mult iplexer for  encoding and transmission t o  the surface 
control  module. 

The two-axis incl inometer is a commercial ly available 
flexure-mounted force-motor accelerometer. Two voltage 
outputs representing the two orthogonal components o f  the 
Earth's gravitat ional f i e ld  paral lel  w i t h  the probe's X- and 
Y-axes and perpendicular t o  the probe's Z-axis are sent t o  
the digi t izer-mult iplexer f o r  encoding and transmission t o  the 
surface. 

Probe temperature is measured by a commercial ly 
available 2- terminal  integrated-circuit  temperature sensor. 
The voltage output of the sensor is processed by the 
digi t izer-mult iplexer and then transmitted t o  the surface. 

The surface module is 9 c m  high and mounts i n  a 
standard instrument rack 48.3 c m  wide. I t  supplies power t o  
the downhole magnetometer, incl inometer and temperature 
sensors, and t o  the downhole digitizer-multiplexer. Raw data 
transmitted up the cable by the probe are decoded and 
format ted i n  the surface module, and are then made available 
to  the computer i n  the logging truck via an RS-232 link. A t  
depth intervals designated by the operator, the computer 
requests the la test  available set o f  probe measurements 
(updated every second or less) for  recording on magnetic tape 
along w i th  t ime  and depth information. 

Measurement accuracy 

Small magnetic anomalies can be masked by 
measurement uncertainties which are considered system 
noise. The ef fects  of uncertainties i n  probe orientat ion data 
f r o m  the gyroscope and the inclinometers are examined here. 
I n  Denver, Colorado, the magnitude of the Earth's magnetic 
f ie ld  is approximately 56 000 nT (Fabiano and Peddie, 1981), 
the magnetic inc l inat ion i s  approximately 67O (Peddie e t  al., 
1976), and the declination is approximately l Z O  E (Fabiano 
and Peddie, 1980). Simple calculations show that, fo r  these 
values of magnitude and inclination, the ver t ica l  f i e ld  
strength i s  5 1  548 nT  and the horizontal f i e ld  strength i s  
2 1  881 nT. I f  the probe is positioned ver t ica l ly  w i t h  the 

Use o f  trade names i n  this report is for descriptive purposes 01-11 
endorsement by the U.S. Geological Survey. 

.y and does not  const i tute 
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Y-axis pointing toward magnetic north, the Z-axis 
magnetometer w i l l  measure the ver t ica l  magnetic f i e l d  and 
the Y-axis magnetometer w i l l  measure the horizontal 
magnetic field. I f  the uncertainty i n  the probe tilt i s  O.lO, 
which i s  typ ica l  of the probe described i n  this report, the 
apparent magnetic dip could be 67.1°. I n  this case the 
vert ical magnetic f ie ld  perceived by the probe would be 
51  586 nT and the horizontal f ield, 2 1  791 nT. Thus an 
uncertainty of O.1° i n  probe tilt w i l l  cause an uncertainty of 
38 nT i n  measurements of the vert ical and 90 nT i n  the 
horizontal magnetic f i e ld  components. 

I n  the above example, the Y-axis was assumed t o  be 
aligned w i t h  the horizontal component of the magnetic field. 
Suppose, however, tha t  the probe is ver t ica l  but  ro tated 
about the Z-axis so tha t  the Y-axis is oriented lo west of the 
direct ion o f  the horizontal f i e ld  component. This i s  
equivalent t o  a lo uncertainty i n  the gyroscopic reading 
which is typical of the probe described i n  this report. Now 
the Y-axis magnetometer w i l l  report a f i e ld  strength of 
21 878 nT and the X-axis magnetometer w i l l  report 382 nT. 
Thus lo rotational uncertainty w i l l  cause an uncertainty of 
only 3 nT i n  the north-south component, bu t  an uncertainty as 
large as 382 nT i n  the east-west component. 

Prel iminary data indicate that  the observed levels of 
measurement noise i n  the vertical, north-south and east-west 
magnetic vector components are i n  the approximate ra t io  of 
1:2:10 (38:90:382). This ra t io  suggests tha t  the vert ical 
component can be est imated 2 t imes more precisely than the 
north-south component, and 10  times more precisely than the 
east-west component. 

D a t a  acquisition 

The fol lowing procedure is used when a borehole i s  
logged w i t h  the 3-component borehole magnetometer system: 

1. A f t e r  the probe has been attached t o  the logging cable, 
the logging t ruck  boom and cable are positioned so that  
the probe is sidewalled i n  the hole a t  the zero-depth 
reference point  (sighting position). 

2. The gyroscope motor  is turned on and allowed t o  
stabil ize a t  operating speed (30 min). 

3. The telescopic sight and the caging-uncaging cable are 
attached t o  the probe. I f  the hole is no t  ver t ica l  the 
probe is ro tated so tha t  the telescopic l i ne  o f  sight 
(parallel to  the X-axis) is horizontal, making the spin 
axis of the gyroscope horizontal. Then a sighting i s  
taken on an azimuthal reference point some distance 
(at least 10 m) f r o m  the hole and the gyroscope is 
uncaged (1 s). A f t e r  the gyroscope has stabil ized 
(3 min), the probe i s  re-sighted, and an in i t i a l  reading i s  
taken and recorded. A compass reading is la ter  taken 
on the reference point t o  determine i t s  bearing f r o m  
the hole col lar w i t h  respect t o  magnetic north. 

4. The telescopic sight and the caging-uncaging cable are 
then removed f r o m  the probe, and the probe i s  lowered 
in to  the hole, ei ther continuously a t  a l o w  speed 
(<6 mlmin), or i n  a stop-to-read mode. Probe readings 
are taken and recorded a t  depth intervals o f  0.3 t o  10 m 
f r o m  the top t o  the bo t tom of the hole. Then the 
direct ion o f  probe t ravel  is reversed, and readings are 
recorded a t  the same depth points whi le the probe is 
raised t o  the surface a t  the same speed and i n  the same 
mode. A t  a typical logging speed of 3 m/min  the probe 
travels about 0.05 m during the t i m e  required t o  obtain 
one complete set o f  readings. This sometimes causes 
an error i n  the computed probe orientation, and a 
subsequent er ror  i n  the magnitude o f  the resultant 

magnetic vectors i n  the Earth's coordinate system 
(vertical, N-S, and E-W). Therefore, more accurate 
results are obtained i n  the stop-to-read mode. 

5. A f t e r  the probe has been returned t o  the sighting 
position a t  zero depth, the telescopic sight and the 
caging-uncaging cable are re-attached and another 
sighting i s  taken on the azimuthal reference point. A 
f inal reading is recorded whi le the probe is held i n  the 
reference position. Then the gyroscope i s  caged (10 s) 
and i t s  motor  is turned o f f  and allowed t o  slow down 
and stop (15 min) before the probe i s  moved o r  detached 
f rom the logging cable. This prevents excessive wear 
on the gyroscope bearings when i t  i s  caged and unable 
t o  move freely. The in i t i a l  and f ina l  gyroscope readings 
are used later t o  correct  fo r  gyroscope d r i f t  which may 
be as great as 10°/h exclusive o f  the e f f e c t  o f  the 
Earth's rotation. 

A t  each depth measurement point, probe data readings 
consisting of three magnetometer values, t w o  inclinometer 
values, the Gyroscope reference angle, probe internal 
temperature, and power supply voltage are auto~nat ica l ly  
entered in to  the computer along w i t h  depth and t ime readings 
f r o m  the logging truck's winch system and the computer 
clock. Each data set is then recorded on d ig i ta l  magnetic 
tape by  the computer. A f t e r  the f i n a l  reading has been made 
and recorded, a playback program is used for  data reduction, 
ei ther a t  the f i e ld  s i te  or la ter  i n  the office. 

D a t a  reduct ion 

The playback computer program accomplishes input, 
output and data reduction for  a l l  measurements of a logging 
run  as follows: 

1. Enter  measurement data and apply basic corrections. 

a. Read the data acquisition magnetic tape. 

b. Check f o r  inva l id  numbers beyond the  range o f  
permissible values, and discard readings containing 
inval id numbers. 

2. Apply temperature corrections. 

a. Correct  the 3-component magnetometer readings. 

b. Correct  the 2-component incl inometer readings. 

3. Convert the magnetometer and incl inometer readings 
t o  Systsme Internat ional units, and apply gyroscope 
d r i f t  corrections. 

a. Convert the magnetometer readings t o  microteslas 
( p T )  and compute the magnitude o f  to ta l  magnetic 
f ield (1 p T=1000 nT). 

b. Convert the incl inometer readings to  degrees of arc 
and compute the angle of tilt of probe axis f rom the 
vertical. 

c. Distr ibute the apparent gyroscope d r i f t  (difference 
between readings taken a t  the in i t i a l  and f ina l  probe 
sightings), assuming l inear d r i f t  w i t h  t ime  during 
logging. D r i f t  is reasonably l inear for  periods of 
30-60 minutes. Corrections fo r  nonlinear d r i f t  are 
required for  logs requir ing longer periods o f  t ime  
(described below). 

4. A t  every point  i n  the borehole where a reading was 
taken, compute the azimuth of the downward pointing 
Z-axis o f  the probe, the azimuth, inclination, and 
magnitude o f  the Earth's magnetic field, and the 
components of the magnetic f ie ld  i n  the Earth's 



co-ordinate system. These computations are made i n  
the fol lowing sequence using standard techniques o f  
ro tat ion of co-ordinate axes (Korn and Korn, 1961). 

a. Compute and store the azimuth of the downward 
pointing Z-axis o f  the  probe, using (1) the gyroscope 
and (2) the 3-component magnetometer as two  
independent direct ional references. C a l l  the 
azimuth referenced t o  the gyroscope Agyro, and the 
azimuth referenced to  the magnetometer Amag. 

b. P lo t  the di f ference Ad i f  = Agyro - Amag as a 
funct ion of time, and using the computer 
interactively, select three or more points along the 
t ime axis where Adi f  is smooth and has a constant 
slope, indicating that  these points are i n  
nonmagnetic sections o f  the hole. 

c. Using these points as magnetic direct ional check 
points, correct the gyroscope readout for  nonlinear 
d r i f t  during logging. 

d. Using the corrected gyroscope readout as a 
directional reference, compute the magnetic 
components i n  the Earth's coordinate system 
(vertical, E-W, and N-S), and compute the 
magnitude and direct ion (azimuth and inclination) o f  
the resultant magnetic vector representing the 
Earth's total  magnetic field. 

5. Plot, pr int,  and/or record reduced data on magnetic 
tape. 

Experimental measurements 

Experimental logs have been made i n  t w o  borehole 
environments: (1) nonmagnetic sedimentary rock penetrated 
by a nearly vert ical hole, and (2) small magnetic dipole close 
t o  an inclined borehole. 

The f i r s t  experimental logs were made t o  examine 
system noise and repeatabi l i ty i n  a 77 rn test  hole dr i l led 
through nonmagnetic sediments i n  Longmont, Colorado. The 
ent ire hole was l ined w i t h  nonmagnetic plast ic casing w i t h  an 
inside diameter of 10.2 c m  and a wa l l  thickness o f  0.5 cm. 
The upper 7.5 m was also l ined w i t h  steel casing w i t h  an 
inside diameter of 21 cm and a wal l  thickness of 0.5 cm. 
Measurements were made at  0.3 m depth intervals i n  the 
stop-to-read mode, f i r s t  logging down and then up. The 
results of these experimental logs are shown i n  
Figures 27.3-27.5. The data i n  Figure 27.3 indicate tha t  the 
system noise and repeatabi l i ty o f  the down and up logging 
runs are wi th in  Z0-30 for  the azimuth o f  the probe axis and 
w i th in  about 0.1"-0.2O fo r  probe tilt. System noise is 
estimated by observing the maximum range of non-repeatable 
measurement fluctuations (wiggles) occurring over short 
depth intervals (2-3 m). Repeatabil ity is est imated by  
observing the maximum spread between ~neasurements made 
during down and up logging runs. As  expected, large and 
errat ic  magnetic anomalies occur i n  the steel-cased section 
o f  the  hole as indicated by  the extreme f luctuat ions of the 
probe azimuth referenced t o  downhole magnetic nor th 
(Fig. 27.38). The data i n  Figure 27.4 indicate tha t  below the 
steel casing the magnetic noise i s  about 2O-3O for  the 
azimuth of the magnetic f ie ld  and about 0.5O fo r  the 
incl inat ion o f  the magnetic field. Repeatabi l i ty i s  wi th in  
about 4O for  the magnetic azimuth, Z 0  fo r  the magnetic 
incl inat ion and 0.4 y T  fo r  the magnitude f o  the to ta l  field. 
The data i n  F igure 27.5 indicate that  the noise level o f  the 
east-west component of the magnetic f ie ld  is about 0.5 y T 

w i t h  repeatabi l i ty wi th in  about 1.5 p T .  The noise level o f  
the north-south component is much lower, about 0.1 p T ,  but 
repeatabi l i ty is about the same as that of the east-west 
component (1.5pT). The noise level of the vert ical 
component is even lower than that  of the north-south 
component, (c0.1 yT), and the repeatabi l i ty i s  be t te r  than 
1 T .  Addit ional logs (not shown) were made w i t h  the probe 
moving continuously a t  3-5 m/min. The noise levels and 
discrepancies i n  repeatabi l i ty of these logs were several 
t imes larger than those of the stationary-reading logs shown 
i n  Figure 27.3. 

The second set of experimental logs was made w i t h  the 
aid of a nonmagnetic test  stand and a small, brick-shaped 
piece o f  magneti te-r ich rock w i t h  a volume o f  about 
1000 cm3. The polarized rock was roughly equivalent t o  a 
magnetic dipole 20 c m  long w i t h  a magnetic moment o f  
0.5 A m 2  (C.E. Jahren, personal communication). The strong 
polar izat ion had a much greater e f fect  on the measurements 
than the susceptibil ity of the rock sample. The magnetic 
rock was fastened t o  the test stand w i t h  i t s  nor th pole 
pointing downward, and was positioned about 0.4 m direct ly 
behind and below the centrel ine of the path o f  the probe. 
The probe was lowered and raised along a t rack  made o f  
angle aluminum t i l t e d  about 10° f r o m  the vertical. The test 
logs were made w i t h  the probe f i r s t  moving down, then up, a t  
about 1 m/min, w i t h  readings taken a t  0.3 m intervals. 
Results are shown i n  Figures 27.6-27.8. The distort ion of the 
magnetic f i e ld  i n  the v ic in i ty  of the magnetic rock produced 
a 4O S-shaped anomaly i n  the apparent azimuth of the probe 
referenced t o  magnetic nor th (Fig. 27.68), and i n  the azimuth 
o f  the magnetic f i e ld  (Fig. 27.7A). It also produced a lo 
anomaly i n  magnetic incl inat ion (Fig. 27.78), and anomalies 
o f  1 y T  o r  more i n  magnitude o f  the magnetic f i e ld  
(Fig. 27.7C) and the east-west, north-south, and ver t ica l  
components (Fig. 27.8). The direct ion and magnitude of these 
~neasured anomalies agree approximately w i t h  theoret ical 
anomalies computed f o r  the strength and geometry of the 
dipole source i n  re la t ion t o  the logging probe. 

The test stand logs demonstrated tha t  the probe is 
capable o f  detect ing small  pods o f  magnetic ore tha t  occur 
close t o  the borehole. They also indicated tha t  the probe is 
capable o f  detect ing polarized volcanic flows, because 
anomalies f rom th ick tabular sources are commonly much 
larger than the test stand anomalies, typical ly f 5 p T  i n  the 
to ta l  f ie ld  (Bath, 1976). The magnetic anomaly measured i n  a 
borehole wi th in  a polarized volcanic f l ow is opposite i n  sign 
t o  the anomaly measured by a surface o r  airborne 
magnetometer survey made over the same flow. The result  
o f  this paradox i s  that  normally polarized f lows produce 
negative anomalies tha t  decrease the magnitude o f  the to ta l  
f ield, and reversely polarized f lows produce positive 
anomalies that  increase it, making i t  easy t o  distinguish one 
f rom the other (Bath, 1976). 

Conclusions and fu tu re  plans 

Results of recent  measurements made t o  tes t  the noise 
level, repeatabil ity, and response character ist ics o f  the 
3-component borehole magnetometer probe indicate tha t  the 
system is  capable of detect ing anomalies produced by 
strongly magnetized rock,  masses that  are close t o  the 
borehole. I n  i t s  present stage of development the probe's 
measurement noise level  and d r i f t  are n o t  low enough t o  
assure the detect ion o f  weakly magnetized rock  masses tha t  
occur more than a few metres f rom the borehole and produce 
anomalies less than 1 y T. 



Future plans cal l  for  reducing the noise level and 
improving the overall accuracy o f  probe measurements by 
sampling a l l  downhole sensors i n  a period of a f e w  
milliseconds rather than nearly a second, and by increasing 
the resolution of downhole digitizers. Tests wil.1 be made to 
ident i fy the cause of d r i f t  that  l im i t s  the repeatabi l i ty of 
down and up logging runs, and attempts w i l l  be inade to  
reduce the ef fects  o f  d r i f t  by electronic c i rcu i t ry  or 
computer software compensation. Accurate cal ibrat ion 
studies w i l l  be made t o  determine the sensitivity o f  the 
downhole measurement systems and to define possible 
nonlinearities so that appropriate corrections can be applied. 
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Abstract 

The theoret ical bases are considered fo r  measuring ash contents i n  s t ra ta  o f  black coals by 
borehole logging methods. The theoret ical bases considered were transport theory, the  re la t ive 
spectral sensitivit ies for  the elemental constituents of coal-ash and a s tat is t ica l  analysis of a large 
sample of Austral ian black coals as regards the major elemental constituents determining coal-ash 
content. 

A n  appropriate spectrometr ic neutron capture borehole logging method, based on the use of a 
2 5 2 ~ f  source and a bismuth germanate detector, was tested a t  two  coal deposits, about 250 k m  apart 
i n  eastern Australia. The results showed tha t  the method was suitable fo r  coal  s t ra ta  having a 
minimum width of 40 cm. The values of standard deviation and correlat ion coeff ic ient obtained f r o m  
regression analysis w i t h  37 independent data were 2% ash and 0.97 respectively. 

On a examine l a  possibil ite de mesurer, par diagraphie des sondages, l a  teneur en cendre des 
couches de charbon en fonct ion des bases theoriques suivantes: l a  thBorie du transport, les 
sensibilites spectrales relat ives des constituants de l a  cendre de houille e t  Itanalyse statistique dtun 
gros Bchantil lon de charbon australien pour y determiner l e  ra le  des principaux constituants 
616mentaires dans l e  calcul de l a  teneur en cendre de houille. 

L a  diagraphie des sonda es par capture spectrometrique de neutrons, m6thode fondee sur 
I tut i l isat ion dtune source de "'Cf e t  dlun detecteur au germanate de bismuth, a Bt6 mise B Itessai 
dans deux gisements de houi l le situes B environ 250 km Itun de I tautre dans Pest de ItAustralie. Les 
resultats montrent que cet te  mgthode peut servir pour les couches de houille dont l a  largeur minirnale 
est de 40 cm. LtBcart-type e t  l e  coeff ic ient de correlation, fond& sur une analyse de courbes de 
regression qui u t i l isa i t  37 donnBes independantes, Btaient de 2% de cendre e t  de 0,97 rpspectivement. 

Introduct ion 

The economic value o f  coal deposits, the mine planning 
and the production schedules are determined by a number of 
factors. Three important parameters i n  this respect are the 
thickness o f  the coal seams, the i r  depth below the surface 
and the ash content i n  the coal. 

I n  the past, these parameters were determined by 
geological inspection and chemical analysis o f  the mater ia l  
extracted f r o m  dr i l l  holes. However, this type of evaluation 
is costly, because i n  order t o  obtain representative samples 
fo r  chemical analysis f r o m  the boreholes, core dril l ing, 
accurate sampling and careful  sample preparation are 
necessary. As a consequence, the conventional chemical 
methods have been supplemented increasingly, i n  recent 
years, by i n  s i tu  measurements based on  borehole logging 
technology. Nuclear techniques are part icular ly e f fect ive i n  
these applications because they are based on the interact ions 
o f  deeply penetrat ing gamma rays o r  neutrons w i t h  the nuclei 
i n  the coal seam. 

Currently, the gamma-gamma borehole logging 
techniques are those most commonly used i n  evaluating these 
parameters i n  coal deposits. I n  one configurat ion of the 
probe, i t  can be used t o  locate accurately the interface 
between coal  layers and sedimentary strata. I n  a d i f ferent  
conf igurat ion the probe gives accurate measurements o f  
density. On the basis of the correlat ion generally observed 
between density and coal-ash content, this borehole logging 
measurement f o r  density provides a measure o f  coal-ash 
content. Although the method i s  indirect, i t  has been uaed 
ef fect ive ly  i n  many coal exploration and mining applications. 
However, the method also has the fol lowing shortcomings: 

(a) I n  rough, cavitatious boreholes, the measurement o f  
density (and hence of ash content) has reduced 
accuracy. This e f f e c t  applies t o  bo th  sidewal l  and 
central ized probe-operation. 

(b) The correlat ion between ash content and coal density is 
by  no means universal (Agostini, 1977). I t  varies for  
d i f ferent  coal deposits and t o  a lesser extent  f o r  
d i f ferent  seams w i th in  the same deposit. 

- 
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Prompt neutron-gamma logging provides an alternat ive 
method that is less sensitive to  either boreole rugosity or the 
di f f icul t ies o f  correlat ing probe response w i th  ash content 
(Nargolwalla e t  al., 1977, Senftle e t  al., 1978). The basis of 
the ash-analyzing technique described i n  the present paper is 
neutron capture. By using 2 5 2 ~ f  as the source of pr imary 
neutrons, the prompt gamma rays generated i n  coal 
l ithologies are dominated by photons excited i n  neutron 
capture reactions. The fission neutron spectrum of 2 5 2 ~ f ,  
which peaks at  about 1 MeV and has a mean energy of about 
2.2 MeV, is distributed over energies that  are too low t o  
excite suff ic ient 4.43 MeV gamma rays f rom inelast ic 
scatter ing w i t h  carbon t o  compete w i t h  the 4.93 MeV gamma 
rays due to sil icon capture. This choice of neutron source 
forms the basis of the technique presented i n  this paper 
(Senftle et  al., 1979). 

While both neutron act ivat ion and neutron inelastic 
scattering produce photons w i t h  an energy distribution mainly 
below 3 MeV, the neutron capture process produces photons 
w i th  energies ranging up to  10 MeV. I n  fact,  most o f  gamma 
rays that  characterize the constituents of coal-ash have 
energies greater than 3 MeV. This contrasts w i t h  photons 
measured i n  gamma-gamma techniques where photon 
energies are largely below 500 keV. The greater penetration 
o f  the neutron capture photons enables this logging method t o  
sample larger volumes i n  the coal s t ra ta  than the other 
methods, part icular ly the gamma-gamma method. I t  also 
renders the neutron capture method the least sensitive t o  
diameter variations i n  f lu id- f i l led boreholes, especially where 
significantly large annuli of f lu id  surround the probe. 

Prel iminary considerations 

Prompt neutron-gamma logging theory 

The theoret ical basis for  neutron capture gamma 
logging is radiat ion transport theory applied t o  the logging 
situation. While the results of a theoret ical analysis are too 
complex fo r  d i rect  application, a simpl i f ied analysis is useful 
i n  suggesting the variables fo r  a regression model. The 
simpl i f ied theoret ical analysis also suggests reasons why the 
method i s  re la t ive ly  insensitive t o  borehole effects. 

Consider an idealized borehole logging probe, consisting 
of a point spectrometric detector shielded f rom the direct 
radiat ion of a point source ( 2 5 2 ~ f ) ,  located a t  a distance 
R f rom the detector. I f  the borehole is water filled, as is 
Likely i n  any coal deposit i n  eastern Australia, the probe is 
surrounded by borehole f lu id  (water) o f  annulus, R. Provided 
that R is appreciably smaller than the slowing down length i n  
the coal, the borehole e f fec t  can be neglected, as a 
simpl i fy ing approximation. Thus, the probe is contained i n  an 
in f in i te  homogeneous mat r i x  o f  coal. The chemical 
concentration o f  any element j i s  given i n  this case by  the 
simpl i f ied expression (J.A. Czubek, personal communication, 
1976). 

for a source-detector separation, R, where 

Ikj 
is the intensity of gamma rays detected a t  the 
characteristic energy, k, for  this chemical element, j, 

A; is the atomic weight of element j, 
J 

N is the number of photons emi t ted at  energy k for  
k j  each capture event i n  a nucleus of element j, 

p is the coal density, 

C is the macroscopic crosss-section o f  the coal (or 
rock), and 

The function, F ,  has the f o r m  S $ G ~ ~ V .  
V 

Both$ ,  the thermal neutron ?lux and Gk, the gamma 
ray transmission i n  the coal are exponential functions. I n  
fact,  the neutron capture logging method provides no direct 
measure of Gk. This, together w i t h  the mathematical 
complexity of equation (l), makes it impossible to determine 
c j  direct ly by substituting the measured parameters i n  the 
theoret ical expression (In fact, the theoret ical expression fo r  
cj, which would satisfy the si tuat ion of an actual  probe 
located i n  a rea l  borehole, is even more complex than 
equation (1). 

However, the above analysis is useful i n  suggesting the 
response variables o f  a l inear regression model for  cj. I k j  is 
one o f  the selected variables because c j  is shown to  be 
proportional t o  it. c j  is also inversely proportional t o  the 
average neutron f lux and also t o  the average photon 
transmission in  the zone of investigation. As previously 
stated, the photon transmission function, Gk, cannot be 
measured direct ly by the method. However, the neutron 
count rate, $', can be monitored i n  the probe t o  give a 
measure o f  variations i n  the average neutron f lux  w i th in  the 
zone o f  investigation. Consequently, we selected Ikj/g1 
and+', i n  addit ion t o  Ik., as the variables fo r  regression 
analysis t o  cal ibrate for  '!he probe coal-ash determinations. 
The variations i n  Gk can only be taken i n t o  account by  
correlat ion w i t h  the above response parameters. 

Stat ist ical investiqation o f  ash composition 

The second hypothesis underlying the present capture 
logging method is that  the variat ion i n  coal ash content is 
predominantly determined by variations in  the concentrations 
o f  the Si, A1 and Fe coal constituents. We tested this 
hypothesis using the chemical and ash assays of 174 
Australian black coals and f i t t i ng  w i th  a l inear regression 
equation of the fo rm 

where bg, b l ,  bp, b.3 are constant coeff ic ients and X1', X p l ,  
X3' are the weight fract ions o f  Si02, A1203 and F e 2 0 B  i n  the 
coal ash (Joint Coal Board and Queensland Coal  Board, 
Austral ian black coals, 1976). The analysis showed excel lent 
correlat ion between ash content and these part icular 
elemental constituents, which supported the hypothesis. The 
value of the correlat ion coef f ic ient  was 0.99, while that of 
the standard deviation was 0.7% ash. The correlat ion was 
signif icant ly reduced, bu t  s t i l l  good, when only the 
concentrations o f  Si and Fe  were considered. I n  that  case, 
the value of the correlat ion coef f ic ient  was 0.97 while that 
o f  the standard deviation was 1.4% ash. 

E f f e c t  o f  variat ion i n  spectral sensit iv i ty for Si, A1 and Fe  

Two relevant points emerge i n  this context  i f  the 
theoret ical analysis is applied t o  the spectral data shown i n  
Table 28.1. This table gives the gamma ray  l ine energies Ek 
f o r  the pr incipal chemical elements i n  coal ash (j) and Nkj. I n  
fact,  quanti tat ive interpretat ion for the neutron capture 
method presented was based on count rates i n  spectral 
windows preset t o  include selected l ine energies. 

(a) The emission probabilit ies for the Fe and A1 
constituents in  coal, determined by Nk.pj/Aj, are i n  the 
ra t io  of about 14:l (i.e. fo r  Fe/AI), fbr equal weight 
fract ions of the elements. 

(b) The emission probabilit ies for  the F e  and Si 
constituents o f  coal are i n  the ra t io  o f  about 2:l 
(i.e. fo r  Fe/Si), f o r  equal weight fractions. However, 
because the peak eff ic iency o f  the detector i s  expected 

o. is the microscopic cross-section o f  element j. 
I 



Table 28.1 Neutron capture parameters for  aluminum, silicon, 
i ron and titanium. 

Element Cross section Major gamma rays Intensity (I) 
(Atomic mass) a (barn) I - -  

(MeV) (photons/100 neutrons) 

Aluminum 
26.98 

Silicon 
28.09 

I ron 
55.85 

Titanium 
47.90 

Table 28.2. Variat ion o f  ash and 
major constituent elements i n  a 
large sample of Austral ian coals. 

t o  be substantially greater f o r  the Si capture photons 
than fo r  the F e  capture photons, the spectral sensitivity 
for  Si would be roughly comparable w i t h  that  of Fe. 

% A l  % S i  % F e  % A s h  

Mean 1.83 3.38 0.45 12.53 

Sigma 0.94 1.65 0.37 5.47 

Max. 5.6 9.00 2.48 35.5 

Min. 0.59 0.45 0.004 2.6 

Note: Mineral concentrations are 
given as weight percent of coal. 

Table 28.3. Variat ion o f  Si02, A1203 and 
F e z 0 3  fo r  almost constant ash i n  Austral ian 
coals. 

% A s h  % SiOz % A1203 % FenOs 

a' 0.7 1.0 0.64 0.32 
x 9.7 5.85 2.83 0.48 
n = 47 

Note: (i) U, and n are the r.m.s. 
deviation, the ar i thmet ic  mean 
and the number o f  samples 
respectively. 

(ii) Mineral concentrations given 
above are expressed as weight 
percent o f  coal. 

F r o m  Table 28.2,the mean A l  content i n  the Austral ian 
coals investigated is about 4 t imes tha t  o f  Fe. On average, 
therefore, F e  makes a larger spectral contr ibut ion than Al. 
This is supported by the data, shown i n  Table 28.3, fo r  coals 
o f  simi lar ash content. This table shows that  the r a t i o  o f  the 
variat ion (i.e. a) o f  A1 t o  F e  concentrations i n  these coals is 
signif icant ly less than 4:l. Consequently, the variat ion i n  
spectral response above 5 MeV, i n  coals of qiven ash content, 
is dominated by the variat ion o f  F e  content. 

However, f rom the  tables we expect tha t  the spectral  
contr ihut io~? f r o m  4.93 and 3.54 MeV Si capture gamma rays 
w i l l  dorninate a l l  other spectral contributions, including that  
o f  F e  i n  the energy window f r o m  2.6 t o  5.2 MeV. As a 
consequence, the variat ion o f  count rates i n  the  spectral 
windows present around the sil icon capture peaks and above 
5.2 MeV, are largely a measure o f  the variat ion i n  the Si and 
F e  contents o f  the coal  respectively. The method is 
re la t ive ly  insensitive t o  variations i n  the aluminium 
concentration. However, the work described below provides 
some test o f  the hypotheses discussed above. 

Considerations governing the  choice o f  detector 

Current technology offers four types o f  spectrometr ic 
detectors fo r  borehole logging. They are: high resolution Ge, 
NaI(T11, CsI(Na) and BisGesOlz (BGO). While t h e  Ge 
detector i s  purely a solid s tate device, the  last three types 
are a l l  scint i l lat ion detectors. 

The borehole logging application described i n  the 
present paper required high detect ion ef f ic iency and, 
particularly, h igh peak t o  compton rat ios f o r  photons w i t h  
energies up t o  8 MeV. Although good energy resolut ion is 
desired, it is re la t ive ly  unimportant fo r  rout ine 
determinations o f  ash content b y  continous logging. 

While Ge detectors o f fe r  excellent energy resolution, 
both detect ion and peak efficiencies are sl ight ly in fer ior  to  
the conventional NaI(T1) detector on a volume basis. 
However, i t is also signif icant tha t  on a volume basis, the Ge 
detector is nearly t w o  orders o f  magnitude more costly than 
the premium grade NaI(T1) detector. 



Consequently, cos ts  prohibit t h e  use of G e  de tec to r s  
having detect ion and peak efficiencies t h a t  a r e  comparable 
with those of 5 1  x 5 1  mm NaI(T1) detectors.  The cost f ac to r  
is particularly significant with Ge de tec to r s  for  logging 
techniques using neutron sources. In these  applications, t he  
useful l i fe  of t h e  detector  is l imited by radiation damage. If 
the  source-detector  spacing is increased to  l imit  the  r a t e  of 
degradation in detector  performance, both the  detect ion 
efficiency and the  spatial  resolution of the  probe a re  
degraded. 

Apar t  f rom the  difficult ies due to high costs  and 
radiation damage, Ge detectors  must be opera ted a t  
cryogenic temperatures.  The logistical problem of organizing 
reliable liquid nitrogen supplies t o  mining leases is a fur ther  
disincentive t o  using these  de tec to r s  for  routine borehole 
logging. However, Ge de tec to r s  would certainlly find 
valuable application for  identifying impurit ies in coal 
lithologies. 

The premium grade NaI(T1) detector ,  which has  been 
used almost exclusively in spect rometr ic  borehole logging for  
many years,  achieves an  energy resolution tha t  is  typically 
only 1/50 t h e  resolution of t h e  germanium detector .  
Nevertheless,  i t  has  advantages,  common t o  a l l  t h e  
scinti l lation de tec to r s  considered, of simple operation a t  
normal ambient  temperatures ,  good detect ion efficiency a t  
low cost  and performance character is t ics  t h a t  remain largely 
unaffected with accumulated radiation exposure. However,  
t h e  probes used fo r  logging narrow boreholes (of smal ler  
d iameter  than NQ) place constraints on the  dimensions of t h e  
NaI(T1) detectors  used, which consequently l imi ts  both thei r  
detect ion and peak efficiencies,  particularly fo r  high energy 
photons (Stromswold, 1980, 1981; Killeen, 1982; 
Conaway e t  al., 1980). 

CsI(Na) has  appreciably g rea te r  detect ion and peak 
efficiency than NaI(T1) on a volume basis, largely because of 
i t s  g rea t e r  density and g rea te r  ef fect ive  a tomic  number. I t  
is  also mechanically t h e  more  robust mater ia l  and, unlike 
NaI(Tl), i t  does not deliquesce on exposure to  air. 

However,  CsI(Na) is only marginally the  more  
a t t r ac t ive  scinti l lator for  borehole logging applications 
because i t  has significantly inferior energy resolution and 
only a slightly larger  peak to  compton continuum ra t io  than 
NaI(T1). 

In spi te  of i t s  particularly poor energy resolution, on 
balance, t he  BGO de tec to r  has  the  most suitable spect ra l  
response character is t ics  fo r  t he  application described in this 
paper. On a volume basis, both t h e  detect ion efficiency and 
the  peak t o  compton ra t io  a r e  much larger  than fo r  t h e  o ther  
de tec to r s  considered, particularly fo r  high energy photons. 
These character is t ics  of BGO a r e  due to  i t s  high density 
(7.1. g / c m 3 )  and i t s  high e f f ec t ive  a tomic  number, (Zeq = 70). 
By comparison, Ge, NaI and CsI have Ze values of about 32, 
48 and 54 respectively,  while thei r  denss i e s  a r e  5.3, 3.7 and 
4.5 g/cm3. 

In pract ice ,  small  stripping ratios,  relatively large  peak 
efficiencies ( ~ o r s a r u  e t  al., 1983) obtained a t  high energies 
and relatively low sensit ivity fo r  neutron act ivat ion 
(Drake e t  al., 1981) support t h e  choice of BGO a s  t h e  most 
suitable scinti l lator fo r  routine quant i ta t ive  coal-ash 
measurements  carr ied  out  in a continuous logging mode. 
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Figure 28.1. Schematic of borehole logging system.  



Method 

General 

The neutron capture logging technique was field-tested 
a t  two  coal deposits i n  southern Wueensland, about 250 k m  
apart. The test data were obtained f rom dril l-cored 
boreholes tha t  intersected 37 st rata varying i n  width f r o m  40 
t o  200 cm. These data consisted of both the chemical assays 
o f  core samples intersecting these st rata and the 
corresponding digi tal  records o f  the neutron-capture logging 
spectra. A l l  spectral records used i n  the investigation were 
obtained i n  water-f i l led boreholes, although it was 
occasionally necessary to  replenish the water i n  the boreholes 
t o  compensate fo r  the daily variat ion i n  the level o f  the 
water table. 

The ash content o f  the s t ra ta measured i n  the 
investigation varied f rom 7 t o  31% ash, w i t h  a standard 
deviation, at, of 8.3% ash. The diameter o f  the boreholes 
used in the tests varied f rom 12.5 t o  17.5 cm. 

Equipment 

A schematic of the equipment used fo r  prompt neutron- 
gamma logging is shown i n  Figure 28.1. It comprised the 
borehole logging probe connected v ia  300 m o f  standard 
4-core cable w i t h  instrumentation fo r  analogue signal 
processing, data storage and data interpretation. This 
instrumentat ion and the winch equipment were contained i n  
an air-conditioned 4-wheel drive truck (Ford F100). Power 
was supplied by  a 4.5 K V  generator mounted on the b u l l  bars 
a t  the f ront  of the truck. 

The logging probe, o f  external diameter 70 mm, was 
fabricated of aluminium alloy. I t  housed electronic 
instrumentation, and a 5 1  x 51  m m  BGO detector shielded by 
a 150 m m  length of bismuth against the pr imary gamma 
radiat ion o f  a 2 5 2 ~ f  source (2.5 1.1 9). A coat ing o f  ' O B  

(16 mg/cm2) fo r  the scint i l lat ion detector provided it w i t h  
both shielding against thermal  neutrons and the  means o f  
obtaining a measure o f  the thermal neutron f lux  a t  the  
detector via the 478 keV capture peak of 'OB.  The probe 
electronics included a preampli f ier and high voltage supply. 
Gain stabi l izat ion was obtained by using the 2.2 MeV capture 
l ine o f  hydrogen f o r  the  reference peak because o f  i t s  
prominence i n  the spectra recorded. 

Analog signal processing consisted o f  pulse shaping, 
ampli f icat ion and multichannel pulse height analysis t o  
measure and record the neutron capture gamma r a y  spectra. 
The "accumulate" and "output" functions o f  the analyzer 
were control led by depth-marker pulses f r o m  the winch 
instrumentation. The control  system was preset t o  transfer 
the digi tal  spectral records, accumulated whi le logging 
contiguous 5 c m  increments o f  borehole, t o  hard disk via the  
microcomputer (Cromemco. Z-2D), a t  the end o f  each 
increment logged. A t  the beginning o f  logging each 5 c m  
increment, there was a 0.35 s period when spectral 
accumulation was halted f o r  the destructive readout o f  the 
spectral record t o  the computer. F o r  a typ ica l  logging speed 
of 1 cm/s, this represented only a 7 per cent loss of 
information i n  each increment. 

Figure 28.2. A neutron-capture spectrum for  a typ ica l  layer  col lected for 3 minutes. 



Results and discussion constituents are more concentrated i n  the sediments than i n  

Spectral response i n  coal the coal, the gamma r a y  count r a t e  i n  the relevant spectral 
windows o f  the probe is expected t o  vary correspondingly. 

The neutron-capture spectrum recorded i n  a typ ica l  
coal layer is shown in  Figure 28.2. It features the prominent The principal gamma ray  energies and cross-sections 

capture peaks of hydrogen and ' O B  a t  2.22 and 0.478 MeV for these constituent elements (Table 28.1) suggest tha t  the 

respectively. Although less we l l  defined than the above, the energy from lo MeV is appropriate for 
full absorption and first escape peaks due to 4.93 and monitoring stratigraphy. A n  example is shown i n  F igure 28.3 

3.54 MeV capture gamma rays of  silicon are also evident. of the correspondence between the geophysical log, obtained 

Spectral peaks are also noticeable or discernable above the with this 'pectral setting, and the geological log 

at higher energies due to gamma rays a t  7.72 and obtained by inspection of core samples. F rom the figure, i t 

7,64 MeV due to capture in and Fe, also at 6.76 and appears tha t  the  geophysical log is accurate both i n  defining 

6.42 MeV due t o  caDture i n  Ti, bu t  these require computer the position o f  coal-strata and the i r  width. 

processing or enhancement ' t o  ext ract  ' the spectral The prel iminary considerations o f  the paper indicated 
information. that  the variat ion o f  ash content i n  eastern Austral ian 

The spectral sensitivity o f  the probe for the minera l  
mat te r  ir) coal is suff ic ient for i t s  application to  the 
delineation of coal layers and seams, and also to the 
determination o f  coal-ash content. 

De!\neation of coal seams 

The position and thickness of coal  layer and seams can 
be determined by monitor ing the spectral response o f  the 
probe t o  the Si, Al, F e  and T i  constituents i n  both the coal 
and the inter layer and interseam sediments. Because these 

bituminous coals is predominantly determined by the 
chemical concentrations o f  Si, A1 and Fe. Consequently, we 
considered i t  unnecessary t o  use separate spectral windows 
corresponding t o  the energy peaks of Ti, Ca and other 
elements fo r  defining the regression variables. The variables, 
X1, ..., Xn, used i n  the regression model were the t o t a l  count 
rates i n  spectral windows defined by software. The four 
windows used encompassed: (1) the 0.478 MeV peak o f  ' O B ,  

(2) the f u l l  absorption peak o f  H a t  2.22 MeV, (3 )  the  f u l l  
absorption and escape peaks o f  Si due t o  3.54 and 4.93 MeV 
gamma rays, and (4)  a l l  gamma rays detected above 5.2 MeV. 

3-10 MeV windaw countrate 
0 400 800 cps 

I 

- - - - - - - - - 
4- 

Figure 28.3. 

Comparison of  geophysical and 
geological logs. 



It is wor th stressing again that  this last spectral variable is 
determined largely by  the variat ion o f  F e  and A1 
concentrations. The other variables included i n  the model 
were the rat ios of the count rates i n  the various windows 
w i t h  the count ra te  i n  the window fo r  'OB-capture, as 
indicated f r o m  previous theoret ical considerations. 

The linear regression model used was of the form 

The actual regression equation was determined by the 
stepwise regression technique. 

Regression analysis indicated tha t  the count rates i n  a l l  
the spectral windows, except tha t  encompassing the 2.22 MeV 
hydrogen capture peak, were stat ist ical ly significant 
regression variables, as were also the rat ios o f  these count 
rates w i th  that o f  the ' O B  capture window. Thus, the best 
regression equation obtained consisted o f  5 variables based on 
the count rates recorded i n  3 spectral windows. The apparent 
insensitivity of the technique t o  hydrogen was probably due 
t o  the dominant spectral contr ibut ion of the hydrogen 
constituent i n  the borehole fluid, because the boreholes used 
were appreciably wider than the probe. 

The accuracy o f  measurement (a), represented by 
the r.m.s. deviation between the chemical and nuclear assays, 
was 2% ash, for  data f rom the two  coal deposits. The 
correlat ion coeff ic ient (r) obtained f r o m  the same regression 
analysis, was 0.97. The cross p lo t  o f  ash content values 
predicted by chemical and nuclear methods is shown i n  
Figure 28.4. Where only one deposit was considered, w i t h  

23 coal s t ra ta varying f o r m  7 t o  25% ash, the values o f  a 
and r obtained f rom regression analysis were 1.6% ash and 
0.93 respectively. 

The precision o f  the method(s), based on reproducibi l i ty 
test ing o f  logging measurements, was determined f r o m  
repeated logging runs at one o f  the  two  coal sites. This 
involved test ing the reproducibi l i ty i n  23 strata. The value 
of s obtained f rom this analysis was 0.6% ash. Consequently, 
the accuracy achieved was not  l i m i t e d  by the procedures o f  
measurement. 

Summary and conclusion 

Transport theory and considerations o f  the spectral 
sensitivit ies fo r  the various elemental components i n  coal-ash 
suggest that  the neutron capture borehole logging method is 
suitable for  determining the ash content of Australian black 
coals. The reasons for  this are that  the variations i n  Si and 
F e  concentrations i n  coal generally predominate the coal-ash 
content variation. Also, Si and F e  are the chemical elements 
that  cause the greatest variat ion i n  spectral shape of the 
capture spectra obtained i n  coal strata. 

The BGO detector, which has a re la t ive ly  large peak 
efficiency, part icular ly a t  h igh energies and also a large 
peak-to-compton rat io, was found t o  be part icular ly 
advantageous fo r  the logging method. Further, the re la t ive ly  
low energy distr ibut ion of pr imary neutrons emi t ted  by 2 5 2 ~ f  
allowed the emission o f  Si capture photons t o  predominate 
tha t  o f  photons due t o  inelastic scatter ing o f  neutrons w i t h  
nuclei of C. 

Figure 28.4. 

Comparison of coal-ash assays 
obtained by neutron capture 
and chemical analysis method. 



The method was tested a t  two coal deposits, 250 km 
apart i n  eastern Australia. The diameter of the boreholes 
used varied from 12.5 to  17.5 cm, while the ash content i n  
the 37 strata tested varied from 7 t o  3196, wi th a standard 
deviation of 8.3% ash. The result of a regression analysis 
using a linear model gave values for the standard deviation 
and the correlation coefficient of 2% ash and0.97 
respectively. A test for  the reproducibility of the 
measurements showed that the precision of the technique was 
0.6% ash, which could not have been a determining factor for  
the accuracy obtained. However, the value obtained for the 
accuracy could be explained by the nature of the correlation 
between ash content and the combined concentrations of S i  
and Fe. The logging method was also advantageous i n  
another respect; i t showed l i t t l e  sensitivity to  the variations 
in  diameter of the boreholes tested. 
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Abstract  

Diameter  i s  an impor tant  borehole parameter used no t  only f o r  correct ing other geophysical 
logs but also f o r  providing information about the borehole and surrounding formations. A 
backscattered gamma ray  technique has been developed fo r  determining the diameters o f  a i r - f i l led 
boreholes. The method i s  based on the observation tha t  the shape of the upper energy reg ion o f  the 
backscattered gamma ray spectrum changes w i t h  borehole diameter. The shape of the spectrum can 
be measured by the ra t io  of the intensities of two spectral energy windows i n  this region. This ratio, 
cal led the S-factor, can be used t o  determine the diameter o f  model boreholes ranging f r o m  11 c m  t o  
22 cm w i t h  a standard deviation of 0.26 cm. The S-factor is vir tual ly independent of the density and 
composition of the medium surrounding the borehole. An impor tant  advantage of this technique i s  
tha t  density, composition (PZ), and the 5- factor  can be determined simultaneously f r o m  the  same 
backscattered gamma ray  spectrum. Extensive f i e ld  t r ia ls  have proved the veracity and usefulness o f  
the technique, and it appears that  the technique is also applicable t o  f lu id- f i l led boreholes. 

L e  diametre d'un sondage est un important parametre qui sert  non seulement P l a  correct ion 
d'autres diagraphies geophysiques mais qui fourn i t  Bgalement des renseignements sur l e  sondage e t  les 
formations qu'i l traverse. Une technique aux rayons gamma rBtrodiffus6s a Bt6 mise au point pour 
determiner l e  diametre des sondages remplis d'air. C e t t e  mBthode est fondee sur I'observation 
suivante: la  forme de l a  portee supBrieure du spectre B rayons gamma rBtrodiffus6s varie en fonct ion 
du diamhtre du sondage. L a  forme $u spectre peut 6 t re  mesurge en se servant du rapport qui existe 
entre les intensites des deux fenetres spectrales de ce t te  rBgion. C e t t e  proportion, appelee 
facteur-S, peut servir  pour determiner l e  diametre des maquettes de sondage variant de 11 B 22 cm, 
I16cart-type Btant de 0,26 cm. L e  facteur-S est presque complbtement independant de l a  densit6 e t  
de l a  composition du matBriau qui entoure l e  sondage. Ce t te  mBthode o f f r e  un avantage important: 
il est possible de mesurer en mbme temps l a  densite, l a  composition (Pz) e t  l e  facteur-S en ut i l isant 
l e  mbme spectre 3 rayons gamma r6trodiffusBs. Des essais intensifs ant  prouv6 l a  v6racit.e e t  I 'u t i l i t6  
de ce t te  technique qui slappliquerait Bgalement aux sondages remplis de fluide. 

Introduct ion cake thickness, i n  the ident i f icat ion o f  caved-in regions, and 

A variety o f  nuclear geophysical borehole logging 
techniques have been developed i n  the past fo r  the evaluation 
of physical properties and chemical composition o f  
formations t o  assist geological prospecting and minera l  
exploration (Berzin e t  al., 1966). The gamma-gamma method 
of density measurement has been widely used as a borehole 
logging technique f o r  more than two  decades. I n  recent 
years, the Pz technique o f  composition measurement 
(Czubek, 1966; Blyumentsev and Migunov, 1967) has increased 
the scope and usefulness of the gamma-gamma method i n  
mineral exploration. The diameter of a borehole varies due 
t o  dr i l l ing techniques and rock characteristics and, i n  
common w i th  so many other geophysical techniques, the 
gamma-gamma probe response is strongly influenced by  
variations i n  hole diameter. Consequently, an accurate 
knowledge o f  borehole diameter is needed t o  correct the 
probe response f o r  quanti tat ive evaluation of rock properties. 
Diameter or caliper logs also assist i n  the est imation o f  mud 

i n  the calculat ion of the volume of cement needed t o  f i l l  the 
annular behind casing (Hilchie, 1968). E lec t ro  mechanical 
calipers (Hilchie, 1968) have been the most widely used type 
i n  borehole logging, although techniques based on acoustic 
(Helander, 1966) and radiat ion calipers (Charbucinski e t  al., 
1976) have been reported i n  the l i terature. Few eixsting 
borehole calipers, however, provide hole diameters w i t h  
suff ic ient accuracy f o r  the quanti tat ive evaluation o f  rock  
properties. 

I n  the work presented here a method called '5-factor is 
described t o  measure air- f i l led borehole diameter f r o m  the 
shape o f  the upper energy region of the backscattered gamma 
ray spectrum of a gamma-gamma probe. The change i n  the 
spectral shape i n  this region is caused by the variations i n  
borehole diameter. A significant advantage o f  this technique 
is that  density, composition (PZ), and hole diameter can be 
measured simultaneously f r o m  the same backscattered 
gamma ray  spectrum of the gamma-gamma probe. 

f 
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The present technique was developed as par t  o f  this W'W' represents the borehole wall. The energy o f  the  gamma 
group's e f f o r t  i n  developing techniques and instrumentation r a y  source should be between 400 keV and 1400 keV so that  
for borehole logging i n  i ron ore mineralizations in  the Pi lbara the only significant interact ion is Compton scattering. A 
region o f  Western Australia. A br ie f  account of this gamma ray photon of pr imary energy E enters the medium 
technique has been reported earl ier (Wylie and around the borehole and undergoes Compton scatter ing a t  an 
Mathew, 1976). angle 9' a t  a point P'. The photon subsequently reaches the 

detector D w i th  a degraded energy E' given by the we l l  known 

Principle of the technique 

A typical backscattered gamma ray  spectrum f rom a 
gamma-gamma probe, when placed i n  a borehole, is shown i n  
Figure 29.1. The low energy region o f  the spectrum, 
i.e. <300keV, represents the P, region (Charbucinski e t  al., 
1977). The change i n  the shape o f  this region is a measure o f  
the composition of the medium around the borehole. The 
region above 300 keV represents the we l l  known density 
region (Aylmer e t  al., 1978). When corrected for  changes i n  
borehole diameter, the intensity of this region o f  the gamma 
ray spectrum is a measure o f  the density of the medium. The 
region o f  present interest is the higher energy region as 
indicated i n  Figure 29.1. The change i n  shape of this region 
as a result  o f  variations i n  borehole diameter is explained 
below on the basis of the single scatter ing model (see fo r  
example, Homilius and Lorch, 1958; Taylor and Kansara, 
1967). 

Consider a borehole logging probe consisting o f  a 
monoenergetic gamma ray  source S, separated a distance d 
f rom a gamma r a y  spectrometric detector D situated 
central ly i n  an a i r - f i l led borehole as shown i n  Figure 29.2. 
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Compton equation, 
T 

E' = I2 

1+- (1-cod')  (1) 
m c2 

where m c2 i s  the rest  energy0of the electron. 
0 

Equation (1) shows that  the energy E' o f  the scattered 
gamma ray  photon reaching the detector is solely determined 
by the scattering anglee'. It is easy t o  see tha t  a l l  gamma 

w' W" 
I I 

Energy ( keV 

Figure 29.1. Typical backscattered spectrum of ' O C O  
W' w" 

gamma rays obtained in a borehole of 13 c m  diameter.  Figure 29.2. Geometric relationship for the S-factor model. 



ray  photons reaching the detector w i t h  energy E' a f te r  a 
single scattering event can originate only f rom the points P' 
along the arc o f  a circle SP'D o f  radius R = d/2 sine'. Also, 
the maximum height OQ of the arc SP'D f rom the probe SD is 
given by 

d 8' OQ = - tan- 
2 2 . (2) 

The intensity of the gamma rays reaching the 
detector D w i t h  energy E' can be computed using the single 
scattering model (Homilius and Lorch, 1958), allowing for the 
attenuation suffered by the photons i n  reaching the points P', 
further attenuation suffered by the scattered photons i n  
reaching the detector D and for  the probabi l i ty of photons 
undergoing a scatter ing event through an angle 0' a t  points P' 
i n  the direct ion of D. 

Figure 29.2 shows a second arc of a circle through SP1'D 
for  a second set o f  scatter ing points PI'. The primary gamma 
ray photons, a f te r  scatter ing through an angle 0" a t  points P", 
reach the detector w i t h  energy El'. Obviously, 0" is larger 
than 8' and f rom equation (1) the energy o f  photons scattered 
f r o m  points P" w i l l  be lower than those scattered f r o m  
points P'. 

I f  the borehole wa l l  moves f r o m  W'W' t o  Wt'W", 
corresponding t o  an increase in  borehole diameter, both sets 
o f  photons scatter ing a t  points P' and P" suffer less 
attenuation i n  the medium due t o  decreased path lengths. 
This should enhance the i r  intensity i n  the backscattered 
spectrum. The increase i n  the borehole diameter, however, 
decreases the arc length SP'D more rapidly than the arc 
length SP1'D i n  the medium. This results i n  a greater 
reduction i n  the number of scattering points P' available to  
generate scattered photons of energy E' than the number o f  
scattering points P" and the corresponding energy En. Thus, 
i n  the backscattered gamma ray  spectrum recorded by  the 
detector, an increase i n  the borehole diameter reduces the 
intensity of the photons w i t h  energy E' and increases the 
relat ive intensity of photons w i t h  the lower energy E" 
result ing i n  a change o f  the spectrum shape. It should be 
noted that  when the borehole radius exceeds dtan(€J1/2)/2, the 
arc SP'D w i l l  be completely w i th in  the borehole, and i n  the 
absence of a scatter ing medium i n  an a i r - f i l led borehole the 
intensity o f  photons w i t h  energy E' becomes zero. 

Figure 29.3 represents a computer simulation o f  
backscattered gamma ray  spectra, based on the single 
scattering model as exempli f ied by  Homil ius and 
Lorch  (19581, but  fo r  the fol lowing conditions: 

(a) a point source and a point detector separated by 38 c m  
situated central ly i n  a borehole w i th in  a medium o f  
density 2 g/cmS, 

(b) a gamma ray  source of energy 1250 keV t o  simulate a 
'"CO source, 

(c) a point detector w i t h  the response characteristics o f  a 
50 m m  x 50 m m  NaI(T1) detector (Marion and Young, 
1968). 

The spectra clearly i l lus t rate the change i n  the shape i n  
the upper energy region as the borehole diameter increases. 

Experimental 

A n  empir ical approach was adopted t o  study the  change 
i n  shape of the upper energy region o f  the backscattered 
gamma ray  spectrum i n  re la t ion t o  changes i n  borehole 
diameter. A major objective of this work has been t o  develop 
a gamma-gamma borehole logging probe f o r  the simultaneous 
measurement o f  density, ore grade (PZ), and hole diameter of 
boreholes dr i l led i n  i ron  ore mineralization. 

Borehole models 

A large number o f  massive blocks (up t o  6) w i t h  various 
diameter boreholes were available fo r  laboratory 
investigation. Many of these were natural blocks col lected 
f r o m  mines and quarries, whi le others were made f r o m  
concrete containing various amounts of i ron ore t o  produce 
blocks o f  d i f ferent  density and composition. Detai ls o f  the 
borehole models, including borehole sizes, are given i n  
Table 29.1. Two models had several boreholes o f  d i f ferent  
diameters t o  study the variat ion of probe response w i th  hole 
diameter. A l l  models had more than 30 c m  o f  mater ia l  
surrounding the hole t o  ensure that  the sphere o f  influence o f  
the probe remained w i th in  the mater ia l  o f  the block. 

The borehole logging probe 

A schematic diagram of the apparatus used i n  this work 
is shown i n  F igure 29.4. I t  consists o f  a 51 m m  x 51  m m  
NaI(T1) gamma ray detector separated f rom a 6 0 ~ o  gamma 
ray  source by 38 c m  w i t h  20 c m  o f  tungsten-lead shielding t o  
prevent pr imary gamma rays f r o m  entering the detector. 
The strength o f  the 6 0 ~ o  source was approximately 30 MBq. 
This part icular geometry was chosen for  the probe t o  
fac i l i ta te  the simultaneous measurement o f  density, ore 
grade (PZ) and borehole diameter i n  13 crn nominal diameter 
boreholes dr i l led i n  i ron ore mineralizations. 

A weak 137Cs gamma ray source was placed i n  a small  
we l l  i n  the tungsten shielding near the  detector t o  provide a 
gamma ray peak a t  662 keV for stabi l iz ing the gain using an 
electronic spectrum stabilizer. The signals f r o m  the probe 
were transmitted t o  the main amplif ier-stabil izer-pulse 
height analyzer system by a mul t icore logging cable operated 
through a winch system. The analyzer was coupled t o  a 
minicomputer. This computer was programmed t o  read the 
backscattered gamma ray  spectrum accumulated by the  pulse 
height analyzer, subtract the background due t o  the l S 7 c s  
source, divide the spectrum in to  windows o f  approximately 
130 keV width and pr in t  out the results i n  counts per second 
i n  each o f  the spectral windows. It should be noted tha t  a 
suite of other probe geometries was also examined i n  this 

l ~ l ~ l ~ l ~ l ~ l ~ l  
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2 15 cm 
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Gamma energy ( keV) 
Figure 29.3. Upper energy region of the  backscattered 
gamma r a y  spectra, obtained in different diameter holes, 
simulated by the computer. 



Table 1. Detai ls o f  borehole models and observed 5-factors 

5-factors fo r  various diameter holes 
Borehole Density 

model Material  g crn- %Fe 11.4 crn 12.7 crn 15.2 crn 17.8 crn 21.6 cm 31.7 crn 

A Natura l  basalt 2.62 8.6 4.86 

B Natural granite 2.74 2.6 4.76 

C Natura l  sandstone 2.42 1.9 5.11 

D Natura l  shale 2.32 3.9 5.07 

E Natura l  Hemat i te  4.39 68.7 6.46 

F Natura l  Hemat i te  3.96 62.7 6.24 

G Natura l  Hemat i te  3.52 53.0 6.10 

H Natura l  Hemat i te  3.52 53.0 6.07 

Hematite+concrete* 2.88 53.6 5.96 10.25 18.08 29.4 14.4 

J Hernatite+concrete* 2.65 33.0 5.99 

K Natura l  shale 2.45 4.6 6.89 

L Concrete* 2.01 6.06 11.39 17.06 

Mean 4.95 2 0.2 6.22 f 0.3 10.82 17.57 29.4 14.4 

*Ar t i f i c ia l l y  prepared models. 

Figure 29.4. 

Configuration (schematic) of 
the gamma-gamma logging 
probe. 
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Figure 29.5. Backscattered spectra of O C O  gamma rays 
obtained in borehole models 112.7, 115.2 and 117.8. 

work, but was found t o  be inadequate because simultaneous 
measurement o f  density, P Z  and hole diameter could no t  be 
effected. I n  some cases the S-factor was found t o  be 
dependent on density. I n  any measurement involving gamma 
techniques, it is impossible t o  completely el iminate the 
e f fec t  o f  density and elemental composition, bu t  such ef fects  
can be min imized b y  suitable choice o f  source t o  detector 
distance, shielding geometry, the pr imary gamma ray  energy 
and the energy regions selected fo r  the spectral windows. 

Experimental procedure 

Experiments entai led placing the probe central ly w i th in  
the holes o f  borehole models and col lect ing gamma ray 
spectra of 300 s duration. Some of the spectra i l lustrated i n  
the next section were counted fo r  longer periods o f  time. I n  
the fol lowing section each model borehole is designated by  a 
le t te r  and the diameter of the hole. For  .example, the 
15.2 cm diameter borehole i n  block I w i l l  be designated 
by 115.2 

Results and discussions 

Figure 29.5 represents backscattered gamma ray  
spectra taken f r o m  holes 112.7, 115.2 and 117.8. As shown I n  
Table 29.1 these holes are i n  the same block of density 

3' 2.88 g/cm . I n  Figure 29.6, the spectra i n  Fgure 29.5 are 
normalized t o  the same intensity a t  300 keV t o  i l lus t rate the 
changes i n  the spectrum shape. As can b e  seen, the 
normalized spectra vir tual ly overlap up t o  about 550 keV, 
beyond which the intensity of the spectra f r o m  the larger 
diameter holes f a l l  more rapidly than fo r  the smal l  diameter 
holes. This change i n  shape qual i tat ively agrees w i t h  the  
results of the theoret ical calculations. 

F igure 29.7 shows backscattered gamma r a y  spectra 
taken f r o m  three borehole models of the same diameter bu t  
d i f ferent  density and composition viz., E12.7, 112.7 and 512.7. 

200 400 600 800 1000 

Energy ( k e V )  

Figure 29.6. Spectra shown in Figure 29.5 normalized t o  the 
same intensity at 300 keV. 

0 200 400 600 800 1000 

Energy ( k e V )  

Figure 29.7. Backscattered spectra of 6 0 ~ o  gamma rays in 
borehole models E12.7, 112.7 and 512.7 normalized t o  the 
same intensity at 300 keV. 
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Figure 29.8. Relationship between borehole diameter and 
S-factor. The solid line represents regression equation (3). 
Inset: S-factor vs. density fo r  12.7 cm diameter holes. 

These spectra are  normalized to the same intensity at  
300 keV illustrating very nearly the same shape to the upper 
energy region. It  should be pointed out that  the change in 
shape of the lower energy region of these spectra is caused 
by the composition or P, effect,  due mainly to  the variation 
in the iron content of the borehole models. 

The shape of a backscattered gamma ray spectrum may 
be evaluated by curve fitting the entire spectrum, but this 
approach is not entirely satisfactory for a field technique as 
it  would require utilization of large computers. 

In the present work, a study of a large number of 
spectra showed that the ratio of the intensities of two 
windows in the upper energy region of the spectrum could 
serve as  a measure of the spectral shape: This ratio, termed 
the shape factor or 5-factor, was strongly correlated with 
the diameter of the borehole. For the present probe 
configuration, shown in Figure 29.4, the ratio of the intensity 
in the spectral regions 530 to 660 keV and 800 to 930 keV was 
found to be most strongly correlated with borehole diameter. 

Measured 5-factors for various borehole models are  
given in Table 29.1. 5-factors for the 12.7 cm diameter holes 
may be used to evaluate the effect  of changing density and 
elemental composition in the available models. The density 
of models range from 2 to 4.4 g/cm3. In Figure 29.8, 
S-factors for the 12.7 cm boreholes a re  plotted against 
density. This plot shows virtually no significant correlation 
between 5-factor and density. In addition, gamma rays of 
energy above 500 keV are used in the 5-factor  measurement 
and have negligible photo-electric cross-section. 

Depth ( f t )  

T) 

17.0 - - - 
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Figure 29.9. A comparison of (A) S-factor probe response and(B) radiometric bowspring caliper 
response (Charbucinski e t  al., 1976) in a percussion drillhole in iron ore mineralizations. (Note 
reversal of diameter scale in lower trace). 



Consequently, the elemental composition o f  a medium 
constituted of the normal Earth's crust has no significant 
e f fec t  on the S-factor. A n  examination o f  Table 29.1 shows 
that the S-factor for the 12.7 c m  model diameter holes has a 
standard deviation o f  5%, resulting i n  an error o f  
approximately f 2% i n  the diameter measurement of 13 c m  
holes. 

Figure 29.8 depicts the mean S-factors fo r  various 
holes p lo t ted against hole diameter. The data points f rom 
11.4 c m  t o  21.6 c m  diameter holes l i e  on a smooth curve. It 
can be proved using equation (2) that for a 32 cln diameter 
hole, the scatter ing points contr ibut ing t o  the spectral 
regions o f  present interest Lie wi th in  the borehole. No  
gamma ray counts, therefore, should be expected i n  this 
spectral region due t o  the absence of a scatter ing medium. 
I n  practice, however, some gamma ray counts appear i n  this 
region f r o m  sources such as gamma rays leaking through the 
shielding entering the detector, natural gamma rays f rom the 
material  around the borehole and f rom sum coincidence 
events taking place a t  the lower energy region o f  the 
spectrum. The S- factor  for  the 32 cm borehole is due to  such 
background. I n  practice, sections o f  boreholes too large for  
the probe configuration can be easily ident i f ied f r o m  low 
count ra te  i n  the upper energy par t  o f  the backscattered 
gamma ray  spectrum. I t  should be noted tha t  a probe o f  
given source t o  detector distance and shield configuration is 
suitable fo r  diameter measurements only fo r  a l im i ted  range 
o f  diameter variation. As pointed out i n  the section on f ie ld  
measurements, a source t o  detector distance o f  58 c m  is 
required for  holes o f  nominal diameter 32 cm. 

Regression analysis o f  the data set i n  Table 29.1 was 
carr ied out  t o  establish the relationship between borehole 
diameter, D and 5-factor,  S o f  model boreholes. The data for  
the 31.7 c m  diameter model were excluded. The results 
showed that borehole diameter can be represented by the 
regression equation 

The standard deviation o f  D for  a single diameter 
measurement using the S-factor technique was 0.26 cm. The 
density and i ron concentration were found t o  be stat ist ical ly 
insignificant i n  the regression equation. This shows that  the 
borehole diameter can be determined f r o m  an easily 
measured parameter f r o m  the backscattered gamma ray 
spectrum o f  the present probe. 

F ie ld  measurements 

The gamma-gamma probe was subjected t o  extensive 
f i e ld  t r ia ls  i n  13 c m  nominal diameter development holes and 
32 c m  nominal diameter blast holes dr i l led i n  i ron ore 
mineralizations i n  the Pi lbara region o f  Western Australia. A 
source t o  detector distance o f  58 c m  was used f o r  the 
gamma-gamma probe for  the simultaneous measurement o f  
S-factor, P Z  and density i n  the blast holes. Readers are 
referred t o  Ay lmer e t  al. (1978) and Charbucinski e t  al. 
(1977) for  f u l l  details of the f ie ld  trials. A comparison of the 
S-factor log w i t h  a radiometr ic bowspring caliper log 
(Charbucinski e t  al., 1976) i n  a 55 m deep percussion hole, o f  
nominal diameter 13 c m  i n  i ron  ore, i s  shown i n  Figure 29.9. 
The f ie ld  trials proved the veracity and usefulness of the 
S-factor method o f  borehole diameter measurement i n  the 
f i e ld  environment. Recent f ie ld  t r ia ls  appear t o  show tha t  
the S-factor technique may be applicable also t o  f lu id- f i l led 
boreholes (P.L. Eisler, personal communication, 1983). 

Conclusions 

Laboratory investigations based on a large number o f  
borehole models and computer simulations o f  backscattered 

gamma ray  spectra, based on a single scatter model, have 
shown that  the shape of the upper energy region o f  the 
backscattered gamma ray spectrum o f  a gamma-gamma 
probe changes w i t h  borehole diameter. The ra t io  of the 
intensities i n  two  spectral energy windows can be used as a 
measure o f  the shape o f  the spectrum i n  this region. This 
ra t io  i s  termed the 5-factor. Using the present probe 
configuration, the diameter o f  the borehole i n  the range 
11 cm t o  22 cm can be determined w i t h  a standard deviation 
o f  0.26 cm. Larger diameter holes would require a larger 
source to  detector distance for S- factor  measurements. The 
S-factor i s  vir tual ly unaffected by the density o r  composition 
o f  the mater ia l  used i n  the borehole models. Extensive f i e ld  
t r ia ls  have proved the veracity and usefulness of the S-factor 
method of borehole diameter measurement. 
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Abstract 

A n  X- ray  fluorescence mineral logging system has been developed and f ie ld  tested which 
detects and analyzes a broad range of i n  s i tu  minerals on the borehole walls. The lower  detect ion 
l i m i t  of the system varies w i t h  heavy, intermediate and l i gh t  minerals. For  heavy elements 
(e.g. lead, tungsten, etc.) the lower  l i m i t  is less than 0.05 weight per cent  (wt%), intermediate 
elements (e.g. molybdenum, bromine, etc.) less than 0.1 w t %  and the l i m i t  for  l i gh t  elements (e.g. 
(cobalt, zinc, etc.) is uncertain but  should be less than 0.5 wt%. 

The logging sonde is 1.5 inches (38 mm) i n  diameter and about 5 feet  (1.5 m) long; the weight o f  
the sonde is less than 15 pounds (7 kg). The mineral logging system is instal led i n  an Econoline 
350 Ford van. The draw works contain about 3000 fee t  (1000 m) of cable and electr ical power is 
supplied by a 5 kw gasoline generator. 

The logging data consist of f u l l  X-ray spectra f o r  each one f o o t  (30 cm) depth increment which 
are displayed and recorded by  a computer-controlled data acquisition system as the sonde i s  moving 
i n  the borehole. The maximum logging speed is about 360 feet  per hour (110 m/h). Since a computer 
is par t  of the data acquisition system, qual i tat ive and some quanti tat ive analyses can be performed 
on the recorded data at  the logging site. 

The system was f ie ld  tested by  logging holes f o r  which l i thological and tungsten assay data were 
available f r o m  d r i l l  core. The system was evaluated b y  comparing the results o f  the  logging data 
w i t h  the assays. For  one hole which has almost continuous assays f o r  500 fee t  (150 m), there were 
8 zones w i t h  tungsten assay values o f  0.1 w t %  o r  greater and 7 o f  these zones were detected. I n  
addition 5 other zones w i th  assays between 0.05 and 0.1 w t %  were also detected. 

U n  systbme de diagraphie minerale de fluorescence aux rayons X, qui permet de detecter e t  
d'analyser un grand eventail de mineraux i n  s i tu  sur les parois du t rou  de sonde, a Bt6 realis6 e t  
soumis b des essais sur l e  terrain. L a  l i m i t e  infer ieure de detect ion du systbme varie selon que les 
mineraux sont lourds, intermediaires ou 16gers. Dans l e  cas des elements lourds (comme l e  plomb, l e  
tungstbne, etc.), l a  l i m i t e  infer ieure est de rnoins de 0,05% en poids; dans l e  cas des elements 
intermediaires (cornme l e  molybdhne, l e  brome, etc.), de moins de 0,1% en poids, e t  dans l e  cas des 
elements legers (comme l e  cobalt, l e  zinc, etc.), non encore determinee avec certitude, mais f o r t  
probablement de moins de 0,5% en poids. 

L a  sonde de diagraphie a un diamhtre de 1,5 po (38 mm) e t  une longueur d'environ 5 p i  (1,5 m) e t  
pgse moins de 15 I b  (7 kg). L e  systbme de diagraphie minerale est install6 dans une fourgonnette 
Econoline 350, de Ford. L e  treui l  de sondage a un enroulement de cable dlenviron 3000 pieds (1000 m) 
e t  son al imentat ion Blectrique est assure par un groupe Blectrog6ne de 5 kW fonctionnant B l'essence. 

Les donnies de diagraphie, qui sont aff ichees e t  enregistrees au moyen d'un systhme 
dlacquisition des donnees command6 par ordinateur B mesure que l a  sonde se deplace dans l e  t r o u  de 
sonde, consistent en des spectres integraux de rayon X correspondant A chaque pied (30 cm) de 
sondage parcouru dans l e  sens de l a  profondeur. L e  ry thme maximal de l a  diagraphie est d'environ 
360 p i  b I'heure. L'ordinateur dont est pourvu l e  systbme d'acquisition des donnees permet d'effectuer 
sur place des analyses qualitatives e t  certaines analyses quantitatives sur les donnees enregistrees. 

L e  systbme a f a i t  I 'objet d'essais sur l e  ter ra in  b I'emplacement de trous de sondage b par t i r  
desquels des donnees dlanalyse relat ives B l a  lithologic e t  au tungsthne avaient dejb Bt6 obtenues 3 
Itaide de carottes. Pour Bvaluer l e  systkme, on a compare les donnees de diagraphie e t  les donnees 
dlanalyse. L'un de ces trous, qui a f a i t  I 'objet d'une suite presque continue dlanalyses Bchelonnees sur 
500 pieds (150 m), comportai t  hu i t  zones oh le  tungstbne af f ichai t  des valeurs dlanalyse de 0,1% en 
poids ou plus et  sept de ces zones ont  Bt6 dBtect6es. E n  outre, cinq autres zones af f ichant  des 
valeurs d'analyse variant de 0,5 B 0,1% en poids ont Bt.6 detectees. 

l Phill ips Petroleum Company, Bartlesvil le, Oklahoma 74004 



Introduct ion 

A prototype X-ray fluorescence mineral logging system 
was designed and developed i n  the early 1970s by Phill ips 
Petroleum Company RcGD personnel i n  order t o  detect and 
analyze i n  s i tu  minerals intersected by boreholes (Barton and 
Gray, 1.974). The system located mineral zones while the 
sonde was moving i n  the borehole. A f t e r  the depth intervals 
of the mineral zones noted, qual i tat ive and semi-quantitative 
analyses were done by obtaining fu l l  X-ray spectra i n  each of 
these zones. These spectra were obtained while the sonde 
was held stationary. The preliminary development was 
completed i n  1974' and shelved fo r  * economic reasons 
un t i l  1980 when the project was reactivated. A t  that  t ime  
work was begun to  improve the sensitivity (the abi l i ty of 
detecting lower mineral concentrations) and the resolution 
(the abi l i ty  t o  better ident i fy characteristic X-rays which are 
used for  mineral identification). 

One of the major improvements which has been made t o  
the or iginal mineral logging system is the development o f  a 
computer-controlled data acquisition system which 
continuously records fu l l  X-ray spectra over one foot  (30 cm) 
increments on 9- t rack magnetic tape while the sonde is 
moving i n  the hole (Fig. 30.1). The maximum speed a t  which 
the system can record data is about 360 feet  per hour 
(110 m/h). The X-ray speetra are displayed while logging the 
hole bu t  more detailed analyses o f  the recorded data are done 
la ter  by using a mini-computer which is par t  o f  the 
acquisition system. A second improvement t o  the loqginq 
system was the design and development o f  a detector housing 
on the sonde which causes less attenuation o f  the lower 

energies of the x-ray spectrum than the previous one, and 
which can withstand pressures equivalent t o  about 2400 feet 
(800 m) o f  standing water. Other modif icat ions included the 
design o f  new electronic circuits and the use o f  d i f ferent  
excitat ion sources t o  generate the X-rays. 

The modif ied system was f ie ld  tested by loqging 
boreholes for  which core assays were available fo r  tungsten. 
Before presenting the results o f  these tests, the principles o f  
operation and the methods used to  analyze the data are 
presented. 

Physical principles 

The physical principles of the X-ray fluorescence (XRF) 
mineral logginq sonde are the same as those for  conventional 
XRF laboratory instruments where the sample being analyzed 
is i rradiated by  an external excitat ion source and the 
characteristic X-radiat ion o f  the desired elements is 
measured by a detector. I n  the case o f  the logging sonde, a 
radioact ive isotope is used t o  qenerate the incident radiat ion 
and a scint i l lat ion detector consisting o f  a NaI  crysta l  and 
photomultiplier tube (PMT) is used t o  detect the X-ray 
fluorescence (Fig. 30.1). Since the opt imum excitat ion 
energy fo r  d i f ferent  elements increases as a funct ion of the 
atomic number seven (7) di f ferent  sources are used for  the 
detect ion o f  d i f ferent  minerals. The selection o f  suitable 
radioact ive isotopes fo r  d i f ferent  ranges o f  a tomic numbers 
has been discussed by Rhodes (1971), Leman and 
Bolotova (1969), Bowie (1968), and many other authors. 

COMPUTER 

0 
(0 - 

Figure 30.1. A diagrammatical drawing of the mineral logging system.  The logging sonde contains a 
small radioisotope excitation source (10 mCi or less). Radiation from this source generates X-rays 
from minerals on the borehole walls. Some of these X-rays are detected and the sonde transmits the 
spectral signals uphole. The X-ray spectra are displayed and recorded for one foot (30 ern) 
increments while the sonde is moving in the borehole. 



Each element of the periodic table has a characteristic 
X-ray spectrum and the wavelengths o f  these X-rays are 
proportional to  the square o f  the atomic number (Mosely's 
Law). Thus if the fluorescent X-radiat ion o f  a part icular 
mineral can be isolated and i t s  intensity measured, the 
element can be ident i f ied and i t s  concentration determined. 
I n  the case of mineral logging, the K X-rays are analyzed 
since they normally are the most intense i n  an X-ray 
spectrum. A quantitative analysis o f  element concentrations 
f rom the X-ray spectrum is not  straightforward because the 
incident photons (radiation f rom the radioactive isotope 
source) are Compton scattered. The energies o f  these 
scattered photons span the energies of the desired X-rays. 
The methods used i n  isolating the X-ray spectrum are 
presented i n  the next section. 

Another problem tha t  arises i n  measuring the energies 
o f  the detected X-rays is the lack o f  resolution o f  the NaI 
detector (the sharp X-ray energy peaks are spread out over 
several keV, Fig. 30.2). However, since the energy 
differences between K X-rays o f  adjacent elements i n  the 
periodic table is approximately 0.5 keV, the atomic number 
o f  a detected element can usually be determined w i th  an 
error of less than +4. Precise mineral ident i f icat ion can be 
obtained f rom dr i l l  cuttings or f rom rock samples f rom 
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the area. Future modifications to  the logging system could 
include the  use o f  a solid-state detector (either si l icon o r  
hyper pure germanium), which would have the resolution 
needed t o  ident i fy  the d i f ferent  X-ray spectra. A 
disadvantage of the solid-state detectors is that they must 
operate near l iquid nitrogen temperature (77OK). Methods 
for using solid-state detectors i n  we l l  logging sondes have 
been developed (Tanner e t  a]., 1971; Lubecki e t  al., 1982). 
The isolat ion o f  a single element can also be done by using a 
pair o f  balance f i l ters  (Broquet e t  al., 1967, discuss the 
techniques fo r  the fabricat ion of balance f i l ters  for  most 
minerals). The disadvantage o f  using balance f i l ters  is that  
additional f i l ters  and detectors or additional logqinqs of a 
borehole fo r  each element o i  interest are required. 

Analysis of  spectra 

The detect ion of minerals i n  a borehole is achieved by 
comparing spectra i n  mineralized zones w i t h  those acquired 
i n  non-mineralized or background zones. Before the  spectra 
are compared, each spectrum is normalized t o  the to ta l  
number o f  detected photons (Compton scatter ing and 
x-radiation). A f t e r  normalization, a di f ference spectrum is 
computed by subtracting the background spectrum t o  remove 
the e f fec t  o f  Compton scatter ing (Fig. 30.2). 
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Figure 30.2. Spectra from calibration sampl6s. The background spectrum is from a blank sample 
which was constructed from a concrete and sand mix. The three other data spectra are from samples 
t o  which lead or tungsten was added. The difference spectrum for  each of  the samples is the 
difference between the data and background spectra. Note that the energy of the peaks of the 
difference spectra can be w e d  t o  identify the mineral and the intensities ( the heights of the peaks) 
correspond t o  the concentration. 

2 6 8  

m 
C 

3 
0 
U 

Y 

0 : 
Y 
a 
Y 
LL 

Y 

- 2 6 8  

0 2 8  88 1 1  1  1.38 



Complications i n  selecting a background spectrum arise 
because o f  the changes i n  lithology. D i f fe ren t  mineralogy 
and other physical properties (porosity, grain size, crystal  
distribution, etc.) o f  the rocks cause the Compton scatter ing 
and the absorption of the energies i n  the X-ray spectrum t o  
vary. I n  order t o  compensate for changes i n  the l i thology 
without pr ior  knowledge, the background spectrum is 
produced by averaging a l l  the spectra i n  the depth intervals 
which are above and below a depth in terva l  which appears to  
be mineralized. The selection o f  a background spectrum by 
this method assumes that  the ef fects  o f  the l i thology on the 
X-ray spectrum are nearly the same over the selected depth 
intervals. Other methods used i n  X-ray spectroscopy fo r  
determination o f  the background spectrum include arbitrary 
polynomial funct ion fits, applying low pass f i l ters  and by  
using Fourier transform techniques t o  construct a Wiener 
f i l t e r  which can then be used t o  calculate a background 
funct ion f r o m  the raw data (Semmler, 1977). Future work 
w i l l  include fur ther  investigating the application of some of 
these techniques.' 

Another complicat ion i s  tha t  the rock mat r i x  may 
contain other elements which absorb the X-rays o f  the 
desired element. Since the mineralogy varies, the absorption 
varies f rom locat ion t o  locat ion i n  a borehole. A n  indirect 
method f o r  determining the absorption coeff ic ients i n  rocks 
is by measuring the intensity o f  the Compton scatter ing (see 
Surnartojo and Paris, 1980; Lantor  and Litchinsky, 1980; 
Reynolds, 1963, 1967). F rom empir ical measurements, these 
authors showed a l inear relationship between the X-ray 
absorption coeff ic ients and Compton scattering intensity. 
Thus the ra t io  of the X-ray peaks to  Compton scatter ing 
intensity can be used t o  correct for  the absorption by the 
rock matrix. 

loqging proceeds. The values used i n  these p lots  are 
functions of the counts i n  selected energy ranges o r  windows 
i n  the X-ray spectrum. These energy windows are chosen i n  
order to  maximize the sensitivity fo r  a desired element 
(i.e. one energy window spans the energy range under the 
major peak o f  the X-ray spectrum and two other windows 
span energy ranges on each side o f  the peak, Fig. 30.2). The 
sum of the number of counts i n  the energy windows on both 
sides of the peak is subtracted f r o m  the number o f  counts i n  
the energy window under the peak. This di f ference i s  divided 
by the number o f  counts i n  the energy window on the high 
energy side o f  the peak. The r a t i o  i n  the calculat ion tends t o  
correct  fo r  the rock mat r i x  effect. Since the f u l l  spectra are 
recorded on 9-track magnetic tape, mineral izat ion plots fo r  
d i f ferent  minerals can be made a f te r  the borehole is logged. 

Cal ibrat ion for  specific minerals can be accomplished 
w i th  a r t i f i c ia l  samples. F igure 30.3 shows cal ibrat ion curves 
and Figure 30.4 shows mineral izat ion plots fo r  molybdenurn 
and tungsten calibrations. The samples were constructed 
f rom a concrete and send mixture and d i f ferent  amounts o f  
molybdenum or tungsten were added. A second order 
polynomial was f i t t e d  t o  the calculated mineral izat ion values 
and the coeff ic ients o f  this f i t  were used t o  est imate the 
weight percentages (wt%). The assayed weight percentages 
o f  the samples are l is ted on the  l e f t  and the est imated 
percentages using the polynomial coeff ic ients are l is ted on 
the  r ight  o f  F igure 30.4. 

A f t e r  the mineral zones i n  a borehole are located, the 
spectra f r o m  these zones are used for  mineral ident i f icat ion 
and quanti tat ive estimates. A l l  the analyses of the spectral 
data are done using the mini-computer which i s  par t  o f  the 
mineral logging system. 

I n  order t o  locate mineral zones i n  a borehole 
eff ic ient ly,  semi-quantitative mineral izat ion concentration 
traces fo r  selected minerals are p lo t ted i n  rea l  t i m e  as 
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.J 

2 0.032 - 
z 
0 - - 
F 
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Figure 30.3. Calibration curves for tungsten and molybdenum. The curves are from a second order 
polynomial fit of the mineralization values of artificial samples. The large dots on the plots show the 
location of the data points. The corresponding mineralization plots for the calibration curves are 
shown in Figure 30.4. 

I n  1985, due t o  changing economics, the fur ther  planned development o f  the XRF logging system 
describedherehasbeen suspended. 
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Figure 30.4. Tungsten and molybdenum mineralization plots calculated from spectra of 
calibration samples. The tick marks on the vertical axes of the plots show the ranges for 
each of the calibration samples. The assayed weight percentages (wt%) are listed on the 
lef t  and the estimated weight percentages from the calibration curves (Fig. 30.3) are listed 
on the right. The mineralization trace is shown as a dashed line and the positive areas under 
the trace are shaded. The amplitudes of  the horizontal deflections are proportional to the 
relative mineral concentrations. 

Fie ld tests 

The X-ray mineral logging system was f ie ld  tested by 
logging boreholes fo r  which l i thological and tungsten core 
assay data were available (Fig. 30.5). These holes were 
dr i l led i n  a skarn near Ely, Nevada. 'The evaluation was done 
by comparing the logging results t o  the assayed values. A 
problem was encountered i n  that  the gain of the sonde varied 
while logging the boreholes. Thus the quanti tat ive results are 
limited, but over short depth increments, the relat ive amount 
of mineral izat ion can be estimated by comparing the 
deflections o f  the mineral izat ion traces. These gain 
variations are most l ikely due t o  temperature and voltage 
changes and fu ture modifications t o  the logging sonde w i l l  
incorporate some fo rm o f  spectrum stabilization. 

Figure 30.6 shows a mineral izat ion p lo t  fo r  hole PH-19 
f rom 1050 t o  1085 feet  (320 t o  330 m). The energy windows 
used t o  calculate the mineral izat ion traces were chosen t o  
maximize the sensitivity for  the detect ion o f  tungsten. The 
tungsten t r iox ide (WOs) assayed values f o r  weight 
percentages over 0.05 weight per cent  (wt%) are l is ted t o  the 
r ight  o f  the plot. N o  assay values were available f o r  the  
depth intervals f r o m  1080 t o  1085 fee t  (328 t o  330 m) and 
f rom 1050 t o  1065 feet  (320 t o  325 m). The laroe deflections 

Figure 30.5. Logging a mineral hole near Ely, Nevada. The 
computer controlled data acquisition system is in the van. 
The draw work contains 3000 feet  (about 1000 m)  of cable. 
Electric power is supplied by a 5 kw gasoline power generator 
which is installed in the van. 

of  the mineral izat ion traces f r o m  10.65 t o  1075 feet  (325 t o  
326.7 m) correspond t o  WOs assay values f rom 9.64 t o  
26.25 wt%. 
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Figure 30.6. Mineralization plot of hole PH-19. Since the hole was logged from the bottom t o  the 
surface, the depths decrease from the top of the plot. The tungsten trioxide ( W O s )  assays which are 
greater than 0.05 wt% are listed t o  the right of the plot. The solid trace on the plot shows the 
running average of the mineralization values over 5 foot (1.5 m )  increments. The dashed line, whose 
positive areas are shaded, shows the mineralization values for each one foot (30 cm)  increment. The 
deflections of the traces have good correlation to  the assay values. 

ENERGY ( k e v )  
Figure 30.7. Data and difference spectra for hole PH-19. The data spectrum is the average of the 
spectra from 1065 t o  1070 feet  (325 t o  326.1 m )  which were recorded while logging. The background 
spectrum (not shown) used to  obtain the difference spectrum, is the average of spectra taken 
from 1050 to 1060 feet  (320 to 323 m) and from 1076 to 1085 feet  (328 t o  330 m). 
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The spectra f rom 1065 to  1070 feet  (325 to  326.1 m) 
were averaged and the result is shown i n  Figure 30.7 along 
w i th  the difference spectrum. The background spectrum used 
to  obtain the di f ference spectrum was obtained by averaging 
the spectra f rom 1050 to  1060 feet  (320 to  323 m) and 
f rom 1076 to  1085 feet (328 t o  330 m). The large energy 
peak at  about 60 keV on the difference spectrum is due t o  the 
tungsten K X-rays. 

Hole 57 was logged over a 500 foot  (150 m) in terva l  
where available WO3 assay data were almost continuous 
(Fig. 30.8, 30.9). I n  this in terva l  there were 8 zones w i t h  
assay greater than 0.1 w t %  and mineral izat ion traces have 
corresponding deflections f o r  7 o f  the 8 zones. I n  addition, 
there are 5 other large deflections which correspond t o  
assays between 0.05 and 0.1 wtOh and 3 anomalous deflections 
which appear t o  be dlje t o  l i thological changes. These 
anomalous deflections appear t o  correspond t o  breccia i n  a 
fau l t  zone, a th in  igneous intrusion and th in  hornfels bedding 
i n  the skarn. Figures 30.8 and 30.9 show the mineral izat ion 
plots for  the depth intervals f rom 1030 t o  1095 feet  (313.9 t o  
333.8 m) and f r o m  1185 t o  1265 feet  (361.2 t o  385.6 m). The 
deflections o f  the mineral izat ion functions o f  both plots show 
good correlat ion w i t h  the assay values l is ted t o  the right. 
None o f  the assays fo r  the logged in terva l  o f  hole PH-57 
exceeded 1 wt%. 

The background of the mineral izat ion traces w i l l  have 
dc offsets which correspond to  l i thological changes. These 
dc offsets are distinguishable f rom the more irregular 
deflections due t o  the mineralized zones. I n  addition the f u l l  
spectra data of the dc offset w i l l  not display any sharp 
energy peaks. 

Potent ia l  o f  the logging system 

The X-ray fluorescence mineral logging system can be 
a useful tool i n  obtaining data for  mine expansion and control  
as wel l  as for mineral exploration. A commercial  logging 
system could be used to  log rotary  dril lholes which can be 
dri l led faster and less expensively than core dr i l led holes. 
Since the logging system has the abi l i ty  to  analyze the data 
a t  the d r i l l  site, results necessary t o  make decisions 
regarding fu ture d r i l l  sites can be readi ly obtained. Even 
w i t h  a commercial  logging tool, some core holes would be 
recommended for  data correlation. 

The main l im i ta t ion  o f  the X-ray fluorescence 
technique is tha t  X-rays are easily absorbed. Any mud o r  
moisture on the borehole walls can absorb the X-rays before 
they are detected by the sonde. When logging i n  water, the 
detect ion o f  l i gh t  minerals (elements w i th  small  atomic 
number, i.e., zinc, copper, etc.) is no t  possible and the 
sensitivity o f  the sonde fo r  the heavy minerals (large atomic 
number, i.e., tungsten, lead, etc.) is reduced. 

I n  order t o  provide a commercial  system, the design and 
development o f  a new modular logging sonde is planned. The 
modular sonde would digi t ize the spectral data before 
transmitt ing the data t o  the surface. Since the detection o f  
d i f ferent  minerals requires d i f ferent  radioactive sources, 
mult iple detector and source modules are proposed. Each of 
these modules would be opt imized for  a given range o f  
minerals. Since the gain of each module would be preset, 
major calibrations of the system could be routinely done i n  a 
laboratory and only minor funct ional tests of the system 
would need to  be performed a t  the logging site. The logging 
sonde would contain a microprocessor which would control  
the f l ow of data. Additional modules which measure caliper, 
temperature, natural gamma and other parameters which 
a f fec t  the operation would be installed. 
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THERMAL ABSORPTION CROSS-SECTION MEASUREMENTS 
O N  BOREHOLE SAMPLES' 

J.M. ~ a r r i s ~ ,  P.J. McDaniel, R.W. Barnard, and D.H. Jensen 

Harris, J.M., McDaniel, P.J., Barnard, R.W., and Jensen, D.H., Thermal absorption cross-section 
measurements on borehole samples; Borehole Geophysics for  Mining and Geotechnical Applications, 
ed. P.G. Kil leen, Geological Survey of Canada, Paper 85-27, p. 285-287, 1986. 

Abstract 

Exploration for minera l  and hydrocarbon-bearing for~nat ions of ten requires the use of logging 
tools which re ly  on neutron irradiation. Interpretat ion o f  the data f r o m  these tools is aided by 
knowledge of the thermal  neutron absorption cross-section o f  the formation. Therefore, exploration 
and service companies have developed a variety of methods to  determine the absorption cross-section 
i n  the formation f r o m  measurements taken i n  the borehole. One such rnethod is the pulsed neutron 
dieaway technique, as is used i n  a commercial neutron capture logging tool. 

Thermal absorption cross-sections f r o m  neutron dieaway measurements made w i t h  the NLL 
probe (trademark o f  the Dresser-Atlas Company) a t  a si te near Pana Maria, TX, have been compared 
w i t h  measurements made o f  core samples. The cross-sections of the core samples were derived f rom 
react iv i ty  measurements made a t  the Advanced React iv i ty  Measurement Fac i l i t y  located a t  the 
Idaho National Engineering Laboratory. A model based on  an analyt ic inf ini te-medium solut ion t o  the 
time-dependent Boltzman equation was used t o  re la te a dieaway measurement t o  the  absorption 
cross-section. 

L'exploration des min6raux e t  des formations contenant des hydrocarbures requihre souvent 
I 'ut i l isat ion des appareils de sondage B act ivat ion neutronique. L1interpr6tat ion des donnees 
provenant de ces appareils est faci l i tee par l a  connaissance de Itabsorption thermoneutronique de l a  
coupe de l a  formation. De  ce fai t ,  les entreprises d'exploration e t  de services ont mis au point des 
m6thodes a f in  de determiner Itabsorption de l a  coupe d'une format ion b par t i r  de mesures prises dan 
les trous de sondage. Une de ces m6thodes est cel le de l a  technique des neutrons pulses d i te  
<<dieaway>>, crest cet te  m6thode qui est ut i l is6e par les outils commercialis6s de sondage capture 
neutronique. 

Les mesures d'absorption thermique des coupes par l a  methode neutronique pr6-citde ont k t 6  
effectuees par l a  sonde NLL (marque d6pos6e par l a  Dresser-Atlas) sur un  s i te  pr&s de Pana Maria, 
TX; celles-ci on t  k t 6  compar6es aux mesures fai tes A par t i r  de carottes. Les mesures effectuees sur 
les prof i ls des carottes provenaient de mesures de reac t i v i td  de 18<<Advanced React iv i ty  
Measurement Facility>> du laboratoire de ItIdaho National Engineering. On a ut i l is6 un modele de 
solution analytique b mil ieu ind6f ini  en accord h 1'6quation A fonct ion temporelle de Boltzman pour 
met t re  en re la t ion les mesures neutroniques <<dieawap> e t  Itabsorption dans les coupes. 

Introduct ion migrate through the format ion u n t i l  captured by  one of the 

~~~t~~~ capture logs have been commercially available nuclei i n  the formation. Most capture events result  i n  

since 1963 (Youmans e t  al., 1964). They are commonly used a gamma ray which can be the 

to locate the oil-water interface.in a cased well hole, detector. The capture r a t e  of the neutrons i s  a funct ion o f  

when combined w i t h  the neutron absorption cross-section for the thermal absorption cross-section i n  the formation; 
the formation fluids, the residual oil can be therefore, i t  is possible t o  determine the thermal absorption 

determined. Both applications are based upon measurement cross-secti0n a by measuring the time- 
o f  the absorption cross-section. Since the thermal absorption the gamma ray detector. 

cross-section o f  chlorine is much larger than tha t  o f  carbon, Although the concepts on which the neutron capture log  
hydrogen, or oxygen, the formation water, which normally i s  based are easily understood, the actual relationship 
contains NaCl, can be distinguished f rom hydrocarbon. between the thermal absorption cross-section and the signal 

The neutron-capture logging too l  incorporates a pulsed i n  the gamma detector can be quite complex. variat ions i n  

neutron source and a gamma ray  detector. Neutrons w i t h  the borehole size, the thickness and type of the we l l  casing, 
energies o f  about 14  MeV are injected in to the formation and and the mud cake a l l  affect measurements. Experiments 
lose energy by scattering un t i l  their  energy is comparable t o  were performed determine the accuracy the 
the thermal energy of nuclei. ~h~~~ thermal neutrons absorption cross-section f rom borehole measurements. A 

commercial  Neutron L i f e t i m e  L o g  (NLL) was run i n  a 

This work was supported by the 
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shallow borehole. The experiment was run i n  association w i t h  
Chevron O i l  F ie ld  Research Company during 1978. Chevron 
provided the data f r o m  the commercial  NLL t o  Sandia 
Laboratories for  analysis. The absorption cross-sections o f  
samples taken f r o m  the formation fluids and rock mat r i x  a t  
various depths were measured and compared w i t h  the values 
f rom the NLL.  

Experimental technique 

The borehole was located i n  Karnes County, near Pana 
Maria, Texas. It was dri l led w i th  a 6.25 inch (15.9 cm) b i t  t o  
a depth of about 275 feet  (83.9 m) and was not cased. F l u i t s  
extracted f r o m  the borehole had a density o f  about l g / c m  . 
The measured salt content was less than 500 ppm, so the 
formation was treated as fresh water w i t h  no hydrocarbon 
content. The zone of interest was a t  a depth o f  135-165 feet  
(41.2-50.3 m), and had a relat ively constant borehole 
diameter. The porosity log o f  this zone showed an excursion 
o f  +6 percentage points about the median value of 30%. 

Several samples weighing about 120 g were taken f r o m  
borehole cores. These samples were dr ied and pulverized t o  
about 120 mesh. An aliquot o f  about 2 g f rom each sample 
underwent an elemental analysis using Prompt Gamma 
Act ivat ion Analysis (PGAA) (Harris e t  al., 1983). The 
remainder o f  each sample was sent t o  the Idaho National 
Engineering Laboratory f o r  determination o f  the absorption 
cross-section using the Small Sample React iv i ty  
Measurement (SSRM) technique (Farley e t  al., 1981). 

Table 31.1 Analysis o f  typical core sample 

Core 151.5 - 152.0 fee t  = 30% 

Microscopic Macroscopic 
Element Cross Section Concentrat ion Cross-Section 

(cm2/g) (11 9/91 (c.u.) 

Tota l  12.6 C.U. 

Format ion F lu id  22.0 C.U. 

Format ion Absorption Cross Section 19.2 c. u. 

3 5 

NLL 

o a o SSRM 

+ + + P G A A  

Depth  ( f t )  
Figure 31.1. Formation cross-sections as a funct ion of depth based on PGAA data and SSR M data, as 
well as the NLL. 



The density of the rock matr ix  and the density of the 
formation f lu id  were calculated using the following: 

where 

pm = density o f  matr ix  i n  formation, 

fl = porosity of formation, 
pg = measured grain density o f  matrix, 
pw = density of f lu id  i n  formation, 
Sw = water saturation i n  formation, and 
pf = density of borehole fluids. 

Since the zone o f  interest is below the water table, Sw was 
assumed to  be 1.0. The thermal absorption cross-section for  
fresh water is C w  = 22.2 x l o m 3  cm2/g. 

The absorption cross-section o f  the formation, CA, is 
the sum of the matr ix  and the f lu id  absorption cross-section 
and is given by 

and 
N 

where 
C. - microscopic thermal absorption cross-section 

- fo r  the j th  element (cm2/g), 

C j  = concentration of element j (g/g), 

N = number of nuclides i n  sample, and 

C m  = microscopic thermal absorption cross section 
for matr ix  (cm2/g). 

The N L L  data are digi t ized records o f  the count rates 
i n  f i ve  gates o f  100 u s  duration. These gates begin a t  200, 
300, 400, 600, and 800 p s  a f te r  the neutron pulse. The 
macroscopic absorption crosss-section has been calculated 
f rom these data, based on the theory developed by 
Youmans e t  al. (1981). This theory i s  an inf ini te-medium 
approximation t o  the Boltzman transport equation, which 
predicts the neutron population i n  the format ion w i l l  decay 
exponentially. A n  exponential dieaway has been f i t t e d  to  the 
N L L  data, and the absorption cross-section has been 
extracted f rom the exponent. 

Results 

A t  each depth i n  the borehole f r o m  which a core sample 
was taken, the absorption i n  the matr ix  was calculated 
f rom PGAA and also measured by  SSRM technique. These 
results were combined w i t h  data f r o m  the porosity log t o  
obtain the macroscopic thermal cross-section f o r  the 
formation. The results o f  a typ ica l  core analysis f rom the 
PGAA are shown i n  Table 31.1. The microscopic cross- 
sections used fo r  the individual elements were taken f r o m  
the ENDF V compilat ion (Mughabghab e t  al., 1981). 
Contributions t o  the macroscopic cross-section for  the rock 
mat r i x  were calculated f r o m  equation (1) using a value o f  
1.74 g/cm3 for pm. Figure 31.1 shows the formation cross- 
sections as a funct ion of depth based on PGAA data 
and SSRM data, as wel l  as the NLL. 

I n  the zone between 139 and 145 feet  (42.4-44.2 m)' the 
differences between the three techniques are less than 18%. 
I n  the region between 151 and 158 feet  (46.1-48.2 m), the 

techniques agree wi th in  about 12%, except a t  one point. A t  
155 foot depth (47.3 m), the N L L  measurement is only 60% of 
the other two  values. N o  systematic differences are 
observed between the measurements made on core and the 
results obtained f rom the NLL. The differences obtained 
f rom the two techniques used on the core samples are less 
than 11% a t  any point. 

Discussion and conclusion 

The dominant contr ibut ion t o  neutron absorption i n  the 
formation i s  f r o m  capture i n  boron and silicon. Two core 
samples, taken a t  depths between 154 and 155 f e e t  (47 and 
47.3 m), contained almost tw ice  as much boron as the sample 
shown i n  Table 31.1; consequently, the i r  macroscopic 
absorption cross-sections are much larger than those obtained 
near 1 5 1  feet  (46.1 m) (Fig. 31.1). The NLL did not  
accurately record this high-absorption zone. Two 
explanations for  this discrepancy are possible; f i rst ,  the core 
may not  be representative of the formation volume which the 
N L L  tool interrogates, or second, the high-absorption zone 
may be local ized t o  a bed so th in  tha t  the NLL tool  cannot 
accurately resolve it. 

Comparison studies using core samples and log  data 
would no t  be expected t o  yield pointwise agreement, b u t  may 
be quite useful i n  detecting cal ibrat ion o r  systematic errors. 
Using two  independent techniques t o  obtain the absorption 
cross-section increases the confidence i n  the core analysis. 
The f a c t  tha t  cross-sections obtained f r o m  PGAA 
measurements and the SSRM data d i f fe r  by  up t o  11% is 
expected since the la t te r  are only accurate t o  about 10%. 

I n  general, the N L L  probe provides an accurate 
measurement o f  the absorption cross-section i n  this 
formation. E i the r  of the methods used fo r  analyzing the core 
can provide absorption cross-sections w i t h  an accuracy of 
about 10%. Addit ional work is necessary t o  completely 
understand the reason fo r  the remaining discrepancies 
between the core measurements and the NLL measurements. 
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DESIGN A N D  F IELD TEST O F  A SENSOR 
F O R  THE 

CROSSHOLE MAGNETOMETRIC RESISTIVITY TECHNIQUE 

B.B.H. L o  and R.N. ~ d w a r d s '  

Lo, B.B.H. and Edwards, R.N., Design and f ie ld  test of a sensor fo r  the crosshole magnetometr ic 
resist iv i ty technique; i n  Borehole Geophysics for  Mining and Geotechnical Applications, 
ed. P.G. Kil leen, G e o l o g i c ~ l  Survey of Canada, Paper 85-27, p. 289-296, 1986. 

Abstract  

The Magnetometric Resist iv i ty (MMR) method i s  an electr ical method o f  exploration for 
conductive, mineralized bodies. I n  an M M R  survey, low level  magnetic f ields caused by  currents 
injected in to the ground are measured. The crosshole variant, introduced i n  1980 by Newmont 
Explorat ion Ltd. i n  conjunction w i th  the Universi ty of Toronto, requires a t  least two  boreholes i n  the 
v ic in i ty  of a target. I n  the f i rst ,  two f ixed current electrodes are located, one above the other. They 
are ef fect ive ly  joined by a single cable carrying the low frequency t ransmi t ter  current. I n  another 
borehole, a sensitive c o i l  measures, as a funct ion of depth, the component paral lel  t o  the hole of the 
magnetic f i e ld  of the t ransmi t ted current. 

The design o f  a simple downhole probe is described. The radius of the finished probe i s  1.6 c m  
and can f i t  in to  E X  (1.8 c m  radius) sized holes. The sensor consists of a 101  c m  long f e r r i t e  core o f  
re la t ive permi t t i v i t y  of about 200. Twenty-four thousand turns of magnet wi re are wrapped i n  ten 
equal sections about the core. F ive  tuned, act ive f i l t e r  stages connected i n  cascade, ampli fy the 
received signal before transmission uphole i n  a Kevlar reinforced, shielded cable. The c i rcu i t  
diagrams of the probe assembly, as we l l  as their  Bode diagrams, are given. 

D a t a  collected on the f i r s t  f ie ld  test o f  the downhole probe are presented. They are corrected 
fo r  pr imary current distort ion caused by an overburden layer, and for  the several e f fects  of non- 
ver t ica l  boreholes. Anomalies, caused by current channelling, are evident i n  the reduced data. 
Targets ident i f ied occur at  sirnilar depths as those previously Located w i t h  the downhole Crone PEM 
system. 

L a  methode de l a  resist iv i td magnBtom6trique est une methode Blectrique servant A l a  
recherche des corps minBralis6s conducteurs. E l le  consiste 2 mesurer les champs magnetiques de 
faible intensite crB6s par I'envoi de courant dans les formations. L a  mBthode transversale, que 
Newmont Exploration Ltd. e t  IIUniversitB de Toronto ont presentees en 1980, nBcessite I1u t i l i sa t~on  
d'au moins deux trous de sonde au voisinage de l a  cible. Dans l e  premier trou, des electrodes de 
courant f ixes sont plac6es I1une au-dessus de I'autre. Elles sont reliBes par un cable unique 
transportant l e  courant $I basse frequence Bmis par I 'bmetteur. Ce  courant cree un champ 
magnetique et, dans un  autre trou, une bobine sensible en mesure l a  composante parallble au t r o u  en 
fonct ion de l a  profondeur. 

L a  mise au point d'une sonde de fond simple est decri te dans l e  present rapport. Une fo is  
assemblBe, l a  sonde a un  rayon de 1,6 c m  e t  elle peut d t r e  inserge dans des trous de dimensions E X  
(rayon de 1,8 cm). L e  dBtecteur consiste en un noyau en fe r r i te  dlune longueur de 1,01 c m  e t  d'une 
permi t t i v i te  relat ive d'environ 200. Vingt-quatre mil les tours de f i l  de bobinage sont enroul6s de 
manihre 3 former dix sections Bgales autour du noyau. Cinq f i l t res act i fs  e t  synchronises, montes en 
Btage e t  relies en cascade, ampli f ient l e  signal reGu avant de l e  transmettre l a  surface & I'aide d'un 
csble renforce de Kevlar  e t  blind& Les diagrammes de c i rcu i t  e t  les diagrammes Bode de l a  sonde 
sont fournis. 

Les donnees recueill ies au cours du premier essai de l a  sonde de fond sur l e  ter ra in  sont 
exposees. Elles ont  BtB corrigees de manihre 3 tenir  compte de l a  distorsion du courant pr imaire due 
$I une couche de mort - ter ra in  et  B tenir  compte de plusieurs ef fe ts  propres aux trous de sonde non 
verticaux. Les donnBes rBsum6es font  ressortir, de f a ~ o n  Bvidente, les anomalies causdes par l a  
transmission du courant. Les profondeurs indiquees pour les cibles sont les mdmes que celles que l e  
systbme de fond Crone PEM avait  indiquees auparavant. 

Geophysics Laboratory, Department of Physics, Universi ty of Toronto, Toronto, 
Ontario, M5S 1A7 



Background 

I n  an Magnetometric Resist iv i ty (MMR) survey, the 
magnetic f ield caused by currents injected in to the ground is 
measured. The current f lowing out o f  a point source a t  the 
surface of a uniform earth produces a magnetic f i e ld  on the 
earth's surface which is the same as tha t  o f  a half  in f in i te  
wi re extending vert ical ly downwards f r o m  the inject ion point. 
Further, the magnetic f ie ld  when measured on the earth's 
surface is not perturbed by horizontal layering wi th in  the 
earth. However, the presence of la tera l  conductors does 
channel currents and produce an 'MMR anomaly'. 

A n  advantage o f  the M M R  technique occurs because a 
measurement o f  the magnetic f i e ld  a t  a given location is due 
t o  a l l  the current f l ow i n  space. Therefore, the technique is 
no t  as sensitive t o  the local conduct ivi ty structure a t  the 
measurement point as surveys which measure the electr ic 
field, which is strongly influenced by local charges. 
Consequently, an MMR survey can be more ef fect ive i n  areas 
of highly variable and conductive overburden than, for 
example, a resist iv i ty survey. 

Historically, the M M R  method stems f r o m  a patent of 
Jakosky (1933). A viable system could no t  be bui l t  a t  that  
t ime  because o f  a lack o f  magnetic f i e ld  sensors o f  suff ic ient 
sensitivity. Extensive development o f  the method has taken 
place a t  the University o f  Toronto since the early 1970s when 
mil l igamma maqnetometers became commercially available 
(Edwards, 1974; Edwards and Howell, 1976; Gomez-Trevino 
and Edwards, 1979; Edwards and Gomez-Trevino, 1980). The 
MMR technique o f  finding la tera l  conduct ivi ty changes i n  the 
ear th has subsequently been applied successfully fo r  mineral 
exploration. 

With the commercial  avai labi l i ty o f  l ow noise precision 
operational amplifiers, a sensitive co i l  may be used instead o f  
a magnetometer. The design and construction o f  such an 
inexpensive sensor and electronics is presented. Our paper 
w i l l  concentrate on the crosshole variant of MMR and 
demonstrate the simpl ici ty of the probe design. 

PLAN -- 

Introduct ion t o  crosshole MMR Simple numerical modelling showed that  improved resolution 
The crosshole variant of M M R  was developed in i t i a l l y  of the target  m igh t  occur if both the current sources and, 

t o  solve a part icular geophysical problem encountered by particularly, the sensor were located closer t o  the target in 
Newmont Exploration Ltd., Tucson. Several holes were boreholes: the crosshole MMR method. The role envisaged 
dri l led i n  the vicini ty o f  a certain prospect, b u t  only one for crosshole M M R  was to  add to  the information already 
intersected the deep, mineralized target. Various obtained by drillinq. 
geophysical techniques were used t o  obtain information about I n  the idealized crosshole MMR survey (Fig. 32.1), a 
the regu1ar MMR surveys, in which current source and sink are located in a vertical borehole. 
magnetic fields a t  the surface of the earth were measured. 

Figure 32.2. The downhole probe. 



a second vert ical borehole, a sensor measures the vert ical 
component o f  the magnetic f ie ld  as a funct ion of depth. 
Inside a layered earth, using symmetry arguments, the 
currents generated i n  the earth by the current source and 
sink are independently axi-symmetric. Consequently, the 
associated magnetic f ie ld  has only horizontal component. 
The magnetic f ie ld  o f  the straight ver t ica l  current w i re  
connectinq the source and the sink is also horizontal i n  the 

the magnetic f ields o f  current sources and sinks i n  a layer 
over a hal f  space earth. The magnetic f ield of the incl ined 
current wi re i s  evaluated f r o m  the fundamental Biot-Savart 
law. F rom dip, t ropar i  and distance measurements along the 
borehole, the re la t ive locat ion and orientat ion o f  the sensor 
w i th  respect t o  the current wi re can be found. The coupling 
o f  the magnetic f ields to  the probe is then obtained through 
suitable co-ordinate transformations. 

ideal case-for the same reason. Any ver t ica l  magnetic f ie ld  I n  practice, the distance scale o f  a typ ica l  crosshole measured must therefore be ent irely due t o  current 
channelling caused by anomalous la tera l  conductivities. MMR survey is the order o f  1 km. Loca l  e f fects  o f  the 

drillhole, such as the ef fects  o f  dr i l l inq muds, do no t  a f f e c t  
I n  practice, boreholes are seldom vert ical and primary the downhole M M R  measurements unless the muds are highly 

fields generated by the current carrying wire are seen by the susceptible. Further, the receiver probe can be operated i n  
probe. Also, a non-vertical sensor measures a component o f  plastic-cased boreholes. 
the horizontal magnetic fields produced by the current source 
and sink. These two  geometric e f fects  may be computed and Instrumentation 
removed i n  the f i r s t  staqes of data reduction. 

The equipment used i n  a crosshole MMR survey i s  easily 
have been for adapted from instruments used in surface MMR (Lo, 1985). 

making such a geometrical correction. They enable the Our system includes: 
maqnetic field. due t o  iniected currents o f  ei ther a half-  
space or a la;er over a half-space earth model, t o  be 1. A crystal  control led transmitter which injects an 
computed. The formulae derived by Edwards e t  al. (1978) fo r  al ternat ing square wave o f  the proper frequency in to  the 
the ver t ica l  MMR response o f  a th ick outcropping dyke of ground. The transmitter operates f rom a 3 kW, 60 H z  
in f in i te  ver t ica l  extent can be reinterpreted t o  give d i rect ly  Kohler motor  generator. 

FREQUENCY (~cJ:.Lz) 

20KQ 

FREQUENCY (hertz) 

5 2 2 H  

Figure 32.3b. Bode p lo t  of the f i rs t  stage. 

vv"v,-" 

Figure 32-30. Ci rcu i t  diagram of the f i rs t  stage 
w i t h  the inductor and the resistor representing the 

+-I- 
coil. 

8.63pF 366a o 



2. A portable digi tal  receiver which i s  phase-locked t o  the 
transmitter. The phase reference i s  carr ied and 
maintained by a local  crystal  oscil lator synchronized w i t h  
a similar oscil lator a t  the transmitter. 

A downhole probe and manual winch system are added 
to  the above instrumentation for  a borehole survey. One 
ki lometre of Kevlar  reinforced, two conductor, shielded cable 
i s  mounted on the winch. The probe's distance down the 
borehole is given by an attached counter calibrated i n  
decimetres. The current-carrying wires, which fo rm the 
transmitter bipole, are insulated, single conductor, steel- 
reinforced copper wire. Copper coated steel welding rods 
about 3 m i n  length are used for  the current electrodes. 

The complete downhole probe (Fig. 32.2), is 3 m long 
and 3.2 crn i n  diameter and as such, may be lowered i n  EX (a 
common d r i l l  size 3.6 c m  diameter) size d r i l l  holes. The 
probe consists of a tuned fe r r i te  co i l  sensor, pre-amplif iers 
and batteries. Operating l i f e - t ime  i s  10 hours fo r  a set o f  
batteries. The co i l  is pot ted w i t h  fibreglass and the rest  of 
the assembly i s  enclosed i n  a stainless steel casing. 
Operational depths o f  up  t o  1 k m  i n  water-f i l led holes have 
been achieved. 

The sensor consists o f  a 1 0 1  c m  length f e r r i t e  core 
which has a re la t ive permeabi l i ty of about 200. About this 
core is wound 24 000 turns of No. 28 magnet wire. The w i re  
has an interwinding capacitance which forms a resonant 
c i rcu i t  w i t h  the inductance of the  coil. F o r  operational 
s tab i l i ty  reasons, the co i l  works i n  the l inear region below the 
self-resonant frequency. Interwinding capacitance of the co i l  
is minimized by pi le winding i n  t e n  sections. This produced a 
co i l  w i t h  characteristics o f  52.2H (henries), 0.125 pF 
(microfarads) and a resistance o f  377 ohms. 

Before the  emf induced i n  the  c o i l  by a changing 
magnetic f ie ld  signal i s  transmitted uphole, the signal i s  
ampli f ied i n  stages. The co i l  is connected i n  series w i t h  
capacitors of to ta l  capacitance o f  8.63 y F (Fig. 32.3a) t o  
resonate a t  the operating frequency of 7.5 Hz. The f i r s t  
stage has a three decibel passband width of 1.13 H z  centred 
about 7.5 Hz. 

U p  t o  four fur ther  stages each w i t h  a three decibel 
passband of 3.75 H z  may be connected i n  cascade w i t h  the 
f i rs t  stage. Figures 32.3 and 33.4 show the c i rcu i t  diagrams 
o f  the f i r s t  co i l  stage, one subsequent tuned ampl i f ier  stage 
and their respective Bode diagrams. 

Figure 32.4~. Circuit diagram of one of the 
following stages 

i nn  I I [ I  1 1 1 1 1  I I I 1 1 1 1 1  

FREQrjEXCY (b -:-I z) FKEQUENCY ( h e r t z )  

Figure 32.4b. Bode plot of one of the following stages 



The smallest dynamic range of the probe (magnetic 
response), 300 pT (picotesla) peak t o  peak, corresponds to  the 
greatest sensitivity, 31.3 V/nT, when all amplifier stages a re  
cascaded. Each stage not used results in a ten-fold increase 
in the dynamic range, and a corresponding decrease in 
sensitivity. 

Internal noise of the system determines the smallest 
signal which may be resolved. I t  originates from amplifier 
noise and from the thermal noise of the coil windings. 
Thermal noise could be reduced by using fewer windings but 
only a t  the expense of a decrease in the  sensitivity of the 
coil. A high quality, low noise, precision operational 
amplifier (model OPA 27GTj manufactured by Burr-Brown 
Research Corporation is used in the first stage t o  reduce the 
amplifer noise to  about the same level as  the thermal noise 
of the coil. Noise from the system is 6 millivolts rms/root 
hertz. Consequently, for a 0.1 nT typical signal a t  7.5 Hz, 
and a bandwidth of one hertz, the signal t o  noise ratio is 580 
a t  the output of any of the four optional amplifier stages. 

Electric field pick-up may mask the  magnetic response 
or cause the amplifiers to saturate. It is avoided by 
grounding the  electronics only a t  the  input and running 
separate signal and ground wires to  the surface. 

Field t es t  

Geology 

A crosshole survey was conducted during July 1983, in 
conjunction with Noranda Exploration Co. The s i te  is located 
near Sturgeon Lake, north of Ignace, in northwestern Ontario. 

Here, about 5 m of overburden overlie the crystalline 
basement rock. Two work types, andesite and rhyolite form 
the major rock units in the region. Major sulphide minerals in 
rhyolite units a re  pyrite, pyrrhotite, chalcopyrite, and 
sphalerite. Some andesite units contain up t o  5% euhedral 
magnetite. The topographic relief is small and the area is 
swampy. Access to  the drill sites is provided by winter roads 
which, in the summer, a r e  drivable t o  within 1 km of the  drill 
sites. 

Method 

At the s ta r t  of a survey, a f te r  the placement of the 
current electrodes, the  crystal clocks in the  transmitter and 
the receiver are  synchronized. The sensor output is then 
calibrated against the field of a very long wire, carrying a 
known current, of which the magnetic field is known. 

Ffgure 32.5. Plan view of the boreholes logged in the first crosshole M M R  t e s t  (400 f e e t  = 122 m). 



DRILL HOLE ! A ' DRILL HOLE ' B ' 

MAGNETIC FIELD (nanotesla) 

a. - M M R  data and corrections f o r  drillhole A 
b. - M M R  data and corrections f o r  drillhole B 
c. - M M R  data and corrections fo r  drillhole C 

Figure 32.6. Plots of the magnetic field measured in 
the hole direction (dotted line), correction for  non- 
vertical hole e f fec t s  (dashed line), anomalous magnetic 
field (solid line). 

Measurements a re  made every 10 m along the hole 
unless rapid changes in the output are  noted. In  such cases a 
denser sampling interval is used. A kilometre deep hole is 
logged in about three hours. The receiver averages several 
waveforms per reading. A short averaging cycle is used and 
many readings are  taken a t  the measurement point to  obtain 
an idea of the amount of noise in the data. 

An analog t o  digital converter with a built-in cathode 
ray tube display is used to periodically monitor the signal 
quality and form. 

Data - 
Three boreholes were logged in this experiment using 

the  same transmitter location marked a s  the TX hole in 
Figure 32.5. One electrode was located 750 m along the 
borehole, while the other was set up a t  the top of the hole. A 
plan view of the  boreholes is given in Figure 32.5. The 
current transmitted was 0.85 A. 

The noise levels were low (less than 1%) and the 
repeatability good. Plots of the magnetic field measured 
(dotted line), geometry effect  (dashed line) and the geometry 
corrected response (solid line), for the three drillholes a re  
shown in Figure 32.6. A resistivity ratio of 1000 to 
1 between the  overburden and the half-space is used for the 
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-0.50 -0.25 0 0.25 0.50 

MAGNETIC FIELD (nanotesla) 
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Figure 32.7. Plots of Crone Pulse E M  data collected 
previously for the same drillholes. 



earth model. Corrections for  geometry are o f  the same 
magnitude as the data collected. Consequently, this 
correct ion may change the regional nature of the data 
curves. 

F igure 32.7, shows Crone Pulse E M  data collected by 
Noranda Exploration Co. for  the same holes. For  ease o f  
presentation, only select channels of Crone PEM data are 
presented. The shaded areas i n  the plots are areas where the 
various channel responses are not  easily distinguishable.from 
each other. 

Interpretat ion o f  the Crone PEM data fo r  dril lhole A 
shows a par t ia l ly  developed off-hole response a t  the end o f  
the hole. Dri l lhole B has inhole responses at 731 and 769 m 
which correspond w i t h  known mineralization. A weak inhole 
response is detected near the bottom of dr i l lhole C. 

In terpretat ion 

Both two  and three dimensional numerical modelling 
routines are available fo r  data interpretation. A very general 
two dimensional f i n i te  di f ference rout ine which has 
applications i n  regular resist iv i ty methods is available 
(Pai and Edwards, 1983). Three dimensional modelling is a t  
hand f o r  ei ther a discretized bendable p la te o r  a conductive 
disc. Bo th  o f  the three dimensional rout ines use in tegra l  
equation techniques. 

Due t o  a lack of a complete anomaly curve for  the 
drillholes, many models may be used t o  f i t  the data. 
L o  (1985), i n  his M.Sc. thesis, provided a more detailed 
discussion of the interpretation. 

Comparison o f  the crosshole M M R  data w i t h  the Crone 
PEM data shows tha t  both systems sense anomalies a t  the 
same place. H igh  spatial frequency signals, located near 
750 m along the borehole, caused by local current channelling 
beside the hole are seen i n  the MMR data for  dril lhole 0.  
Also seen are high spatial frequency data i n  the section f rom 
175 m t o  350 m i n  the  same drillhole. This zone consists of 
andesitic rocks which have signif icant amounts o f  magnetic 
materials. A magnetic o r  M M R  anomaly is caused by  
magnetic f l ux  gathering by the magneti te i n  this region. Also 
observed t o  a lesser degree i n  the PEM data is the same 
effect.  Magnetic f l ux  gathering is inseparable f rom the 
magnetic f i e ld  produced by current gathering. 

Conclusions 

A n  inexpensive, simple downhole M M R  sensor has been 
described. It can be simply bui l t  and operated. A successful 
f ield test of the crosshole system has been performed. Da ta  
show that  crosshole MMR can detect current channelling 
which may be caused by mineralized bodies. Comparison 
w i t h  Crone Pulse E.M. data show tha t  both systems detect 
anomalies i n  the same positions. Extensions and fur ther  
testing o f  the equipment have t o  be done i n  order t o  fu l l y  
develop this system. 
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DOWNHOLE PULSE EM-TWO RECENT F IELD EXPERIENCES 

J.B. ~ o n i w e l l '  

Boniwell, J.B., Downhole pulse EM- two recent f ie ld  experiences; fi Borehole Geophysics for Min ing 
and Geotechnical Applications, ed. P.G. Kil leen, Geological Survey of Canada, Paper 85-27, 
p. 297-306, 1986. 

Abstract  

The challenge o f  geophysical measurement i s  always t o  recognize that  which is unique t o  every 
exploration si tuat ion and t o  adapt the measuring procedures and subsequent interpretat ion 
accordingly. Two f ie ld  cases are presented wherein the application o f  downhole pulse E M  logging 
direct ly benefited each investigation but  i n  d i f ferent  ways. 

I n  the f i r s t  example, a developing discovery o f  gold-bearing sulphides i n  Archean maf i c  
volcanics on the Eastmain R ive r  i n  northern Quebec provided an ideal problem f o r  downhole EM. 
A f t e r  27 holes, i t  became evident that  there was more than a crude relationship between sulphides 
and gold occurrences, and tha t  there existed a system of relat ively narrow zones of ore-grade 
metal l ics extending over 300 m i n  depth. Downhole pulse E M  logging was carr ied out t o  map the deep 
zones w i th  very sat isfactory results. 

The second example i s  a base meta l  prospect w i t h  a history of sporadic exploration attempts. 
The area l ies i n  the Shebandowan volcanic mineral izat ion tha t  was f i r s t  discovered under 60 m of 
gravel overburden. Each unsuccessful borehole led t o  deeper exploration dril l ing. A unique 
arrangement of dril lholes on one section has made it possible t o  predict, on the basis o f  downhole E M  
logging, tha t  a large body of sulphides exists some 250 m f rom surface and ly ing outside a l l  dr i l l ing to  
date. As a consequence, extensive fur ther  testng is i n  the offing. 

Les mesures geophysiques posent constamment un d6f i  qui consiste B savoir deceler les 
caracteristiques uniques de chaque si tuat ion au cours de I'exploration e t  b savoir adapter en 
cons6quence les proc6dBs de mesure e t  I ' interprBtation subsequente de ces mesures. Dans les deux 
cas exposes dans l e  prBsent rapport, l a  diagraphie Blectromagn6tique (EM) b impulsions de fond a 
prof i t6  directement B chaque recherche, mais de faqons differentes. 

Dans l e  premier cas, un gisement de sulfure auri fhre en cours d'exploitation dans une zone de 
roche volcanique ferromagnesienne de I'ArchBen,, pres de l a  r iv i i t re  Eastmain, dans l e  nord du Quebec, 
procurait  un probl&me ideal a resoudre au moyen de l a  m6thode des sondages Blectromagn6tiques de 
fond. L'examen de 27 trous de sondage a indiqu6 qu'i l y avait, de toute Bvidence, un  l i e n  plus que 
lo in ta in  entre l a  presence de sulfure e t  l a  presence d'or au meme endroit  e t  permis d'observer un 
systbme de zones Btroites e t  mBtalliques b plus de 300 m de profondeur. Les zones profondes ont Bt6 
cartographiees de facon trhs satisfaisante au moyen de l a  diagraphie Blectromagn6tique (EM) B 
impulsions de fond. 

L e  second cas est celui  d'un gisement prometteur de meta l  commun ayant f a i t  I'objet de travaux 
d'exploration sporadiques. L a  zone BtudiBe s'btend dans l a  mineral isat ion volcanique de Shebandowan, 
qui a k t 6  decouverte sous 60 m de rnort- terrain constitue de graviers. Chaque t rou  de forage 
infructueux Btait  suivi d'un forage plus profond. U n  reseau unique de trous de sondage fo r&  dans une 
par t ie  de l a  zone a permis de prBdire, selon les resultats de l a  diagraphie Blectromagn6tique (EM) de 
fond, qu'un important gise~nent de sulfures se trouve b quelque 250 m de l a  surface b un endroit  oh 
aucun forage n'a 6t6 ef fectu6 jusqu'b maintenant. D'autres essais poussBs sont donc en vue. 

Introduct ion innate f lex ib i l i ty  of approach, beginning w i t h  the f ie ld  
measuring systems and their application through t o  

Explorat ion provides numerous o ~ ~ o r t u n i t i e s  t o  enlarge subsequent data handling and interpretation. Two recent 
geological knowledge by geophysical m e ~ ~ U r e m e n t s -  It is also f i e ld  experiences w i t h  downhole pulse E M  Eastmain River  
t rue tha t  no two  exploration situations are exact ly the same, area, Quebec and Burchel l  Lake area, Ontario i l lustrate this 
especially i n  terms o f  geophysical response. I n  consequence, point. 
the exploration geophysicist has t o  recognize what is unique 
i n  every situation, and be prepared to  adapt. This calls for  an 

Excalibur Internat ional Consultants Ltd., Mississauga, Ontar io  



Figure 33.1. Outline of sulphide zones in plane of ore horizon based on 1982 data Eastmain River area, Quebec. 

DDH's logged by 

Figure 33.2. Schematic showing transmitter loop locations relative t o  the diamond drill holes (DDH) for the Eastmain Project. 
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Figure 33.3. Typical pulse E M  section showing transmitter no. 1 ( T x  no. 1) and coupling of the field lines with the ore plane. 

DDH 82-20 

CRONE PEM DATA 

Eastmain Project, Quebec 

Eastmain River, Quebec 

On the Eastmain River  i n  northern Quebec, the f i rs t  
small intersect ion o f  pyrrhot i t ic  sulphides made re la t ive ly  
near-surface, based on conventional ground EM follow-up of 
an airborne survey, has led t o  fur ther  exploration because i t  
was determined tha t  these sulphides persistently carry  grade- 
gold wherever they occur. The problem was that, although 
there exists a consistency t o  the i r  geological setting, the 
sulphides f o r m  pods o f  i rregular outline and apparently 
er rat ic  distribution, and the dr i l l ing o f  them increasingly 
became a mat te r  o f  guessing the i r  shape and extent. A t  
shallow depths pat tern dr i l l ing could be just i f ied as essential 
t o  defining the l i m i t s  o f  the occurrences, b u t  w i t h  increasing 
depth escalating costs demanded a greater degree of 
predictabi l i ty.  

A f t e r  the completion o f  27 holes i n  1982, 21 of them 
aimed a t  defining the main zone (Fig. 33.1), i t  was clear that  
there exists a fa i r l y  direct relationship between sulphides and 
gold: the heavier the sulphides and larger their  width, the 
greater the probability o f  an ore grade intersection. I n  order 
t o  map sulphides a t  depth downhole pulse EM logging of the 
accessible holes was undertaken. 

Most of the surveying was carr ied out using a 
400 x 800 m transmitter loop (Tx no. 1) la id  out t o  encompass 
a l l  the target  holes (Fig. 33.2). A second loop (Tx no. 13), of 
simi lar size bu t  placed adjacent t o  the downdip side, was used 
t o  reduce ambiguities i n  interpretat ion o f  Tx  no. 1 responses. 
The pr imary loop T x  no. 1 was part icular ly cost effect ive, 
having a high transmitter power, a high ver t ica l  penetration, 
and for  the middle range of depths a t  least, a reasonably 
un i form coupling (Fig. 33.3). 

Figure 33.4. Downhole Crone pulse EM data for hole 82-20 
using T x  no. 1 and a gain of 100. 
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Figure 33.5. PEM results in hole 82-20 using T x  no. 13. Figure 33.7. Downhole PEM data for hole 82-16, T x  no. 1, 
(Same gain as in Figure 3 3 . 4 )  and gain of  100. 
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Figure 33.6. PEM results as in Figure 33.5 but with gain Figure 33.8. Downhole PEM data for hole 82-17, T x  no. 1, 
of 1000. and gain o f  100. 
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DDHs 

Figure 33.10. Outline of sulphide zones in plane of ore horizon amended t o  include 1983 data, 
Eastmain River area. 

Figure 33.11 

Eurchell Lake area, Ontario showing locations of 
downhole pulse EM study. 



What is significant about this mineral environment f r o m  
the geophysical point o f  view is that the sulphides are 
restr icted t o  a single, recognizable stratigraphic level  and 
also there is no other conductive mater ia l  i n  the host 
succession. By the end of the 1982 dril l ing, the plane o f  the 
sulphides was found to-dip f rom 3 5 O  t o  45" t o  the northeast, 
and the pods themselves had a thickness o f  1 t o  5 m. F o r  the 
EM probe, they represented th in  conductive sheets lateral ly 
separated by substantial sections of highly resistive material. 
Based on this information it was possible t o  interpret the 
recorded downhole EM responses. I t  is, of course, a paradox 
of  borehole surveying that the most barren exploration holes 
are of ten the best for  EM logging purposes. I n  this case, 
hole 82-20, which fai led t o  intersect the target  

mineral izat ion between the 'A' and '8' zones, yielded the most 
information fo r  predict ing new extensions. The downhole EM 
log (Fig. 33.4) is dominated by an offhole anomaly tha t  peaks 
25 m lower than the geologically projected ore-plane pierce- 
point. I t  is nevertheless an unusually f lat- topped anomaly, 
atypical fo r  the environment and no t  a t  a l l  l i ke  what might  
be expected f r o m  a sheet source. It i n  f a c t  re f lects  fault ing 
which, while recognized, was not  a t  the t ime ful ly 
understood. Thus, a second log f rom Tx no. 13 w i th  i t s  
improved coupling a t  this depth was needed t o  establish the 
peak position w i t h  more certainty (Fig 33.5, 33.6). 
Figure33.5 is included t o  provide a comparison w i th  
Figure 33.4 a t  the same gain setting. 

A. Original  ore deposition 

Section of 
past dri l l ing 

Lond surfoce 
rn 

disreminotions , intruded 

B. Present  disposition 
Schematic only 

Figure 33.12. Hypothetical ore occurrence for the Burchell Lake area, as depicted in relation to;an 
overturned volcanic dome.  
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Ffgure 33.13. Section 2400s. Burchell Lake project, showing Figure 33.14. Results of Crone PEM logging of hole 
the two  closely spaced, subparallel boreholes investigated 81BU-2B- 1. Note transmitter loop locat ion centred around 
w i th  downhole PEM. the drill col lar for  comparison w i t h  Figure 33.15. 

By this stage i n  the investigations, it had become 
possible t o  estimate what fa l l -o f f  rates might  apply fo r  a 
response f rom an offhole source i n  this setting. For  instance, 
logs f rom holes 82-16 and 82-17 (Fig. 33.7, 33.8) show clean, 
single-peaked offhole anomalies a t  approximately the level 
where the holes pierce the ore-plane. These anomalies can 
be reasonably interpreted as due t o  the same source, viz. the 
bot tom extremit ies o f  the upper 'A' zone sulphides as defined 
by dril l ing. I f  distances of 28 m and 55 m respectively t o  the 
common current centre are assumed, then i t  is observed that  
the channel 1 anomaly response fal ls o f f  w i th  distance 
according to  an inverse cube law. This is reasonable i n  view 
of the l im i ted  size o f  the 'A' zone. As a consequence, more 
confident estimates could be made o f  the locat ion o f  any new 
source recorded i n  the logs. Thus, i n  DDH 82-20, the 
displaced peak and the amplitude o f  the offhole anomaly 
allowed the predict ion o f  a fur ther  signif icant sulphide 
occurrence a t  least 50 m below previous dr i l l ing i n  the ore- 
plane. This was the pr incipal conclusion t o  emerge f r o m  the 
first-stage logging a t  Eastmain. This new source was labelled 
the ID' zone. On the basis o f  hole 82-20 and nearby holes 
82-21 and 82-22 (both barren holes) zone ID' was conjectured 
t o  be positioned as shown i n  Figure 33.9. 

Subsequently, two holes (83-4 and 03-51 were dr i l led t o  
test the val idi ty o f  this interpretation. The f i r s t  hole 
successfully intersected a zone o f  semi-massive sulphides, 
containing a 5 m section o f  high grade ore, a t  a depth o f  
approximately 340 m. As a result  o f  this hole i n  particular, 
as wel l  as companion dri l l ing i n  early 1983, the at-depth 
sulphide distr ibut ion was amended to  show extensions t o  the 
'A'zone; however, the downdip l im i t s  are s t i l l  open 
(Fig. 33.10). 

Burchel l  Lake, Ontario 

A problem of a d i f ferent  k ind arose a t  Burchel l  Lake i n  
the Shebandowan volcanic be l t  which runs west f rom Thunder 
Bay, Ontario (Fig. 33.10). , There, a sequence of intrusive 
volcanic rocks and sediments disappears under a cover o f  
gravels 65 m thick. Near the edge o f  the cover a dyke-like 
porphyry intrusion intr igued early explorationists because it 
carries a rather  consistent 0.3% C u  over widths o f  40-50 m. 
I t  has been dri l led repeatedly b u t  no higher grade sections 
have been found. It i s  the present thesis that  this intrusion 
occupies an old vent i n  an overturned volcanic dome and, 
consequently, tha t  i t s  mineral grade is consistently low. 



What is seen t o  be far more important is the possibil ity that  
s t ra t i form volcanogenic sulphides were deposited on the 
flanks o f  the dome (Fig. 33.12). 

A weak airborne (INPUT) Elvl anomaly had been 
detected on the posssible flank of the dome but ei ther the 
anomaly was too weak and mediocre (1-7 mhos) to  a t t rac t  
much attention, or the geology was no t  considered attract ive. 
Early work by Noranda i n  1965, and by Freeport Sulphur 
i n  1971 had fai led t o  locate economic mineralization. The 
th i rd  company to  become interested was Gulf Minerals 
i n  1979. However, they too were disappointed w i th  their  
results and eventually (in 1982) relinquished their holdings. 
However, as par t  o f  the i r  geophysical program, Gulf  did carry 
out  downhole E M  logging of vir tual ly a l l  their  drillholes. It is 
these logs which fo rm the data base for the present 
discussion. 

I n  section 24005 (Fig. 33.131, the f i r s t  hole dr i l led by  
Gulf  was targeted a t  the source o f  the horizontal loop 
EM anomaly which corresponded to  the INPUT anomaly. I t  
fai led to  encounter the expected near-surface, heavy sulphide 
mineralization. Instead, only weak stringers were intersected 
but the hole was continued t o  a coring depth o f  229 rn i n  the 
search fo r  more information. Fur ther  scattered stringers o f  
sulphides were intercepted but  w i th  decreasing frequency. 
Consequently, geological interest was directed t o  other, 
on-strike targets i n  the region. 

CRONE PEM DATA 
Burchell Lake Project, Ont. 

Eventually this hole (no. 80-BU-2B) was logged by 
pulse EM, using f ive transmitter loops, 100 m square, grouped 
around the hole. Numerous anomalous responses, both 
offhole and inhole, f rom local sources were detected i n  the 
top half  of a l l  logs. There was nothing very significant about 
any of this since it indicated that  wi th in  the detect ion range 
o f  the system nothing much bet ter  could be expected i n  the 
way o f  mineral izat ion than had already been revealed by 
drilling. However,in the bot tom hal f  o f  the log, an intr iguing 
offhole anomaly was detected. Gulf, i n  fact, hypothesized 
that  a sulphide body of some size lay vert ical ly below the 
bot tom of the hole. They also postulated that  the source of 
the surface horizontal loop E M  anomaly lay updip above the 
hole, squeezed i n  a 30 m space between the hole and the 
updip distance t o  bedrock surface. A long second hole was 
dri l led to  test this second possibility. Also, the f i r s t  hole 
(now designated no. 81-BU-2B-1) was extended i n  depth. 
Thus, a t  the end o f  the second summer o f  dr i l l ing on section 
24005, there were two subparallel holes, no more than 20 m 
apart, dr i l led t o  a depth o f  approximately 290 m (Fig. 33.13). 
To a downhole EM investigation, this represented a unique 
and golden opportunity: the chance of measuring in-depth 
the response f rom an offhole source (or sources) f rom two 
traverses marginal ly apart. Gul f  extended the i r  downhole 
pulse EM surveying t o  both the second hole and the extension 
of the first. 

CRONE PEM DATA 
Burchell Lake Project, Ont. 

Figure 33.15. Downhole Crone P E M  data as in Figure 33.14 Figure 33.16. Downhole Crone PEM data for hole 81BU-3, 
but with transmitter loop moved updip of hole 81BU-2B-1. transmitter loop centred on the borehole collar. 



PEM sources 

Figure 33.17. Two independent interpretations of the 
downhole PEM data showing the i r  basic simi lar i ty.  

The results obtained i n  this second stage logging o f  hole 
81-BU-2B-1 are shown i n  Figure 33.14. First,  it ought t o  be 
noted that  fo r  the same transmitter loops, the prof i les i n  the 
upper port ion o f  the hole closely duplicate the results o f  the 
previous survey. Secondly, the broad anomaly a t  depth on the 
later channels now has a lower edge, thus making i t s  
def ini t ion complete. This anomaly can be interpreted as 
being due t o  a single body 65 m wide and flat-topped, o r  t o  
two separate sources 65 m apart and roughly paral lel  w i th  
each other. The f i rs t  interpretat ion is preferred because the 
large, cohesive la te t ime  responses (channels 7 and 8) imply a 
source that  is large, extensive and wel l  removed f r o m  the 
hole. However, fo r  the source body t o  be a uni form distance 
f r o m  the hole, even a relat ively short section (viz. 35 m), 
requires that  the body be folded. Fortunately, the core 
angles measured i n  the two  holes al low for the possibil ity of 
such folding (Fig. 33.13). 

The second hole (no. 81-BU-3) was logged f rom the 
same transmitter locations as fo r  the f i rst .  I t  is immediately 
evident f rom the col lar central  case (Fig. 33.16) tha t  the 
amplitude of the anomaly f r o m  the deep source is about ha l f  
what it was i n  hole 81-BU-2B-1. Thus, the source must be t o  
the east o f  the holes. Moreover, the fa l l -o f f  i n  response f r o m  
the f i r s t  to  the second hole allows a determination of 
distances to  current centres because, as the same transmitter 
loop was used, the current centres must be identical. Finally, 
it is noticeable tha t  there is only one anomaly peak. The 
second one, 40 m deeper, is not  detected i n  this more 
removed and slightly f l a t te r  hole. On the assumption that a 
rough inverse cube law is again operative (determined for 
channel 8 amplitudes i n  this case), it is projected that the 
deeper current centre l ies i n  excess o f  78 m f r o m  this second 
hole. Combining th is  w i t h  indications f r o m  the la tera l  
transmitter locations tha t  the source feature plunges t o  the 
northeast it is postulated that the source is a body of massive 
sulphides, up to  15 m wide, open a t  depth, conformable w i th  
the host volcanic succession and located a t  vert ical depth of 
more than 226 m. 

This si tuat ion i s  extraordinari ly interest ing f o r  a 
venture group prepared t o  d r i l l  deep on the basis o f  
geophysics. Two exploration companies have seriously 
considered the possibil it ies and both, quite properly, wanted 
t o  check out the Gul f  data before proceeding. I n  the f i r s t  
case, Duncan Crone o f  Crone GeophysicsLtd., the 
manufacturer o f  the equipment employed, and a well-known 
pract ic ing geophysicist, was cal led i n  t o  undertake an 
independent interpretation. As can be seen i n  Figure 33.17, 
although his interpretat ion d i f fers  i n  detai l  f rom the 
preceding Excalibur model the main features of the two 
models are encouragingly similar. Stil l , i n  the end, it was the 
second exploration group who consummated a deal. They did 
so a f te r  undertaking the i r  own downhole EM logging t o  ver i fy  
the Gulf  data. Their results were so close a f i t ,  and so 
indicative of massive sulphides according t o  their  experience, 
that  they acquired an option on the property. 

This is where things stand now. Unl ike many histories 
o f  exploration, this is no t  an account o f  how wise one can be 
a f te r  the event. I t  is instead a progress report; indeed, the 
eventual outcome o f  this geophysically defined bet  a t  depth, 
yet  belongs very much t o  the future. 
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When the transmitters were located i n  the other four 
quadrants, the most interest ing results came f r o m  the 
transmitter loop updip o f  the hole (Fig. 33.15). Here, w i t h  
the pr imary excitat ion d i rect ly  over the sulphides and 
supplying maximum f ie ld  strength, a l l  the small stringers and 
the disseminated zone(s) above the main zone show strong 
responses. It was this result  i n  the f i r s t  logging o f  this hole 
tha t  led Gul f  t o  conclude tha t  above the hole there exist 
more sulphides than had been seen i n  the core. 
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Abstract  

I n  1979, Selco Mining Corporation's South Bay mine i n  Ontario was nearing the end o f  i t s  
mineral reserve. The orebody, which had been discovered by airborne and ground electromagnetic 
methods, consisted o f  lenses o f  massive sulphides (chalcopyrite, py r i te  and sphalerite) which were for  
the most p a r t  electromagnetically conductive. I n  an e f f o r t  t o  f i nd  new ore lenses, electromagnetic 
surveys were conducted i n  dril lholes collared underground i n  the mine. A Crone Pulse E M  instrument 
was used fo r  these surveys. 

The main par t  o f  the survey was undertaken using a 400 foo t  by  800 foo t  (122 x 244 m) 
transmitter loop which was la id  out on the surface over the hanging wa l l  of the orebody. A few deep 
holes were la ter  surveyed w i t h  a higher power transmitter using a 1600 foot  (488 m) square 
transmitter loop. 

Eighty-f ive holes, a l l  those accessible i n  the mine, were surveyed. Many o f  these holes were 
horizontal i n  attitude, so a procedure was devised t o  manually push the borehole probe in to the holes. 
The length o f  survey i n  these holes was l im i ted  by the mechanics o f  the system and the strength of 
the operators. It was found tha t  holes could be ef fect ive ly  surveyed t o  depths o f  greater than 
2000 feet  (610 m) f rom surface using the small t ransmitter.  The larger transmitter was used t o  
survey the deeper holes; one t o  a depth o f  3550 feet  (1083 m). 

A number o f  offhole anomalies were seen i n  the in i t i a l  survey. These were subsequently dr i l led 
using the EM response as a guide. While no new mineable ore was found, the surveys d id f i nd  new 
sub-ore sulphides missed by previous drilling. As well, the surveys provided some confidence tha t  no 
orebodies lay undetected near the developed parts o f  the mine. 

The mine was closed i n  1981 a f te r  a production l i f e  o f  10 years. 

E n  1979, l a  mine South Bay, que l a  Selco Min ing Corporat ion exploite en Ontario, Bta i t  en voie 
d16puiser sa reserve de minerai. L e  corps mineralis6, d6couvert au moyen de lev& 
Blectromagn6tiques aBriens e t  de surface, consistait en des lent i l les de sulfures massifs (chalcopyrite, 
py r i te  e t  sphal6rite) dont l a  plupart Btaient bonnes conductrices Blectromagn6tiques. A f i n  de trouver 
de nouvelles lent i l les de minerai, on a effectue des sondages 6lectromagn6tiques 2 par t i r  de trous de 
sondage souterrain commencBs 2 l a  mine. Une sonde BlectromagnBtique Crone Pulse a BtB utilisBe b 
ce t te  fin. 

LtBtude a BtB effectuee, en majeure partie, b I'aide d'une boucle de transmission de 400 p i  sur 
800 p i  (122 m x 244 m) disposee 2 l a  surface, sur le  t o f t  du corps minBralisB. Ensuite, quelques trous 
profonds on t  BtB sondes b I'aide d'un Bmetteur plus puissant ut i l isant une boucle de 1 6 0 0  p i  carr6s 
(488 m carrBs). 

Tous les trous accessibles de l a  mine, soit  85, ont  6t6 sond6s. Vu qu'un grand nombre de ces 
trous avaient une orientat ion horizontale, les executants on t  conGu une facon de pousser 
manuellement l a  sonde de fond dans les trous. Les  sondages effectues dans ces trous on t  6tB aussi 
Btendus que l e  permettaient les possibilit6s mkcaniques du systBme e t  l a  force des exbcutants. Les 
r6sultats ont indique que I'on peut effectuer des sondages eff icaces h des profoneurs sup6rieures h 
2 000 p i  (610 m), b par t i r  de l a  surface, au moyen d'un p e t i t  Bmetteur. L16metteur plus puissant a 
servi au sondage des trous plus profonds, dont I'un avai t  une profondeur de 3 550 p i  (1 083 m). 

U n  certain nombre d'anomalies ont  6t6 repBr6es aux environs des trous au cours des premiers 
travaux de sondage. Les zones en question ont  BtB forBes selon les resultats des sondages 
6lectromagnBtiques. Bien qu'aucune autre quanti t6 de minerai exploitable n'ait Bt6 decouverte, les 
sondages ont permis de d6couvrir de nouveaux dBpBts de sulfures non exploitables de f a ~ o n  rentable 
qui avaient BchappB aux sondages prBc6dents. LIBtude a Bgalement conf irm6 qu'aucun corps 
mineralis6 ne se trouve A prox imi te  des parties exploit6es de l a  mine. 

L a  mine a BtB fermBe en 1981; elle avait  produit  du minerai pendant dix ans. 

Selco Division, BP Resources Canada L i m i t e d  
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Figure 34.1. Location o f  South Bay mine, east o f  Red Lake. 
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Figure 34.2. Location of the Pulse Electromagnetic ( P E M )  transmitters on the South Bay mine grid. 



Introduct ion 

The South Bay Mine is located i n  volcanic rocks o f  the 
Canadian Shield i n  Northern Ontario (Fig. 34.1). I t s  discovery 
by geophysics and i t s  geology have been described by various 
authors (Auston, 1969; Pollock e t  al., 1972; Reed and Auston, 
1973; Thurston e t  al., 1978; Wan and Warburton, 1979). 
Brief ly,  the deposit consisted o f  a series o f  massive sulphide 
lenses, ly ing i n  hydrothermally altered quartz-feldspar 
porphyry and dacite, along the contact between unaltered 
quartz-feldspar porphyry and overlying rhyolite. Lenses o f  
massive f ine pyr i te  w i th  in ters t i t ia l  chalcopyrite and f inely 
banded to  coarse massive sphalerite occurred w i th  a 
vert ical ly elongate attitude. The ore lenses were up t o  
200 fee t  (61 m) i n  length horizontally, 10 t o  70 feet  (3.21 m) 
wide and up t o  several hundred feet  vert ical ly.  The rocks are 
overturned w i th  the lenses dipping steeply t o  the east. With 
the exception o f  the massive sphalerite, the orebodies were 
highly electr ical ly conductive, while the enclosing rocks were 
highly electr ical ly resistive. 

The orebody was discovered i n  1968 using the airborne 
Mark V Input Electromagnetic System. The South Bay mine 
was brought t o  production i n  1971 and ceased production 
i n  1981 w i th  1.6 mi l l ion tons o f  ore having a grade o f  
2.3% copper, 14.5% zinc and 3.5% oz. per ton o f  silver 
produced. 

During the later years o f  production, exploration i n  the 
immediate mine environment was intensified w i t h  the 
purpose o f  finding additional ore to  extend i t s  l i fe.  Over the 
l i f e  o f  the mine many exploration holes had been drilled. 
These fanned out  f r o m  the working area, test ing the 
favourable geological contact lateral ly and vert ical ly.  I t  was 
recognized, however, that ore lenses o f  suff ic ient size to be 
mined could l i e  undiscovered away from, o r  between the 
exploration holes and that  it would be useful to  conduct an 
electromagnetic survey i n  the holes t o  test this possibility. A 
search out t o  300 feet  (92 m) f r o m  the dril lholes using the 
electromagnetic system was thought t o  be adequate for this 
investigation. 

A l l  accessible holes i n  the mine were surveyed 
during 1979, using the Crone Pulse electromaqnetic system 
(Crone, 1979b, 1980). The primary survey employed a low 
power system (480 W). Eighty-two holes, to ta l l ing 
45 000 feet  (13 725 m) i n  length, were surveyed in  two 
months. A second survey, employing a prototype high power 
transmitter (2.2 kW), investigated 3 deep holes total l ing 
5170 feet  (1577 m). Useful data were acquired 3550 feet  
(1083 m) f r o m  surface i n  the deepest o f  these holes. 

Instrumentat ion and method 

The Crone Pulse downhole electromagnetic system has 
been described elsewhere (Crone, 1979b). The system 
transmits a pulsed electromagnetic f i e ld  f r o m  a loop la id  out  
on surface. I n  this investigation the loop was 400 feet  by 
800 feet (122 x 244 m) for  the low powered survey, and 
1600 feet  (488 m) square fo r  the high powered survey 
(Fig. 34.2). The transmitted pulse for  both systems has a 
peak current amplitude o f  20 A, w i th  voltages o f  24 V for the 
low power system, and 110 V fo r  the high powered system. 
The current waveform is rectangular, w i th  a cycle o f  10.8 ms 
on and 10.8 ms off .  Voltages a t  the receiver were sampled i n  
eight channels w i th  m id  points a t  0.15, 0.30, 0.55, 0.90, 1.45, 
2.40, 4.00 and 6.40 ms af ter  the current shut o f f .  

Both transmitter loops were la id  out on the surface 
over the hanging wa l l  o f  the orebody in  the best possible 
location, taking in to account the positions o f  surface 
installations. It was f e l t  tha t  good coupling o f  the 
transmitted f ie ld  t o  the ore lenses was achieved. Although 
low incidence angles between the f ield and the target bodies 

must occur a t  the greatest depths surveyed, there did not 
appear t o  be any problems i n  recording secondary f ie ld  
responses in  the cases where coupling was poorest. Good 
data were recorded f rom depths of 2000 feet  (610 m) f rom 
surface, and adequate data were recorded f r o m  3000 feet  
(915 m) using the low power system. The large loop provides 
bet ter  coupling t o  the deeper targets. This, and the higher 
power, assured good qual i ty secondary f i e ld  data t o  be read 
to  3550 feet  (1083 m). 

A t iming wi re carrying a signal t o  synchronize the 
receiver w i th  the transmitter was run  f r o m  the transmitter 
on the surface down the shaft ( in the manway and an unused 
compartment) t o  the receiver, which was located a t  the 
col lar o f  each hole being surveyed. F igure 34.3 shows a 
par t ia l  view o f  the three dimensional project ion of the mine, 
w i t h  some o f  the working areas employed i n  this survey. 
Holes surveyed were located throughout the mine. 

A l l  holes surveyed were A X  size. The hole diameter 
was 1.89 inches (4.8 cm), and as the probe diameter was 
1.14 inches (2.9 cm) adequate space was available inside the 
holes for  the probe t o  move. As  most o f  the holes t o  be 
surveyed had a horizontal attitude, a mechanism had t o  be 
devised t o  push the receiver probe in to the holes. Push rods 
were devised using ten foot  lengths o f  r i g id  PVC one inch 
diameter water pipe, slotted along the i r  length and moulded . 

a t  their  ends into male and female snap f i t  locking couplings. 
The slot was made t o  al low the entry  o f  the probe-to- 
receiver cable. The receiver probe was manually pushed in to  

TRANSMITTER NO. 1- + 
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DOWN 

Figure 34.3. Pictorial three dimensional v iew of the area of 
interest at South Bay mine. The convention for  the direction 
of the PEM field is shown. 



the hole a t  the end of an assembly of these rods. Readings stuck on one occasion; st icking was probably due t o  small 
were taken a t  30 foot  (9.2 m) intervals, or less, i n  holes rock fragments fal l ing o f f  the hole wall. The probe was 
where the probe had t o  be pushed. I n  holes w i t h  inclinations ret r ieved without damage w i th  the assistance o f  a probe 
greater than -30 degrees, the probe would slide under i t s  own ret r iev ing tool. One dummy probe was stuck and lost. 
weight. I n  these holes the reading in terva l  was usually 10 m 
(dictated by a metr ic  cable length counter). D a t a  presentation 

A variety of problems arose w i th  the pushed probe 
operation, which l im i ted  the length o f  the survey in  some 
holes. The f r ic t ion between the push rods and the hole walls, 
especially la ter  i n  the survey as the rods began t o  bow and 
weaken, was a major l im i t i ng  factor. D r y  holes were 
especially susceptible t o  high drag. Holes containing standing 
water were easier to  survey. Holes w i th  running water were 
d i f f i cu l t  to  work in, not  only because the operator pushing 
the rods would often be under a steady stream o f  water, bu t  
also a head o f  water would bui ld up against the probe and the 
push rods, which would prevent the probe f r o m  moving 
farther a f te r  a certain distance. High f r i c t ion  holes could be 
surveyed t o  a distance o f  f r o m  400 t o  700 feet  (122-214 m), 
while low f r ic t ion holes could be surveyed t o  1000 feet 
(305 m). The major length l imi ta t ion was the strength of the 
operator pushing and retr ieving the rods; i n  addition, the 
plastic push rod assembly broke down under the pressure of 
pushing i n  the longer holes. 

A dummy probe (steel bar) was lowered or pushed in to 
a l l  holes t o  be surveyed, t o  insure a clear hole for  the more 
expensive receiver probe. The receiver probe was badly 

The results o f  the survey are presented i n  two  ways. 
One way is shown in  Figure 34.4, where a p l o t  of the holes 
surveyed on the -900 level is shown w i th  a prof i le  o f  some o f  
the data f r o m  these holes. I n  this case, hole SB662 shows 
responses for  channels 1 and 8 while channel 1 responses are 
p lo t ted for holes SB541 and 58677. Par ts  o f  some holes lying 
o f f  the level are projected to  the plane of the level in  dashed 
form. On these plans w i l l  be seen the locat ion o f  ore lenses 
(f ine stippled), and interpreted sources (coarse stippled), as 
we l l  as other geology o f  interest. Par ts  o f  the underground 
workings are seen i n  the plans. These can be referred back t o  
the mine project ion o f  Figure 34.3. 

The other way data are presented is shown in  
Figure 34.5, where the eight channels o f  readings f rom the 
dril.lhole are plotted wi th  separate zero levels i n  stacked 
prof i le  form. A log-linear scale for the amplitude o f  the 
readings is shown i n  the figure. Prof i les o f  the data are 
p lo t ted horizontal ly across the page w i t h  negative down, 
positive up. Inhole electromagnetic data are more 
conventionally p lo t ted i n  a ver t ica l  direct ion w i th  neqative t o  

- 900 LEVEL 

Figure 34.4. -900 level.  The line of  the drillholes, along with their electromagnetic data profiles 
are projected t o  the plane of  the level.  Profile scale is in Figure 34.5.  CHI and CH8 are channels 1 
and 8 ,  R - rhyolite, QFP(1) - quartz-feldspar porphyry, QFP(2) - altered quartz-feldspar porphyry. 
Fine stippled units are massive sulphides. Coarse stippled units are bodies interpreted from the PEM 
data. 



the le f t .  I t  is fe l t  that the mode used here is more suitable 
for these data. The col lar o f  the hole may be t o  the r ight  or 
l e f t  i n  the figure depending on the or ientat ion o f  the hole i n  
the plan or section drawings. 

Interpretat ion 

The convention for the polar i ty o f  the f ie ld  i s  defined 
as positive downward f rom the centre o f  the transmitter loop 
for  the primary field, as drawn i n  Figure 34.3. The receiver 
probe was set upright inside the transmitter loop a t  the s tar t  
o f  surveying t o  establish this cal ibrat ion on the receiver. 
(Note this direction is the opposite o f  Macnae, 1980, which 
presents pr imary f ield directions for a variety of transmitter 
loops). As the transmitter was set t o  couple t o  ore lenses 
f r o m  the hanging wa l l  side, then the secondary fields would 
be read as positive for  a hole collared on the hanging wa l l  
side and passing through the conductor and away f rom the 
transmitter.  

The polar i ty and strength o f  the secondary fields have 
been used t o  indicate the direct ion o f  those fields. The 
directions are ident i f ied by arrows on a number o f  the mine 
drawings including Figure 34.13. These f ie ld  directions are 
qualitative, as only the component o f  the f ie ld  strength axial  
t o  the hole i s  being measured. These f ie ld  directions assist i n  
locat ing the position and at t i tude o f  offhole bodies. 

HOLE SB-677 

Pigure 34.5. Hole SB677, P E M  response profiles. Numbers 1 
t o  8 beside the profiles identify responses in each channel. 
The smaller numbers 1 t o  8 identify the zero base level for 
each channel. For field data,  the amplitude scale in the 
upper right hand corner is in arbitrary numbers derived from 
the induced voltage at  the receiver.  The distance along the 
hole is expressed in feet with the collar at  zero. 

Readings were recorded a t  constant gain without 
normalizing to  the pr imary f ie ld  a t  the receiver. A log- 
l inear channel amplitude scale is seen on each o f  the prof i le  
drawings. While these amplitudes are consistent w i th in  
themselves i n  each hole and can reasonably be compared w i th  
nearby holes, amplitude comparisons of responses f rom 
sources widely separated i n  depth cannot be made as the 
pr imary inducing f ie ld  w i l l  be different. This was no t  seen t o  
be a d i f f icu l ty  as the most important consideration was to  
define the geometries o f  the source bodies derived f r o m  the 
shapes and dimensions o f  the secondary f ie ld  profiles. The 
interpretat ion o f  the survey data f r o m  the South Bay mine 
was based mainly on m3tching these data w i th  curves 
appearing i n  the thesis by Woods (1975). Interpretat ion 
nomograms f r o m  the thesis which indicate the size and 
distance o f  a body were also used. Three examples f r o m  the 
thesis are shown i n  th is  paper although many more 
comparisons were made i n  the overal l  interpretat ion of the 
survey. Subsequent t o  this study, several other papers on 
interpret ing downhole electromagnetic data have been 
published (Woods and Crone, 1980; Woods e t  al., 1980; 
Dyck, 1981). 

Only a few cases can be presented out o f  this very large 
survey. F e w  o f  the responses were simple, although i n  many 
approximate analogues o f  the Woods curves could be found. 
Some responses were made complex by mult iple sources, 
while others appear complex f r o m  t ime-varying 

SHEET 1500'~ 1000' A, 

Figure 34.6. PEM model response profiles (af ter  
Woods. 1975. p. 205), in a hole passing a body a t  i t s  top  edge. 
For model data, the amplitude scale in the upper right hand 
corner gives the induced voltage in microvolts a t  the 
receiver.  



characteristics o f  the conductors involved. A great 
advantage was the avai labi l i ty o f  many holes, so tha t  quite a 
few o f  the offhole sources were seen f rom two or more 
locations. Some offhole sources were known in  detail, as 
w i th  the mapped orebodies. Other responses ident i f ied new 
extensions t o  known bodies, while s t i l l  other responses 
ident i f ied completely new sulphide bodies, which were la ter  
conf irmed by drilling. 

The following examples i l lustrate some o f  the more 
important types o f  response as we l l  as contributions made by 
the survey i n  finding new sulphide lenses. 

D e t a i l  interpretat ion 

-900 Leve l  - Relat ivelv uncom~l i ca ted  cases 

Figure 34.4 shows the responses along three holes i n  or 
passing through the -900 foot  (275 m) level. The horizontal 
hole 58677 was dri l led north a t  the end o f  the d r i f t  in  order 
t o  investigate the rhyolite-quartz porphyry contact northeast 
o f  the orebodies. The channel one and la ter  channel 
responses (Fig. 34.5) show a double-peaked negative response 
between 200 and 300 feet  (61-92 m) along the hole. A 
dist inct ive asymmetry i s  evident, as a positive shoulder 
appears further along i n  the hole past 300 feet  (92 m). Two 
offhole sources are indicated. Comparison o f  the prof i le t o  a 
prof i le f r o m  Woods (1975) indicates that the bodies have their 
top edge nearest the hole as shown i n  Figure 34.6. The 
general shape of the f ie ld  curve compares favourably t o  the 
model curve for a 45O incidence angle. This compares wel l  to  
the known angle between the hole and the geological contact 
a t  this location. 

HOLE SB-541 

Figure 34.7. Hole SB541, PEM response profiles. 

The sharp def ini t ion o f  the prof i le  a t  280 feet  (85 m) i n  
the 58677 hole is suggestive o f  a nearby or edge response. 
This is confirmed by the presence of one foot  (0.3 m) of 
massive sulphides (pyri te w i t h  minor sphalerite) and a few 
feet of stringer sulphides in  the hole a t  this point. The 
broader response a t  250 feet  (76 m) is indicat ive o f  a source 
slightly further away f r o m  the hole. The body a t  280 feet 
(85 m) seems smaller than that a t  250 feet  (76 m) as the 
decay i n  the response is more rapid. 

The locat ion o f  the interpreted source bodies i n  
Figure 34.4 is determined by the top edge aspect f rom the 
curves and by the necessity tha t  any r e a l  bodies conform t o  
the geology. In an arb i t rary  case where the geology is not 
known, the source bodies could l ie  anywhere i n  a 360° c i rc le  
around the hole. Further, the bodies cannot l ie  along the 
contact to  the l e f t  o f  the hole as such sources would qenerate 
bo t tom edge responses i n  which the asymmetry would be 
reversed to  the observed prof i le.  

Addit ional assistance in  locat ing these bodies is 
provided by the response i n  hole 58541 between 400 and 
500 fee t  (122-153 m)) (Fig. 34.7) which passes down through 
the level  some 70 feet  (21 m) west o f  the interpreted bodies. 
This response which merges the responses f r o m  the two 
sources, i s  not  as sharply defined as i n  58677, indicat ing that  
the source is farther away. Again, the asymmetry points t o  a 
top edge source. The decay o f  the responses i n  58677 
and 56541 is simple and uniform, as would be expected f rom 
offhole sources of regular geometry and uni form 
conductivity. 
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'. HOLE SB-662 
Figure 34.8. Hole SB662, PEM response profiles. 



INTERPRETED 

0 100' - 
'-----, I \ / 
,I--- - - 1 b -900 LEVEL 

/ 

- 7 5 0  LEVEL - 700 LEVEL - 6 5 0  LEVEL 
Figure 34.9. -700 level with parts of the -650 and -750 levels (dashed lines) projected t o  the 
-700 level.  The arrows represent the inferred directions o f  the secondary fields around conductive 
bodies. 

Figure 34.10 

Hole SB528, PEM response 
response crossovers. 

profiles. Arrows identify 

HOLE SB-528 



Hole 58846 (Fig. 34.4), dr i l led t o  test the interpreted 
sources near SB677, conf irmed the presence o f  the 
conductors. Two intersections o f  massive py r i te  w i th  
sphalerite (1.5 feet  (0.5 m) and 1.2 feet  (0.4 m), 20 feet  (6 m) 
apart i n  the hole) were located at  the larger interpreted 
source. F ive  feet (1.5 m) of massive pyr i te  w i th  sphalerite 
were intersected at the location of the smaller interpreted 
source. More extensive stringer mineralization was 
ident i f ied i n  association w i th  the masssive units. Further 
dr i l l ing Would have been necessary t o  ful ly support the 
interpretation. This could not  be justified, however, as the 
economic grade o f  the sulphides was low, and the potent ial  
for  a much larger body was not  indicated by the E M  response. 
Hole 58846 was not surveyed w i th  the EM system. 

I n  Figures 34.4 3nd 34.7, an offhole response near 
200 feet  (61 m) i n  SB541 is interpreted t o  be f r o m  a small 
body lying near the hole b u t  wel l  above the -900 foot  (275 m) 
level. 

The response i n  hole SB662 (Fig. 34.4 and 34.8) is 
reasonably typical of a response which occurs when the hole 
has penetrated a conductor but  has passed near i t s  edge. The 
positive response i n  the early channels indicates tha t  the 
body has been intersected while la ter  channel negative 
responses show tha t  much o f  the body l ies o f f  the  hole. 
These negatives arise as the la ter  t ime  secondary current 
loops l i e  outside the hole. A prof i le  f r o m  Woods (1975) used 
i n  a la ter  comparison (see Fig. 34.24), i l lustrates this. 
Figure 34.4 shows that the hole intersected sulphides, which 
fo rm par t  of the main ore lens seen just to  the west on the 
drawinq. 

HOLE SB-531 
Figure 34.1 1 .  Hole SB531, P E M  response profiles. 

-700 Leve l  - Source body paral lel  t o  hole 

Figure 34.9 shows the results f r o m  three holes which 
are col lared on the -750 f o o t  (229 m) level. These were 
dr i l led up through the -700 f o o t  (214 m) level  and in to  the 
-650 foo t  (198 m) level. 

Hole SB528 (Fig. 34.10) is very interesting. Between 
250 feet  (76 rn) and 500 feet  (153 m), there is a str ik ing 
response f r o m  an offhole source lying very near the hole. 
The response prof i le is symmetr ical on ei ther side of the 
crossover which is indicated by  the arrows a t  370 feet. Note 
that  the response is positive toward the col lar and negative 
away f r o m  it. I n  Figure 34.9, the direct ion of the secondary 
f ie ld  has been indicated by the arrows alonq hole SB528. The 
source body must l i e  t o  the nor th of the hole as the pr imary 
f ie ld  direct ion is f rom south t o  nor th and the induced 
secondary f i e ld  would l i e  i n  the  same direct ion through the 
source body. The nearly symmetr ical response and the 
indicated shape o f  the secondary f ie ld  suggest tha t  the hole 
passes paral lel  t o  the plane o f  the source body, and the ends 
of the body are ident i f ied by the peaks of the negative and 
positive responses. The position of the crossover which 
locates the point where the secondary f ie ld  i s  normal t o  the 
hole (zero coupling t o  the receiver coi l )  represents the 
e lect r ica l  centre of this body. It is very unusual t o  f i nd  a 
case where a conductive body happens t o  l i e  paral lel  t o  the 
dr i l lhole as most holes are designed t o  cross the  geological 
strike. 

HOLE SB-533 
Figure 34.12. Hole SB533, PEM response profiles. 



Figure 34.13. -1050 level,  ore on the -1100 level (dashed lines) is projected t o  the -1050 level.  The 
inferred direction and location of the secondary field is indicated by arrows and dashed lines. 



The response i n  hole Sf3531 (Fig. 34.11) is somewhat 
complex, bu t  a weak crossover a t  about 315 feet having the 
same polar i ty change as the strong response of SB528, 
indicates that the offhole source has been detected by both 
holes, and that both holes l i e  south of the source. I n  
hole SB533 (Fig. 34.12), there i s  a broad crossover a t  about 
340 feet. The polar i ty of the response is reversed t o  that 
i n  Sf3531 and 58528, which implies that  this hole (SB533) l ies 
on the opposite side o f  the source body f r o m  SB531 
and 56528. The arrows i n  Figure 34.9 show the secondary 
f ie ld  directions which these readings suggest. The reduced 
amplitude i n  58533 indicates tha t  the source body i s  some 
distance away. 

The interpreted body l ies along the rhyolite-quartz 
porphyry contact, and may be an upward extension o f  the 
body observed in  56677 on the -900 level. Hole SB844 
(Fig. 34.9) was subsequently dr i l led up f rom the -900 level t o  
test the -700 level response. Stringers and narrow massive 
veins of sulphides (mainly pyr i te  w i th  minor sphalerite) were 
intersected as the hole crossed the contact and passed 
through the location o f  the interpreted source. 

Responses f rom other offhole small bodies may be seen 
i n  these profiles. One (Fiq. 34.9 a t  about 160 fee t  (49 m) 
shows opposing polar i t ies i n  holesSB528 (Fig.34.10) 
and SB531 (Fiq. 34.11). This places the body between these 
holes. This interpretat ion is supported by the weak negative 
response i n  hole SB533 a t  this location. 

HOLE SB-722 
Figure 34.15. Hole SB722, P E M  response profiles. 

-1050 Leve l  - Di rect ion of secondary fields 

Figure 34.13 shows results f rom four holes which fan 
out around an ore lens on the -1050 foot  (320 m) level. A t  
the t i m e  of this survey the ore had been mined down to  the 
-1050 level bu t  massive ore was i n  place f rom this level  down 
t o  -1120 feet (342 m). The outline o f  the ore on the 
-1100 foot  (336 m) level (Fig. 34.13) shows tha t  the lens 
becomes larger w i t h  depth. The response i n  these holes 
comes f r o m  this ore lens. The shape o f  the secondary f ie ld  
around the lens, indicated by  the arrows and dashed line, is 
impl ied by  the responses, which are positive i n  SB692 t o  the 
north, and negative i n  the holes t o  the south and east. 

The responses shown i n  F igure 34.13, as we l l  a others 
presented here, show tha t  although the receiver measures a 
single axial  component, a qual i tat ive three dimensional view 
of the shape and direct ion of the secondary fields can be 
assembled by cornparing diagrams on adjacent levels. This 
way o f  looking at  the data can be o f  considerable value when 
unravell ing sets o f  complex responses. 

-1500 Leve l  - Complex responses 

A t  the -1500 foo t  (458 m) level  (Fig. 34.14) the ore 
lenses are pinching out. The rocks o f  the ore horizon grade 
in to arg i l l i te  containing sulphide stringers (mostly py r i te  w i t h  
some pyrrhotite). This arg i l l i te  plus sulphide un i t  generates 
complex responses. Two o f  these responses are seen i n  

.-.. /' HOLE SB-726 
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Figure 34.16. Hole SB726, P E M  response profiles. 



holes 58722 (Fig. 34.15) and SB726 (Fig. 34.16). 
SB 722 passes through the arg i l l i te  and a sulphide body a t  the 
westerly contact between the arg i l l i te  and dacite. The early 
channel responses inSB722 show a moderate negative 
anomaly near 250 feet (76 m) wi th in  a broad, nearly f lat ,  
positive background response. I n  later channels, the negative 
i s  replaced by a broad positive peak. This positive response, 
showing a inhole source, ident i f ies the arg i l l i te  w i t h  i t s  
concentration of sulphides at  the west contact as a large 
conductor. A n  offhole source i s  indicated by the negative 
early channel responses. It appears t o  be caused by a smaller 
body, possibly more massive sulphides, near the hole. The 
shape of the negative suggests a top edge intersection, which 
is interpreted i n  Figure 34.14 as an extension o f  the sulphides 
south along the contact. 

The responses i n  hole 56726 (Fig. 34.16) are o f  a 
somewhat d i f ferent  character, bu t  derive f rom similar 
sources. The early channel, narrow negative is suggested i n  
Figure 34.14 to  arise f r o m  a nearby offhole body, l ike ly  
sulphides, along the argi l l i te-dacite contact. A broad 
negative w i th  a crossover t o  a positive shoulder toward the 
col lar develops i n  la ter  channels. This i s  interpreted t o  
originate f r o m  a large sheet conductor where the hole passes 
w i th  a l o w  incidence angle near the bot tom edge. The 
arg i l l i te  un i t  as the source, satisfies this interpretat ion quite 
well. 

F igure 34.14 shows some o f  the other holes on the level 
not reported here. The fan distr ibut ion o f  the holes i s  typ ica l  
o f  the access throughout the mine. Holes, such as those 
shown extending in to the rhyolite, ident i f ied few offhole 
sources once these passed the dacite or quartz porphyry 
contact. 
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Figure 34.17. -1650 level. 

-1650 Leve l  - Response Migrat ing i n  T ime 

The responses i n  holes 58724 and 58728 on the 
-1650 foot  (503 m) level (Fig. 34.17) are direct analogues o f  
the responses seen above i n  holes 58722 and 58726 on the 
-1500 level (Fig. 34.14). The arg i l l i te  w i th  sulphides is the 
main source o f  electromagnetic response. I-lole SB724 
behaves much l ike the two  holes reported on the -1500 level, 
w i t h  an early channel offhole type response f r o m  a small 
source, a t  the argi l l i te-dacite contact. 

The response i n  hole SB728 (Fig. 34.17, 34.18) provides 
a new k ind o f  complexity. This hole l ies essentially paral lel  
to  the large arg i l l i te  body. The response i s  bipolar w i t h  the 
position o f  the positive and negative responses indicat ing a 
major secondary f ie ld  around a source lying northwesterly 
f rom the hole. A somewhat simi lar pat tern was developed i n  
hole SB726 above, b u t  a closer analogue was the paral lel  t o  
the body response i n  holeSB528 on the -7001evel 
(Fig. 34.10). 

I n  SB728, however, the position o f  the crossover 
migrates i n  t ime  f rom the f i r s t  channel a t  about 400 feet  
(122 m) t o  channel 6 where it' stabil izes a t  about 110 fee t  
(34 m). Apparently, there i s  a migrat ion i n  t i m e  o f  the 
centre of the secondary induced currents in the argil l i te, 
which are ref lected i n  the migrat ion o f  the position o f  the 
secondary fields. This is not  seen t o  be a "smoke ring" e f fec t  
(Nabighian, 1979), i n  par t  because the apparent movement of 
the secondary currents is no t  downward and outward, away 
f r o m  the transmitter.  Instead, the centre o f  the secondary 
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HOLE 38-728 

Figure 34.18. Hole SB728, PEM response profiles. Arrows 
identify response crossovers. 



Figure 34.19. -1200 level.  Arrows indicate the inferred directions of the secondary fields.  Profiles 
are for channel 1 .  

ANOMALY ZERO WIDTH- Wo-FEET 

Figure 34.20. Distance t o  the near edge of a conductor, versus zero width for  conductors of various 
sizes,  intersection angle 90° ( a f t e r  Woods, 1975, p. 67). 



currents rnoves i n  plan, maintaining an approximately 
constant distance f rom the transmitter. This behaviour 
would appear t o  be caused by non-uniform conductivity i n  the 
arqi l l i te.  The collapse i n  t i m e  of the secondary f ie ld  
asymmetrically toward the nor th suggests tha t  the arg i l l i te  is 
more conductive i n  that direction. Crone (1979a), using a 
d i f ferent  detection procedure, has reported a simi lar 
migrat ion of current centres i n  a body of varying 
conductivity. 

-1200 Leve l  - Est imation of size and distance to source 

On the -1200 foot  (366 m) level  (Fig. 34.19), readings of 
channel 1 i n  a fan of three holes show responses f rom a main 
ore lens and f r o m  a small offhole source. 

The somewhat irregular ore lens near hole SB603 had 
ore i n  place f r o m  -1075 t o  -1115 feet  (328-340 m), 
f rom -1200 to  -1300 fee t  (366-399 m) and f rom -1350 t o  
-1500 feet  (412-458 m) a t  the t ime of the survey. The exact 
electr ical size o f  the orebody was uncertain as there may  
have been connections between the lenses i n  place through 
sulphides i n  stringers i n  the walls o f  the mined out areas. It 
is thought, however, tha t  the rnain contr ibut ion t o  the 
responses on this level was f rom the 100 fee t  (30 m) of ore 
ly ing below this level. 

The prof i le along SB603 provides a reasonable example 
t o  i l lus t rate some parameters developed by  Woods (1975) and 
used extensively i n  the interpretat ion and the development of 
d r i l l  targets i n  this survey. Usually, la ter  channels are used 
i n  this interpretation. Channel 1 was used here, however, as 
there is l i t t l e  change i n  the shape o f  the anomaly f rom early 
t o  la te  channels. Figure 34.20 introduces three parameters. 

Zero width (Wo) is the anomaly w id th  f r o m  crossover t o  
crossover. This f igure can be corrected fo r  incidence angle; 
however, the example here assumes the body l ies normal t o  
the hole. The distance t o  source (do) is the shortest distance 
between the hole and the near edge o f  the body. The half  
width (Wl12) is ha l f  the smallest dimension o f  a rectangular 
body. 

As seen on the diagram i n  F igure 34.20 the zero width 
o f  the SB603 anomaly is 225 feet  (69 m). This number 
provides a l i m i t  for  the hal f  width and the distance t o  source. 
The upper l im i t ,  which the diagram provides (about 70 feet 
(21 m)), is possible, b u t  not  real, as the approximate do f r o m  
Figure 34.19 is about 50 feet  (15 m). The intersect ion o f  Wo 
and do gives an estimate of W1/2 a t  about 170 feet  (52 m). 
This would indicate a source body o f  rectangular aspect o f  
about 340 feet  (104 m) across. This is somewhat large as the 
str ike o f  the orebody was about 240 fee t  (73 m). The possible 
larger dimension through the walls of the mined out areas 
may contr ibute t o  this overestimate. Also Wo may be too 
large, as contr ibut ion f r o m  another offhole source is 
apparent. As well, the ore lens i s  no t  a simple th in  sheet. 
However, a useful approximation t o  the size o f  the body has 
been achieved. 

A l im i ta t ion  i n  the use o f  the diagram is  the fa i r l y  large 
half  width o f  100 feet  (30 m) as the smallest size available. 
Many signif icant responses i n  this survey were f r o m  bodies 
which were smaller than this. The diagram was extrapolated 
for  the smaller events (not shown), bu t  the results remain 
questionable. A modif ied version o f  the  diagram i n  
Figure 34.20 was presented by Woods e t  al. (1980). I t  was not  
available for  this study. 

i - 1950 LEVEL 
Figure 34.21. -1950 level. 



-1200 Leve l  - Three views of two bodies 

The prof i les on holes 58608 and SB610 on the 
-1200 foot  (366 m) level (Fig. 34.19) show the response f rom 
the main ore lens t o  change character and diminish i n  
amplitude as the geometry changes. A n  interesting event is 
an offhole source barely suggested i n  SB603 bu t  appearing 
w i th  increased amplitude i n  the other two holes. A source 
body has been interpreted i n  Figure 34.19, t o  l i e  between 
holes SB608 and SB610, approximately at  r ight  angles t o  the 
drillholes. The larger amplitude, and sharper def ini t ion o f  
the response a t  about 270 feet  (82 m) i n  SB 610, indicates 
that the body is closer t o  that  hole. The arrows, indicating 
secondary f ie ld  directions around the ends o f  the interpreted 
body, ident i fy the source o f  the negative responses i n  the 
adjacent holes. The f ied arrows also describe the f ie ld  
around the easterly end o f  the ore lens. 

-1950 Level  and below - Downholes f rom the deepest level 

The deepest level i n  the mine was the -1950 foot  
(595 rn) level. Holes dr i l led down f rom an exploration d r i f t  
on this level  provided access t o  levels as deep as -3350 feet  
(1022 m). Transmitter number 1 was almost direct lv over  to^ 
o f  the -1950 d r i f t  (Fig. 34.2, 34.21), and over the target ares 
being investigated (Fig. 34.22), bu t  the easterly dip o f  the 
mineralized contact allowed some coupling o f  the pr imary 
f ie ld  to  bodies i n  this area, and valid data were obtained. 
Holes SB808, SB809 and 58812 were read w i th  transmitter 1, 
and hole SB843 was read w i th  the larger transmitter 
number 2 (Fig. 34.2, 34.21, 34.22). Transmitter 2 provided 
bet ter  coupling t o  the mineralized contact. 

Holes projected t o  the -1950 level plan (Fig. 34.21) are 
projected t o  a ver t ica l  plane i n  Figure 34.22. Channel 2 
profiles of SB808, SB809 and 56843, indicate by their  broad 
positive response that the holes have passed through a large 
conductive sheet. Sulphides, i n  the f o r m  o f  10% t o  20% 
pyrite-pyrrhotite, were ident i f ied w i th in  dacite tu f f s  i n  these 
holes. The sulphides i n  each hole occur a t  the point where 
there i s  a notch or r ipple i n  the early channel responses. 
Hole SB812 also passes through the sulphides indicated by the 
sharp bipolar response. The broad negative response, 
however, indicates that the hole passes through or just o f f  
the edge o f  the main e lect r ica l  body. The direct ion of the 
secondary f i e ld  i s  described by  the arrows as i t  moves around 
the apparently large conductive sheet. 

The la te r  channel response i n  56843 (Fig. 34.23) i s  
interest ing i n  tha t  a negative, o r  offhole source appears. 
Comparison w i th  the prof i les i n  Woods (1975), as shown in  
Figure 34.24, suggests that the hole has passed a few tens o f  
feet inside the bot tom edge of the sheet. The broad negative 
developing i n  la ter  channels, however, suggests an added 
complexity o f  a small conductive body lying somewhere 
offhole a t  about 1330 feet  (406 m). This was considered t o  be 
too small t o  be o f  economic interest a t  that  depth. 

A more important response i s  tha t  which develops 
toward the bot tom o f  hole SB843 i n  the la ter  channels, where 
responses rise instead o f  f a l l  as would be expected f r o m  the 
simple sheet model o f  a body a t  1280 feet  (390 m) i n  the hole. 
A second conductor was projected t o  l i e  o f f  the end o f  58843. 
This interpretation, plus the known existence of a deeper 
quartz porphyry uni t  detected f r o m  other dril lholes o f f  the 
section i n  F igure 34.22, led t o  fur ther  dr i l l ing f r o m  the 

Figure 34.22. Projection t o  a vertical plane identified in 
Figure 34.21. Arrows indicate the inferred directions of the 
secondary fields,  S - sulphides. 

-1. 
.a\.-. 

1.--, 
4 '  

Figure 34.23. Hole SB843, PEM response profiles. 



Figure34.24. PEM model response profiles i n  a hole 
entering a body a t  i t s  top edge, 50 feet  ( 1 5  m) inside the 
body (after Woods, 1975, p. 258). 

-1950 level. I-lole 58843 was extended and a hole was dri l led 
below and along str ike f r o m  58843. This dr i l l ing conf irmed 
the existence o f  another sulphide sheet o f f  the end o f  58843. 
Unfortunately, the discovered sulphides were simi lar t o  the 
low grade pyri te-pyrrhot i te seen higher up i n  these holes. 

Conclusions 

The l i f e  o f  a mine i s  determined by the ore it has i n  
reserve. As w i t h  a l l  mines, when the ore reserve a t  the South 
Bay mine dropped t o  zero, the mine was closed. The borehole 
electromagnetic survey carr ied out a t  South Bay near the end 
of it 's l i fe  detected a number o f  previously unknown sulphide 
lenses. It did not, however, f ind any new ore. The survey d id 
contr ibute t o  the last  phases o f  exploration i n  the mine by 
giving confidence that  no undiscovered orebodies lay nearby 
or just beyond some earlier exploration drillhole. 
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Abstract  

Surface surveys have the advantage over borehole E M  surveys i n  that access t o  a gr id is 
feasible, and any component o f  the EM f ie ld  can be measured. However, borehole surveys generally 
approach closer t o  (or intersect) conductors o f  interest than do the surface surveys, which leads t o  
the possibil ity of detailed local interpretat ion o f  the response measured i n  a borehole. 

By careful  est imation o f  the migrat ion o f  character ist ic points, it is o f ten possible t o  ident i fy  
regions o f  increased conduct ivi ty wi th in  a larger conductor. The observed data are f i r s t  used t o  
estimate the pattern o f  secondary current migrat ion w i th  delay t ime. I f  ei ther the local thickening 
or increased conduct ivi ty is present, then the secondary current tends t o  migrate faster towards this 
locat ion than i f  the conductor was uniform, and subsequently concentrates w i th in  the region for an 
extended range of time. I f  the borehole intersects the conductor, then the interpretat ion o f  
tangential sheet current discontinuities may also be used as an indicator o f  loca l  geometry. 

Les sondages de surface sont preferes aux sondages Blectromagn6tiques de fond, en ce sens que 
les premiers permettent dlutiliser un quadrillage et  de mesurer tout  composant du champ 
BiectromagnBtique. Par contre, les sondages de fond permettent, en g6n6ra1, d'examiner de plus pr&s 
(ou de traverser) les conducteurs qui presentent de I'intBrbt, ce qui perrnet une interpretat ion locale 
precise des mesures obtenues A par t i r  d'un t rou de sonde. 

Une est imation soignee de l a  migrat ion des points caracteristiques permet souvent de reperer, 
dans un plus grand corps conducteur, les zones de conduct ivi te plus BlevBes. On ut i l ise d'abord les 
donnees observees pour estimer l a  conf igurat ion de l a  migrat ion du courant secondaire en fonct ion du 
temps de retard. Lorsqu'une zone plus dense ou meilleure conductrice est presente, l e  courant 
secondaire a tendance B se deplacer plus rapidernent vers c e t  endroit  que lorsque l e  conducteur est 
uniforme; une concentration de courant se produit ensuite dans cet te  zone durant une p6riode 
prolongee. Lorsque l e  sondage traverse un mi l ieu conducteur, 11interpr6tation des discontinuit6s de 
courant selon un plan tangent l a  forme tabulaire de l a  masse peut Bgalement aider en connaitre 
l a  configuration locale. 

Introduct ion Comparison o f  ground and borehole EM interpretat ion 

Electromagnetic (EM) exploration for massive sulphides 
i n  a borehole environment is a fa i r l y  recent development tha t  
has proven t o  be extremely successful. Reasons fo r  
conducting a borehole survey might  include: 1) confirmation 
that  any mineral izat ion intersected i n  a borehole is the 
source o f  the surface anomaly, or detect ion and locat ion o f  a 
main conductor i f  the dril lhole has missed the target; 
2) direct detect ion o f  conductors a t  depths too great t o  
produce signif icant responses a t  the surface; and 
3) interpretat ion of detailed conduct ivi ty structure as local 
thickening wi th in  a mineralized zone. 

The most comprehensive interpretat ion studies t o  date 
have been the MSc. thesis of Woods (1975) and the PhD. 
thesis o f  Dyck (1980). This paper w i l l  concentrate on 
extending the developed interpretat ion methods t o  the th i rd  
application above. 

Figure 35.1 shows a schematic diagram of a conductor 
wi th in  the earth. EM measurernents i n  boreholes are usually 
confined t o  the axial  component along the hole. The process 
o f  interpretat ion for  surface or borehole E M  measurements 
should be ident ical since physical principals i n  operation are 
ident ical (wi th  the added complicat ion tha t  boreholes may 
intersect the conductive source o f  an anomaly). I n  practice, 
a significant theoret ical advantage of surface measurements 
is easy access t o  an adjustable gr id  o f  measurement points 
where a fixed, usually vertical, component may be measured. 
As w i th  other potent ial  f ie ld  data, interpretat ion may be 
simply rest r ic ted t o  pr incipal prof i les crossing the anomalous 
zone. The advantage o f  a borehole survey lies simply in  that  
it lnay af ford a closer approach t o  an anomalous zone of 
conduct ivi ty than i s  possible f r o m  a surface survey. 

- -  

Lamontagne Geophysics Ltd., 49 Spadina Ave., Toronto M5V 251 



Interpretat ion tools developed for  surface measurement 
may i n  many cases be used i n  the borehole environment as 
shown i n  F igure 35.2. F o r  example, the secondary 
EM response of the horizontal surface component i n  prof i le A 
due to  conductor A alone is vir tual ly ident ical to  the 
secondary axial  component response i n  borehole B f r o m  
body 6 alone. Both conductors are o f  equal s t r ike length, a t  
ident ical relat ive dip and distance f rom the profile, and are 
maximum coupled t o  an approximately equal amplitude of 
pr imary field. Of course the pr imary fields measured i n  the 
dril lhole and the surface w i l l  be quite different. 

Interpretat ion of borehole data has been w e l l  discussed 
by Dyck (1980), and i s  based on the same features as surface 
EM interpretat ion namely 1) shape, 2 )  amplitude, and 

Figure 35.1. Current practice for time domain EM logging is 3) migration. If a borehole intersects a conductor, then 
t o  lay out one or more surface transmitter loops and 1% the tangential discontinuities (Fig. 35.3) may be a fourth 
axial component of the resulting magnetic field in boreholes diagnostic parameter. Some of these features are indicated 
which may or may not intersect conductors of interest. i n  Fig. 35.4 using the sign conventions o f  the UTEM system 

(West e t  al., i n  press). 

1 1 1 J I l , I  I 8 ,  I I , I  , , 
* ' I r l ' l i t t  

T~ ~ i b ? \ , ~ ~ . / ; ) i / ; l ) ) ~ j , ) ~ ~  !' \~, ,-,,, , ,./ ,./ ,/ / , / t / ,I , , , I, 

1 ': : '~' \.: \ \--//,/ / ,, ,/ ,/ ,/ ,I / ; , , 
I , \ ,  

\, '., \\----,//// 
I ,  

f i  
I I I 

. . 

, . I . # ! I ,  

/ 
, . -.- .- . . . , ./ . 
, . . ,, 

. _ - /  

, . 
. . 

. 
, . . I . . ,.'. . . . ;/. . , / ,  - 

, - . - 3 -  . . . . , / /  , . . /  DIRECTION t 
. . . . , .  OF PRIMARY 

. . ,  AMPLITUDE 
4- . . . ,, . 

. , . . .  
. .  I . . . , ,  . , . . .  

Figure 35.2. Plot of direction (arrows) and amplitude (contoured) of the primary magnetic field from 
a square Tx loop on a vertical central profile ( f rom Macnae, 1980).  Conductors A and B are both very 
well coupled to  an approximately equal average amplitude of primary field. Shown also are a surface 
profile A and a vertical borehole profile B. 



Current Figure 35.3 
Above and below a sheet of current 
there is  a discontinuous magnetic 
field perpendicular t o  it  a s  shown. 
The axial component of the 
magnetic field in a borehole normal 

gne tic t o  the sheet of current will exhibit a 
continuous response, whereas the 
axial component in any dipping 
borehole will show a discontinuity 
across the sheet whose amplitude is 
controlled by a simple sine rule. 

Current Puttern 

E EARLY A4 MID f. LATE 

M/GffAT/ON PAST HOLE 

1 TANGENTAL 
DISCOIV TNU/ TY 

Figure 35.4. In time domain EM systems with s tep  or  pulse 
excitation the induced currents a t  early delay t imes a r e  
concentrated a t  the edges of a conductor, and spread inwards 
with time a t  the same t ime a s  their amplitude decreases. 
The effects  of this current migration on measured axial 
component borehole data a r e  schematically shown here. 

Shape may be used as an indicator of dip, size and 
location of the eddy current system within a conductor. For 
example, a thin conductor perpendicular t o  the  drillhole will 
give rise t o  a symmetrical anomaly. Shape information is 
often extracted a t  characteristic points in a manner similar 
t o  potential field d a t a  (gravity, magnetics) and interpretation 
is based on features  such as half-widths, peak-to-trough 
ratios, or maximum-slope t o  peak-amplitude ratios. 

Amplitude information is easily interpreted with UTEM 
or frequency domain data on the basis of a single profile 
(Macnae, 1983). In conjunction with shape information i t  can 
help define geometrical size parameters much better than 
shape alone. For all systems, the response amplitude as  a 
function of transmitter location is very useful in estimating 
the relative coupling of body t o  transmitter and hence 
conductor location. 

Migration keeps track of the  movement of 
characteristic points such a s  peak location, location of slope 
maxima or  half-widths a s  a function of delay time or 
frequency. This can be translated into keeping track of the 
migration of the  induced eddy current system with time or 
frequency. With usual time-domain waveforms this is 
basically the  collapse of the  induced currents. The pattern of 
migration may be a clear indicator of dip and, as  will be seen 
later,  can be used a s  an indicator of inhornogeneity. 

Figure 35.5 shows schematically how current migration 
in a conductor C may be related to a characteristic point 
migration in a drillhole. If the current in C moves inwards by 
an amount shown by the  arrows, the amount of migration of a 
characteristic point in the drillhole will depend on the 
orientation of the drillhole, but is commonly closely 
comparable t o  the  distance of current migration in the 
conductor. The radiating lines shown are the loci of the 
points where the component of the secondary magnetic field 
vanishes in the  plane of the induced currents. 

Tangential 
conductor only 
oarallel t o  the 

discontinuities can occur across a thin 
in the  components of the  magnetic field 
interface as shown in Figure 35.3. Their 

amplitude depends on the relative dip of the conductor t o  the 
drillhole, and also on the  amplitude of local current flow. 
Based on the sign of the response it is possible to  say in many 
cases whether most of the induced current flow lies inside or 
outside the drillhole a t  any delay time, and if tangential 
discontinuities a r e  present whether current flow is local or 
distant. 



Geological complexity 

Figure35.6 shows four di f ferent simple geological 
targets whose outline is fair ly similar, each o f  which may 
give simi lar thickness o f  intersection i n  a borehole. 
U N  represents a fair ly un i form plate- l ike body, CO is a 
geologically common case of a thick conductive core within a 
broader halo conductor. ET is a zone w i th  edge thickening; 
geologically this could be a case of a larger conductor such as 
CO which has been cu t  by a fault. L T  represents the case of 
a local "pod" or "lens" thickening wi th in  a wider zone. Since 
cases ET and L T  were considered t o  be the most d i f f i cu l t  t o  
interpret from borehole data where the hole does not pass 

Figwe 35.5. Schematically, if  a current system C migrates 
inwards, the characteristic points in its resulting magnetic 
field will also migrate by about the same amount. The lines 
moving away from the current system C are the loci of zeros 
in the,magnetic field in the plane of C .  

CONDUCTOR PLATE MODEL 

through the thickened par t  of the zone, i t  was decided t o  
per form a scale model study t o  see what character ist ics their  
response would have. 

A plate model was set up w i th  geometry as shown in  
Figure 35.7, w i th  the plate dipping a t  45O. The local, or edge 
thickening was modelled by folding the meta l  model t o  fo rm 
a t r ip le  width o f  the geometry as shown i n  Figure 35.6. This 
corresponds to  a 3 : l  zone thickening or, using the pr incipal o f  
equivalence, t o  a 3: l  conduct ivi ty increase w i t h  no 
thickening. 

Scale model data 

Rather than co l lect  data along a number of d i f ferent  
borehole profiles, it was decided t o  measure the response of 
a l l  three components i n  a plane paral lel  t o  the plate, a t  the 
distance o f  closest possible approach. Using the standard 
upward continuation (Grant and West, 1965) it is possible then 
t o  predict the secondary magnetic f ie ld  a t  any locat ion in  
space above the plane o f  the plate. The standard boundary 
conditions imply tha t  the f ie ld  i n  the plane below the plate 
has even symmetry i n  i t s  normal component, and odd 

Figure 35.6. Four geological models and corresponding thin 
plate conductors, from top t o  bottom Uniform, Edge 
Thickened, Locally Thickened and Conductive Core. Figure 35.7. Scale model geometry. Profiles were measured 

over half the u-v plane on 14 survey lines. 



symmetry i n  the components paral lel  t o  the plane of the 
plate. Thus, f rom a complete set o f  measurements i n  one 
plane we can predict the fields a t  any point i n  space, and 
hence i f  any part icular borehole locat ion is specified, we can 
generate the axial components that would be measured f rom 
the scale model. This procedure is i n  pr incipal equivalent t o  
the way program PLATE (Dyck e t  al., 1981) calculates the 
secondary fields a t  any point f r o m  the known eigencurrents. 

Figures 35.8 t o  35.13 contain the scale model results i n  
the  (u, v, w) components on 1 4  prof i les whose locations are 
shown i n  Figure 35.7. The data were col lected as close t o  the 
plate as physically possible: a perpendicular distance of 
w=0.005L where L is  the str ike length o f  the conductive 
sheet. 

Clear i n  the data is that the expected response o f  the 
paral lel  (u, v) components is confined t o  the area d i rect ly  
above the plate as these components are basically nu l l  
coupled at  the ends of the profiles away f r o m  the plate. A l l  
data were collected using the UTEM waveform (West e t  al., 
1984) and show the response f r o m  early (largest amplitude) t o  
la te  (smallest amplitude) delay times. The response i n  the u, 
v components corresponds closely to  the amplitude of the 
tangential magnetic f ie ld  a t  each location, and w i l l  be half  
the to ta l  discontinuity f rom one side of the conductor t o  the 
other. The normal (w) component is continuous across the 
conductor; a t  zero delay t i m e  the induced current is such as 
to  reduce the to ta l  normal component o f  the magnetic f ie ld  
a t  the conductor t o  zero. The w-component anomaly ( in the 
plane o f  the conductor) persists to  distances away f r o m  the 
conductor i n  contrast t o  the paral lel  components. O f  course, 
the u, v components do have more extensive anomalies on any 
paral lel  plane not  passing through the plane o f  the plate. 

Careful  examination o f  the profiles shows that  the 
measured responses over the three types o f  conductor 
(UN, ET, LT) are d i f ferent  i n  detail. We w i l l  use the data t o  
compute the current pat tern i n  the plates as a funct ion o f  
t ime  before describing the prof i le differences. 

Migrat ion o f  eddy currents 

The paral lel  components (u, v) o f  the scale model data 
represented i n  Figures 35.8 t o  35.13 were downward 
continued t o  the plane of the plate. I n  the plane of the plate, 
the only contr ibut ion t o  the paral lel  magnetic components 
comes f r o m  the local currents perpendicular t o  each 
magnetic component, i.e. the Hu anomaly i s  due t o  the planar 
current density Iv at the measurement point. F rom the 
surface magnetic f i e ld  data, vectors i n  the plane of the p la te 
were p lot ted tha t  show point  evaluations o f  the amplitude 
and direct ion of the local "sheet" current (Fig. 35.14) a t  early 
and l a t e  times. The la te  t i m e  currents are much smaller than 
the early t ime  currents, b u t  have been scaled up t o  show the 
current distribution pat tern clearly. 

For  a l l  three models, the current is concentrated a t  the 
conductor edge a t  early times, and l i t t l e  di f ference is evident 
between the models. A t  la te delay times, the current i n  the 
non-uniform models is concentrated i n  the conductive strips 
re la t ive t o  the currents i n  the uni form model. I t  i s  this 
characteristic which gives us the basis t o  d i f ferent ia te 
between these models using f ie ld  data. We note, o f  course, 
tha t  migrat ion o f  currents does occur even i n  the case of a 
ur i i fdrm conductor, so it w i l l  be the di f ference i n  migrat ion 
patterns w i t h  t ime that  w i l l  be cha-i-acteristic. 

Figure 35.15 shows the locat ion of the zero crossing i n  
the w component (presented i n  Fig. 35.8 t o  35.13) a t  three 
d i f ferent  delay times; early, mid, and late. The uni form case 
shows migrat ion of character ist ic zero crossing point o f  
about 13% of the long side of the conductor i n  that  
direct ion (v). The edge thickening case shows distance 
migrat ion of only 3% i n  the v direction. The conductor w i t h  
local thickening (LT) shows distance migrat ion o f  over 25% i n  
the v direction. I n  the u direction, a l l  three models show 
migrat ion o f  about 20% o f  the  w id th  o f  the plate. N o t e  tha t  
i n  a l l  three cases there is l i t t l e  di f ference between early and 
middle times, bu t  signif icant di f ference a t  l a te  times. 

Thus i n  the field, the method f o r  in terpret ing local  
inhomogeneity w i l l  have t o  r e l y  on the differences f r o m  early 
t o  l a t e  time. Interpretat ion of borehole data then f o r  the 
presence and Location o f  conductor improvement (thickening) 
would involve: 

1) Est imation of location/size of target  by  conventional 
interpretation. 

2) Measurement of the amount o f  migrat ion o f  
characteristic points on the prof i le  as a funct ion of 
time. 

3) Est imation o f  the amount of migrat ion o f  the induced 
currents as a funct ion of delay t i m e  using simple 
geometry. 

4) Comparison of this migrat ion distance t o  the size o f  the 
conductor and looking for  unusually fast or slow 
migrat ion t o  locate local  thickening. 

As an example we can use the schematic data i n  
Figure 35.4. F rom hole C fo r  the horizontal conductor the 
outward crossover migrat ion by  a distance d would 
correspond t o  an inward migrat ion of current o f  about the 
same distance d ( to  reduce the influence o f  background 
ef fects  we should use maximum slopes rather  than crossovers 
on rea l  data). The data f r o m  borehole B indicate current 
migrat ion f r o m  the edge past the dril lhole. A suitable 
characteristic might  be the hal f -width of the anomaly as a 
measure of the migration. 

For  the 45O dipping conductor, we note tha t  the 
posit ive peak i n  borehole B data i s  located almost i n  the 
plane of the  conductor and thus shows l i t t l e  migration. 
However, i n  the case o f  borehole C both the negative peak 
and crossover locations show clear migrat ion effects. I n  
detail, the  migrat ion may be seen t o  b e  re la t ive ly  un i form 
f r o m  early t o  l a t e  times, as expected f o r  the uni form 
conductor used t o  generate the data for  F igure 35.4. 

F i e l d  example 

Figure 35.16 shows an example f r o m  an actual 
geological problem. The sulphide horizon was known t o  have 
signif icant thickening i n  a fo ld  f r o m  shallow dri l l ing and 
geological mapping. The bulk of the zone was however 
downfaulted and thus interpreted t o  l i e  a t  depth. Based on 
geological reasoning holes DH-A and DH-B were drilled, 
hole D H - A  cut t ing the sulphides as expected and DH-B 
subsequently n o t  intersect ing any mineralization. The fo ld  
thickening was thus in fer red geologically t o  l i e  between the  
t w o  holes. A potent ial  problem here, however, i s  the 
presence of a fau l t  detected i n  the dril lholes as marked, 
which, i f  it were shallowly dipping, would displace the 
in fer red mineral izat ion i n  the nose of the fold. 



Figure 35.8. U T E M  scale model response over lines 8 t o  14 with a uniform plate conductor. 



Figure 35.9. UTEM response over an edge thickened conductor. Compared t o  the uniform conductor 
note the sharper crossovers in the w component, and extra late t ime amplitude in the v component 
over the thickened part of the zone. 



Figure 35.10. UTEM response over 
the v and w components. 

the locally thickened conductor. Clear anomalies are present 



iao 
1 

Figure 35.11. UTEM response over the uniform conductor across the narrow dimension. 



Figure 35.12. UTEM response across the edge thickened conductor. 



Figure 35.13. U T E M  response across the locally thickened conductor. Since the profiles are all 
parallel to the thickening, the anomaly is less obvious on these profiles than those in Figure 35.10. 
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Borehole E M  logging with t h e  Crone  PEM systern using 
f ive  di f ferent  t r ansmi t t e r  loop se tups  w a s  done fo r  both 
holes. The survey was conducted t o  determine whether  t h e  
thickened zone of mineralization is  present. To aid in the  
in terpre ta t ion of t h e  field data ,  a scale  model s tudy was  run. 
The study would also determine if deepening the  drillholes 
and then re-logging them with EM would d e t e c t  any 
conductive mineralization in t h e  inferred fold if t h e  existing 
da ta  were  insufficient. 

All available d a t a  were  in terpre ted in order  t o  
constrain t h e  conductor geometry  and a scale  model was  
const ructed a t  t he  University of Toronto scale  modelling 
facil i ty.  Figure  35.17 shows t h e  se lec ted profiles f rom t h e  
modelling using one t r ansmi t t e r  loop with and without a 
projection on the  plate model (Fig. 35.16). 

Hole B was able t o  def ine  t h e  closest  approach of t h e  
p la te  by both amplitude and shape data.  I t  is  c l ea r  f rom 
model d a t a  of DH-B tha t  t he  width of t h e  negative peak is  
increased by t h e  presence of t h e  ver t ica l  projection. 
However,  field d a t a  show t h a t  t he  hole i s  obviously not deep 
enough t o  define the  anomaly fully, thus deepening and 
re-logging t h e  hole would aid in detect ing any mineralization 
in t h e  inferred fold. 

DH-B 

Figure 35.15. Migration of  zero crossings with time over the Figure 35.16. Simplified geology and Corresponding thin 
three plate models. The plane of measurement is raised plate model for drillhole data.  
O.1W above the plate where W is the width of the plate. 

335 
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On the other hand, f ield data from DH-A show 
characteristic differences between the two models at the 
depths actually logged. Using the edge location fixed 
by DH-B, and matching the conductivity-thickness of the 
plate at 1105, i f  a uniform plate only were present, the 
current would have migrated inwards to  the region of DH-A 
and produce a large tangential discontinuity as shown. The 
discontinuity cannot be observed in  the f ield data. Thus, i t  is 
likely that either the edge of the zone is thickened and more 
conductive (case ET from earlier modelling) or the vert ical 
projection is present which allows for  current migration away 
from DH-A without too close an approach to  DH-6. The 
interpreted results of the modelling study await testing by 
the drill. 

Conclusions 

By interpreting migration of characteristic points and 
amplitude of tangential discontinuities i n  drillhole EM data, 
it is possible to  track the migration of induced eddy currents 
in  a conductor. I f  local thickening or conductivity increase is 
present,the induced currents tend to migrate more quickly 
towards areas of increased conductance than i f  the body were 
uniform, and continue to concentrate within these reaions. 

The authors also wish to  thank the two cr i t ical  
reviewers for their thoughtful comments and suggestions. 
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EXAMINATION O F  THE ELECTRICAL CONDUCTIVITY 
STRUCTURE IN THE REGION SURROUNDING A BOREHOLE 

B Y  A N A T U R A L  SOURCE TECHNIQUE 

A lan  G. 3ones1 

Jones, A.G., Examination o f  the electr ical conductivity structure i n  the region surrounding a borehole 
by a natural source technique; Borehole Geophysics for Mining and Geotechnical Applications, 
ed. P.G. Kil leen, Geological Survey o f  Canada, Paper 85-27, p. 337-341, 1986. 

Abstract 

Two major factors hinder mineral exploration a t  present: (1) a conventional res is t iv i ty  borehole 
log is o f ten more indicat ive o f  the resist iv i ty o f  the pore-fi l led fractured rock i n  the close locale 
(<1 rn) o f  the borehole than the actual resist iv i ty o f  the layer in  which the probe is located; and 
(2) ground-based EM techniques, both natural and controlled source, are of ten unable t o  locate a 
mineralized zone beneath another mineralized zone. 

I n  this paper, the theory is presented for the basis o f  a conceptually new type o f  borehole 
technique based on the ra t io  o f  the measurement o f  the natural horizontal magnetic fie1.d variat ion to  
i t s  gradient w i th  depth, down the hole, viz. Vx,d(w) = Hx,d(w)/(a Hx,d(w)/a z). Def in ing the "downhole 
apparent resistivity", pa(w,d) by 

it is shown that, fo r  a 1D earth structure, asw tends t o  inf ini ty,  then pa(w,d) tends t o  the actual 
resist iv i ty of the layer in  which the probe is located. Also, pa(w,d) is independent, i n  the 1D case, o f  
any structure above it, and weakly dependent i n  the 2D case. The technique has the benef i t  o f  most 
borehole methods o f  being fa r  superior a t  resolving structure a t  depth below it, e-g., a second good- 
conducting zone, than equivalent conventional ground-based methods (e.g., MT and/or GDS). 

Appl icat ion o f  the technique t o  some theoret ical 1 D  and 2D structures is presented, as we l l  as a 
discussion o f  the feasibil ity o f  constructing the necessary sensor for  the proposed technique. 

Deux grands facteurs g&nent I 'exploration minerale actuellement: 1) il arr ive souvent que l a  
diagraphie de resist iv i td ordinaire decrive l a  resist iv i td de l a  roche fracturee poreuse au voisinage 
immddiat (<1 m) du t rou  de sonde, pluti3t que l a  resist iv i td reel le de l a  couche oh se trouve l a  sonde; 
e t  2) il arr ive souvent que les techniques de sondage Blect romagn~t ique au sol, qui ut i l isent des 
courants Blectriques d'origine naturelle e t  art i f ic iel le,  ne permettent pas de reperer une zone 
mineralisee situee sous une autre. 

Dans l e  present rapport sont exposdes les bases theoriques d'un nouveau type de technique de 
sondage dont le  principe met  en rapport l a  mesure de l a  variat ion du champ magnetique horizontal 
nature1 e t  son gradient en fonct ion de l a  profondeur, c'est-b-dire: 

L a  "rdsistivit6 apparente de fond", c'est-A-dire: pa(w,d) est determinee de l a  facon suivante: 

Ainsi, dans l e  cas d'une structure lD, l a  valeur pa(w,d) tend vers l a  resist iv i te ree l le  de l a  
couche ob se trouve l a  sonde A mesure que w tend vers I ' infini. On constate Bgalement que, dans le 
cas de l D ,  la  valeur pa(w,d) est independante de toute structure situee au-dessus, e t  que, dans le  cas 
de 2D, ce t te  valeur est ldgerement ~n f luencee  par une structure situee au-dessus. Dans l e  cas de l a  
plupart des methodes de sondage par t rou  de sonde, ce t te  technique permet  de determiner beaucoup 
mieux les structures rocheuses situees sous l a  sonde, par exemple une deuxieme zone possedant une 
bonne conductivite, que ne l e  peuvent les rnbthodes classiques de surface (par exemple l a  methode MT 
ou l a  methode GDS, ou les deux). 

L e  present rapport decri t  I 'application de ce t te  techique b des structures theoriques 1 D  e t  2D e t  
I'on y examine l a  faisabi l i te de construire l e  detecteur voulu. 

Geophysics Division, Geological Survey o f  Canada, 1 Observatory Crescent, Ottawa, 
Ontario, Canada, K 1 A  0Y3 



Introduct ion 

An examination of the electr ical conduct ivi ty structure 
i n  the region surrounding a borehole can lead t o  delineation 
o f  zones o f  economic interest wi th in  the host rock. These 
zones either may have been interpreted f rom surface data 
and missed by the subsequent dr i l l ing operation, or the i r  
existence may no t  have been previously suspected due t o  the 
electromagnetic (EM) shielding e f f e c t  o f  other conductivity 
anomalies. Also, the logging o f  a borehole t o  determine the 
i n  si tu rock matr ix  resist iv i ty is o f ten hampered, and indeed 
is often erroneous, because o f  the inf i l l ,  by the highly 
conducting dr i l l ing mud, o f  the near borehole fractured zone 
caused by the dr i l l ing itself. Furthermore, a l l  act ive 
borehole procedures that rely on the generation and/or 
measurement o f  electr ical f ields cannot be ut i l ized i n  plastic 
cased boreholes. 

Act ive source induction logging techniques can be 
employed t o  circumvent the last two  problems detailed 
above. The two  probes developed by the BRGM o f  France 
(Frignet, 1986) - Romulus and Eric - are pr ime examples of 
such devices. However, the investigation wi th in  the v ic in i ty  
o f  the hole by Er i c  i s  l im i ted  t o  some 10 m, and accordingly 
techniques i n  w m h  the source is placed on the surface must 
be used (for example Worthington &, 1981). Such surface 
act ive source methods suffer f r o m  the principal disadvantage 
o f  necessitating large loop or electrode configurations. 

I n  order t o  evade problems associated w i t h  a control led 
source, a conceptually new type o f  natura l  source borehole 
technique is herein described. The method, cal led Ver t ica l  
Gradient Magnetometry (VGM), monitors the attenuation o f  
the natural t ime-varying horizontal magnetic f ie ld  
components o f  the electromagnetic f i e ld  as it diffuses 

DISTANCE (rn) 

Figure 36.1. Isolines of the horizontal magnetic field amplitude, at 100 Hz, in the y-z plane, due to 
E-polarization mode induction in a highly conducting anomaly (shaded) buried in a more resistive half 
space. The amplitudes are normalized to a value of unity on the surface at a distance of one skin 
depth away from the anomaly, i.e., at y.z co-ordinates (1500,O). The anomaly has a conductivity of 
50 sm-' in a host country rock of sm-'. Illustrated in the inset is a close-up view of the 
isolines around the top edge of the anomaly. Also shown are the six receiver positions (a,b.c,d,e,f) 
referred to  in the text. 



downward through the earth. The VGM response funct ion i n  a 
given direction, Vy(w,d), is dependent on both the frequency 
of observation, U, and the depth a t  which the observation is 
being made, d. This response function i s  given by the ra t io  o f  
the horizontal magnetic f i e ld  a t  tha t  depth, Hy(w,d), t o  i t s  
vert ical gradient, a Hy(w,d)/a z, viz., 

(similarly for Vx(w,d)). F rom the response funct ion can be 
defined, analogously t o  the magnetotelluric (MT) method, 
depth and frequency dependent VGM apparent resist iv i ty and 
phase functions by 

$(w,d) = tan-' 

As was shown i n  Jones (1983b), i f  the earth is t ru ly  one- 
dimensional (lD), then there exists an analytical recursion 
relationship for deriving Vy(w,d) a t  any depth and frequency 
for  a given layered earth. Two properties o f  the VGM 
response make it part icular ly a t t ract ive for  a 1 D  earth. The 
response funct ion i s  only dependent on the properties o f  the 
layer i n  which the observations are being made and on those 
below i t  - i t  is no t  dependent on the properties o f  any o f  the 
layers above it. Secondly, the high frequency asymptote o f  
pa(u,d) is the actual layer resist iv i ty i n  which the probe is 
located. A t  the surface o f  a 1 D  earth, the analogy between 
MT and VGM is complete as the Amphe-Maxwel l  law 

reduces t o  

where 01 is the conduct ivi ty of the top layer. Thus, VGM 
may be thought o f  as an M T  substitute. However, such a r61e 
for VGM is no t  the intended thrust o f  this present work, but  
ra ther  i t s  applications t o  borehole geophysics. 

I n  a 2D earth, the te rm a H,/a y generally cannot be 
neglected f rom equation (4), and accordingly there is no 
simple relationship between VGM and MT. However, i f  
a H,/a y <<  a Hy/a z, which w i l l  be t rue at  distances greater 
than the inductive scale length of the perturbations i n  the EM 
fields caused by  the presence of the anomaly, then the 
remarks concerning the interpretat ion of the VGM response 
for a 1 D  earth are true. This means that  whatever the 
conduct ivi ty distribution, given a suff ic ient ly high frequency, 
the 2 ~ / 3 D  conduct ivi ty discontinuities are outside of the 
la tera l  induct ive scale length, and accordingly the VGM 
apparent resist iv i ty w i l l  be equal t o  the t rue resist iv i ty o f  the 
zone i n  which the probe is placed. This comment is no t  true, 
however, i f  the rock mat r i x  i tse l f  exhibits fabric anisotropy. 
I n  such a case, even a t  the highest frequencies possible, a 1D 
response w i l l  never be approached. 

I n  a previous work, Jones (1983b) considered a 2D 
structure which represented a ver t ica l  sequence o f  two  
ant icl inal traps, and he i l lustrated that  the surface M T  
response was v i r tua l ly  unaffected by  the parameters o f  the 
lower conducting body. Hence, although the upper body 
would be located and drilled, the lower body would be missed 
entirely. However, by placing a VGM probe below the upper 
body, the lower body would be successfully delineated. I n  
this work, the author has chosen t o  investigate the VGM 
response o f  a 2D body representing a highly conducting 
vert ical ore body i n  a resistive host medium. The body has 
dimensions and conduct ivi ty comparable t o  the Gertrude 
nickel-copper sulphide deposit i n  the Sudbury d is t r i c t  o f  
Ontario. The detect ion and delineation o f  the Gertrude 
deposit by surface control led source and borehole logging 
techniques have been considered by Dyck (1981) and 
Worthington e t  al. (1981). 

The val idi ty of a 2D numerical modelling study o f  a 3 D  
body has been considered i n  deta i l  by Jones (1983a). I n  that  
work, Jones suggested that  the impor tant  ra t io  t o  consider is 
the length o f  the 3D body t o  the electromagnetic skin depth 
i n  the host rock, where the la t te r  is given by 

on neglecting displacement currents and assuming tha t  
Hz = 0 - which is true for a 1 D  earth w i th  a uniform source 
field. Accordingly, the M T  impedance tensor element, 
Zx (w) = Ex(w)/Hy(w), is related t o  the VGM response funct ion 
a t  {he surface o f  a 1 D  earth by Provided tha t  this ra t io  is greater than one, a 2D model 

appears t o  be satisfactory. For  the 2D model used i n  the 
1 VY(w,O) = - ( 6 )  

Gertrude deposit, the skin depths i n  the host medium a t  the 

a1Zxy(w) 

Table 36.1. Attenuation o f  the horizontal magnetic f i e ld  a t  100 H z  
as observed a t  points a,b,c,d,e and f i l lustrated i n  F igure 36.1. 

I I 

locat ion co-ordinates un i fo rm E-polar izat ion B-polar izat ion 
(Y?) ha l f  space mode mode 



highest ( l o 4  Hz) and lowest ( l o 2  Hz) frequencies of interest 
i n  this work are 150 m and 1500 m respectively (assuming 
tha t  the magnetic permeability o f  the host rock is that o f  
free space). The known length o f  the Gertrude deposit i s  
some 700 m, and it could be longer. Hence, a 2D study o f  
this 3D geological body i s  valid i n  the frequency range used 
herein. 

I n  this paper, the magnetic permeabi l i ty o f  both the 
body and the host rock i s  assumed t o  be that  o f  free space. 
The electromagnetic response o f  a magnetized 1 D  layer w i t h  
parameters ( p ,  p, h) is exactly the same as that  o f  an 
unmagnetized layer w i th  parameters ( p  0 ,  pro, prh) (Kao and 
Orr, 1982). Accordingly, any magnetized zone would require 
an independent est imate o f  p r  i n  order t o  derive correct ly 
the resist iv i ty o f  tha t  zone. This is t rue o f  a l l  EM 
techniques. 

Numerical modelling study 

For the 2D numerical modelling study, the structure 
chosen was one having characteristics comparable to  the 
Gertrude deposit. The only significant difference between 
the actual and numerical structures i s  tha t  herein the ore 
body i s  assumed t o  be vertical, whereas the deposit is known 
t o  dip a t  approximately 45 degrees. The numerical body is o f  
10 m width and 100 m depth extent, w i th  i t s  top surface a t  a 
depth of 250 m. The body was assigned a conduct ivi ty o f  
50 ~ m - I  i n  a host country rock o f  ~ m - ' .  Accordingly, 
the areal conduct ivi ty o f  the body, i.e., i t s  conduct ivi ty 
X depth extent X width product, is 50 000 Sm. For  a 
frequency o f  100 Hz, then the inductive skin depth in  the host 

rock is approximately 1500 m, and thus the appropriate areal 
conductivity of the host rock is 2250 Sm (given by 6'0). 
Hence, the areal conduct ivi ty o f  the body dominates the 
observed response. Figure 36.1 shows the r igh t  ha l f  o f  the 
body i n  the host rock - the structure has a ver t ica l  plane o f  
symmetry about y = 0. 

Computations were made of the e f fec t  the body had on 
the natural EM fields. Two possible situations exist: one i n  
which the incident magnetic f i e ld  i s  paral lel  t o  the str ike o f  
the body (i.e., along the x-axis), cal led the B-polar izat ion or 
T M  mode; and the other i n  which the magnetic f i e ld  is 
perpendicular t o  the str ike o f  the body (i.e., along the 
y-axis), cal led the E-polar izat ion o r  TE mode. 

I n  the B-polar izat ion mode, the presence o f  the body 
causes l i t t l e  variat ion i n  the horizontal magnetic f ie ld  
amplitude compared t o  what would be observed for a uni form 
hal f  space (see Table 36.1). This is because there is l i t t l e  
current induced i n  the body itself, and the EM ef fec t  o f  the 
al ternat ing surface charge, which is being continually placed 
on the conduct ivi ty boundaries by the impinging current flow, 
is negligibly small. 

I n  the E-polar izat ion mode, however, there i s  
substantial induct ion wi th in  the body which causes an 
extensive distort ion o f  the lines o f  constant Hy wi th in  the 
half  space. Figure 36.1 il lustrates, i n  the y -z  plane, the 
e f fec t  of the body on H y  at  a frequency o f  100 Hz, and 
Table 36.1 l is ts  values for  cer ta in  locations. The f ields are 
normalized t o  un i t  horizontal magnetic f i e ld  fo r  an observer 
on the surface (z = 0) a t  a distance o f  one skin depth away 
f r o m  the body, i.e.,for a frequency o f  IOOHz, this 

LOG (FREQUENCY) 
Figure 36.2. The VGM apparent resistivity curves that would be observed at the six receiver 
positions a - f ,  illustrated in Figure 36.1,  in the frequency range 1 0 - 1 0 3  Hz for E-polarization mode 
induction. Note the differing ordinate scales. 



corresponds t o  y = 1500 m. As can be seen i n  the il lustration, 
the body creates a horizontal magnetic f i e ld  amplitude 
pattern that resembles the to ta l  f ield that  would be observed 
f rom two line currents a t  depths of 250 m and 350 m i n  the 
same vert ical plane, i.e., y = 0. Numerical calculations were 
made o f  the VGM response funct ion a t  six receiver positions. 
The f i rs t  group o f  three (a,b,c i n  Fig. 36.1) represents 
observations of Vy(w,d) made at  depths o f  200 m, 250 m, and 
300 m, i n  a borehole which is 20 m f rom the plane o f  
symmetry, i.e., 15 m f rom the body The second group (d,e,f) 
represents observations a t  the same depths i n  a borehole a t  
y = 45 m, i.e., 40 m f rom the body. F o r  those six receiver 
positions, the VGM apparent resist iv i t ies that would be 
observed i n  the frequency range 10 - l o 3  H z  are i l lustrated i n  
Figure 36.2 (note the vastly di f fer ing ordinate scales). For  a 
uni form ha l f  space, the VGM apparent resist iv i ty would be 
constant over the whole f r e  uency range, and for  a l l  receiver 9 locations, a t  a value o f  10 ohm-m. Figure 36.2 shows the 
extreme sensitivity of the VGM technique t o  the presence o f  
the body. 

The orientat ion o f  the body w i t h  respect t o  the 
borehole is also an extremely sensitive parameter that  is we l l  
defined by the VGM method. A t  receiver position b, i.e., y,z 
co-ordinates (20,250), the E-polar izat ion mode VGM apparent 
resist iv i ty a t  1 0 0 H z  is 2.2ohm-m, whereas the 
6-polar izat ion mode apparent resistivity, a t  the same 
position and frequency, is 1750 ohm-m. Hence, the 
or ientat ion ellipse, given by ro ta t ing  the VGM response 
function through 360°, is represented by an extremely l inear 
ellipse i n  which the ra t io  o f  the major t o  minor axes is 
approximately 1000:l. 

Hence, given two  boreholes positioned approximately as 
shown i n  Figure 36.1, the presence, position, and pert inent 
characteristics o f  the body could be determined very 
accurately f rom VGM observations made a t  varying depths 
and frequencies. For the model studied here, there is a 
symmetry plane a t  y = 0. Therefore, should only one borehole 
exist, then a l l  the characteristics of the body, e.g., distance 
f rom borehole, strike, areal conductivity, could be derived 
w i th  the important exception o f  not  knowing on which side of 
the borehole the body is. This is n o t  considered t o  be a 
serious problem fo r  the VGM technique however, as, fo r  a 
more geologically real ist ic model the body w i l l  not  have a 
vert ical plane o f  symmetry. Also, surface measurements 
could be employed t o  resolve this ambiguity 

Conclusions 

I n  this paper it has been shown tha t  a method relying 
solely on the natural source f ie ld  is capable of delineating the 
pert inent characteristics o f  a buried ore body. The body 
considered bears a physical resemblance t o  the well-known 
Gertrude deposit i n  Sudbury, Ontario, w i t h  the major 
di f ference being tha t  the numerical body was incl ined 
vertically, whilst the true deposit is known t o  dip a t  45O. The 
proposed new technique, named Vert ical Gradient 
Maqnetometry or m, relies on the ra t io  o f  the horizontal 
magnetic f i e ld  a t  a given depth t o  the gradient w i th  depth o f  
the same magnetic f ie ld  component, i.e., Vy(w,d) = 
Hy(w,d)/(a Hy(w,d)/ a ,I, and similar ly fo r  V,(w,d). 

For  the structure studied i n  this work, i f  the ear th were 
a hal f  space o f  constant conduct ivi ty o f  ~ r n - ' ,  then the 
gradient a t  a depth o f  250 m is approximately 0.06% o f  the 
surface f ie ld  value per metre. The presence o f  the highly 
conducting ore body causes a departure f rom this value 
however, as i l lus t rated i n  Figure 36.1. A t  depths o f  200 m, 
250 m, and 300 m, the gradients are 0.3%, 0.8%, and 3.0% o f  
the surface f ie ld  values per metre respectively, for  both 
boreholes. A t  100 Hz, the typ ica l  horizontal magnetic 
surface f ie ld  amplitude is of the order o f  100 my, and 
accordingly a sensor that can resolve 0.1 m y  is required for  
this part icular study. In Jones (1983b) a fu l ler  discussion is 
given o f  the feasibi l i ty c f  building the required sensors for  
deriving such small gradients, together w i t h  various solutions 
t o  pract ical deployment problems that  may arise. 
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INSTRUMENTATION WORKSHOP 

Q. Bristow 

Bristow, Q., Instrumentation workshop; Borehole Geophysics for Mining and Geotechnical 
Applications, ed. P.G. Killeen, Geological Survey of Canada, Paper 85-27, p. 343-348, 1986. 

Chairman: Quentin Bristow, GSC 

Panel Members: Bob Pavlik. U r t e c  Ltd.  
R.D. Leask, INCO Ltd. 
Yves Lamontagne, Lamontagne Geophysics 
D.L. Wright, U.S.G.S., Denver 

Introduct ion 

The instrumentation workshop was organized w i th  the 
idea o f  generating a dialogue between those who design and 
bui ld geophysical instrumentat ion and those who use it. I n  
the event the session which was very we l l  attended, ran  four 
an hour and a hal f  and would have continued for  much longer 
had t ime permitted. It w i l l  be apparent f r o m  the summary 
which follows that  much ground was covered during the 
discussion w i th  contributions f rom many knowledgeable 
people. 

Unfortunately not  a l l  of the speakers were identif ied, 
and comments f rom those i n  this category are denoted simply 
"Floor". The chairman prepared this summary f rom a 
transcript o f  the tape recording. He has reproduced the 
discussion verbat im wherever that  seemed appropriate, b u t  
for  the most par t  comments have been edited t o  d is t i l  the 
essential points w i t h  economy o f  page space i n  mind. 

The chairman opened the session b y  introducing the 
panel members and suggested tha t  digi tal  data storage be the 
f i r s t  topic o f  discussion. He  pointed out that  f i ve  magnetic 
storage media are current ly i n  use; audio-cassette tape, 
d ig i ta l  cartr idge tape, ninetrack 1/2" tape, floppy and hard 
discs, and magnetic bubble memory. Comments were then 
contr ibuted f rom the panel members and f r o m  the floor. 

Bob Pavl ik (Panel): Storage that involves mechanical par ts  is 
generally not  very rel iable and I think we a l l  agree w i t h  that. 
To date there have been no technological advances which 
make i t  economic t o  store large volumes o f  data i n  any other 
way so we have t o  s t i l l  live, probably fo r  some time, w i t h  
some storage media l ike magnetic tapes, cassettes, 
cartridges and so on. There were some advances made 
recently in  some half  inch tapes so i t 's possible probably 
wi th in  a year we w i l l  see some small units that  w i l l  be using 
hal f  inch tape recording on many more tracks than the 
standard 9- t rack tapes and so on w i th  very high capacity bu t  
again these machines w i l l  have the same l imi ta t ions as the 
other ones in  terms of environmental specifications and so 
on, because a l l  the machines tha t  are commercial ly available 

are basically designed t o  operate down t o  a minimum of zero 
degrees centigrade and i n  a non-condensing environment. 
That's the major problem I think w i t h  a l l  o f  the tapes tha t  we 
are presently using- so we would l i ke  t o  hear some comments 
f rom you on your usage o f  tapes, and on your usage of some 
other storage media and what you consider t o  be the best. 

Chairman: Any comment perhaps f r o m  other members o f  the 
panel? 

R.D. Leask (Panel): My  feelings coincide ent irely w i th  Bob's, 
we can't f ind any cheap method o f  storing other than 
magnetic tape. 

Chairman: It does seem tha t  9- t rack mag tape is s t i l l  the 
universal thing, it's awkward and clumsy and it 's an o ld 
standard, bu t  it 's one tha t  everybody has. D ig i ta l  cassette is 
okay bu t  the storage is l imited, and they're not, I think, quite 
as rel iable as 9-track. 

J. Hallenburg (Consultant): I have a couple of comments on 
that. I don't have any argument about the qual i ty of the 
9-track tape. The trend I keep seeing though is that  people, 
i n  our off ices part icular ly but even i n  the field, are going to  
micros and I see i n  place af ter  place I visit, that  instead of 
people having terminals for the main f rame i n  the company, 
they have an IBM-PC or something l ike that  on their  desk. 
When you star t  ta lk ing about 9-track tapes though, you're 
ta lk ing about cost fo r  the tape transport being considerably 
higher than the cost o f  the computer together w i t h  the other 
peripherals very often. There are a number o f  disks fo r  
instance which are capable o f  storing very nearly enough 
material. I 'm not  sure about the Winchester disk. I would 
suspect that it could store enough for a t  least one borehole. 
O f  course that  is a fa i r ly  expensive storage medium 
compared to  the floppy. The high density floppy disks w i l l  
come fa i r ly  close t o  storing enough data for  the borehole. I 
would l ike to  see an e f fo r t  i n  this direct ion toward less 
expensive storage media so that  we can put  a l l  of the 
information on disks and use it easily without having t o  pu t  a 
large investment in to  it. 



Chairman: As a mat ter  o f  interest can we see by a show o f  
hands, how many people here do get involved w i th  storage of 
digi tal  data i n  the f ie ld  a t  one point or another? That looks 
l i ke  about 80 per cent t o  me so we a l l  face this problem to  
one degree or another. 

Y. Lamontagne (Panel): We've had a fa i r  b i t  o f  experience 
w i t h  storing data for  f i e ld  ~neasurements and now we're 
start ing to  do the same sor t  of thing fo r  borehole 
measurements fo r  EM. I n  this we f ind that a Phill ips type o f  
cassette w i t h  incremental recording is quite adequate 
provided you protect i t f r o m  the weather. We bui ld it inside 
the receiver and it 's environmentally protected, never t o  be 
opened i n  the field. Given the volume o f  data we have a t  
present, we don't foresee that  we could f i l l  a cassette i n  a 
day, so the tape capacity is no t  a l imi ta t ion a t  present. 

D.L. Wright (Panel): I was just going to  mention that  one of 
the problems w i th  radar is that you can generate an awful l o t  
o f  data i n  a very big hurry and currently we're s t i l l  using 
analog tapes and then digi t iz ing later. We're developing a 
digi tal  data acquisition system that  w i l l  help somewhat by 
stacking on the f l y  i n  rea l  t ime  so that  you have stacked data 
before you even put  it on your storage medium. 

Y. Lamontagne (Panel): Well that's real ly being done a l l  the 
t ime  fo r  EM measurements basically. You wouldn't dream o f  
get t ing the raw data on EM and then stacking it la te r  on. 

Chairman: That's an interesting comment tha t  Dave made 
because there is sti l l , amazingly, a place f o r  analog 
recording. It's incredibly concise. I f  you take an ordinary 
gramophone disk and digi t ize that  and put  i t in to memory 
you've got a roomful of memory just to  play half  an hour's 
wor th o f  music; so there's s t i l l  a place as i n  Dave's 
application for  recording analog data on tape and then 
digi t iz ing af ter  the fact. 

A t  this point the chairman introduced the topic of borehole 
logging cables fo r  discussion. He  pointed out  tha t  the 
tradit ional standard has been the steel armoured4 or 7 
conductor cable designated "4H01' o r  "7H01', and tha t  this has 
l i m i t e d  frequency response and is too heavy f o r  use i n  any 
sort o f  portable logging equipment. Comments were then 
inv i ted f r o m  the floor. 

D.L. Wright (Panel): Well  I 've only worked on high frequency 
electromagnetic methods so my background is ra ther  narrow 
but  as I mentioned i n  the paper ("Transponder enhancement 
o f  short pulse borehole radar", ibid) the steel armoured cable 
is fa r  less than ideal for what I want to do. F ibre opt ic cable 
would be superior. The reason we haven't gone t o  i t  is that  
we're not  i n  a position t o  procure a system l i ke  that  and also 
we're s t i l l  somewhat concerned about i t s  f ie ld  worthiness i n  a 
rugged borehole environment, although it 's clear, that  great 
strides are being made i n  that  area. We may look in to 
procuring a f ibre opt ic system b u t  we're not  there yet. 

Chairman: I f  you had your choice o f  some more conventional 
cable, and there were no other l imitations, which would you 
choose fo r  your part icular application? Or  would you want t o  
go t o  a f ibre opt ic cable no mat te r  what? 

D.L. Wright (Panel): I f  I were looking t o  isolate things 
electromagnetically, I would really have no option other than 
a f ibre opt ic cable. I f  that is no t  a consideration, then I 
would consider coaxial cables, although w i th  the cable runs 
we've got, the attenuation would probably be unacceptable. 

Floor: I think you might  br ing out the problem tha t  a f ibre 
opt ic  cable raises w i t h  the design o f  the probe. I f  you look a t  

conventional logging systems the cable is used t o  supply 
power down t o  your probe for whatever funct ion you're 
running. With a f ibre opt ic cable you have t o  have the power 
supply that drives the probe electronics contained w i th in  the 
probe i tse l f  so the choice may depend on the design o f  your 
probes. 

Chairman: That's a very good point. I t  would indeed. J i m  do 
you have a comment on that? 

J. Hallenburg (Consultant): I would agree w i t h  tha t  po int  and 
I'd l i ke  t o  remind you tha t  probably about 80 per cent  o f  the 
cable troubles would disappear i f  we went  t o  downhole 
digitizing. These are p re t t y  good techniques and allow you t o  
use the cable (w i th  the exception o f  the radar applications) 
almost ent irely f o r  get t ing power down t o  the too l  depth. 

R.D. Leask (Panel): A poor man's cable is a CTV cable. 
These low loss coaxial  cables w i th  foam dielectr ic are very 
cheap. I think we pay about 15 cents a met re  fo r  our cables, 
and you can get them i n  lengths of 6000 feet. They are not  
too bad to  splice, the centre member is the strain member. 
The centre conductor presents a b i t  of a problem i n  some of 
the couplings and so on bu t  you can select the cable to  be 
almost neutral ly buoyant i n  the borehole fluid, so tha t  you 
don't have' t o  worry about it supporting itself. The major 
problem w i th  it is tha t  the foam polyethelene, ( in  the one 
tha t  we are using a t  least), compresses as you get  down t o  
3000 metres. I don't rea l ly  know how much the transmission 
characteristics change when you get  down tha t  deep, b u t  
losses do go up noticeably a f te r  about 2000 metres b u t  it 's 
quite usuable t o  that  depth. I t 's a l i t t l e  more bulky than the 
f ibre opt ic b u t  it 's also an awfu l  l o t  cheaper. I think 
u l t imate ly  that  the f ibre opt ic  cable and downhole digi t iz ing 
is the way to  go, bu t  there are simi lar i t ies w i t h  the coaxial 
cable approach. We use coax w i t h  VCO1s (voltage control led 
oscillators) passing up frequencies of 2, 4 and 6 megahertz. 
We probably should be using some sort of equalizer ampli f ier 
bu t  we aren't a t  present. We use phase-lock loops t o  separate 
the VCO signals, coming f r o m  the d i f ferent  sensors i n  the 
probe and this seems a fa i r l y  good answer t o  cable problems. 

Chairman: l i e  has a point. I too have wondered about 
coaxial cable. A f t e r  a l l  they str ing it around the town by the 
m i le  and it 's not  that  expensive. The frequencies involved 
are o f  the order of 100-200 megahertz so there can be no 
band-width problem w i t h  it, n o t  as f a r  as we're concerned a t  
least, unless you get  in to something real ly exot ic  l ike radar, 
so that  is a point to remember. 

Floor: I think quite l i tera l ly  you are caught between a rock 
and hard spot on your coaxial cable and the f ibre opt ic  cable. 
When you get in to the hole i n  a pract ical situation, and you 
have t o  put  a couple o f  hundred pounds of tension on that  
cable to  pu l l  your probe out  you may end up leaving your 
probe behind and regret t ing it. I think as I say you're caught 
between a rock and a hard spot i n  wanting t o  have the tensile 
strength i n  a cable which you can get, let's say w i t h  a Kevlar  
strength member and no t  sacri f ic ing tha t  probe. 

P.G. K i l l een  (GSC): I 'd l i ke  t o  ask Gus what was the breaking 
strength o f  that  coaxial cable. I guess it's no t  too c r i t i ca l  i f  
you've only got  a hundred dollar probe down the hole and your 
cable is only 15 cents a met re  bu t  i f  you've got  maybe a 
$10,000 probe i t might  be a d i f ferent  consideration. 

R.D. Leask (Panel): Our test showed a breaking strength o f  
just under 300 pounds bu t  I don't think that is the guaranteed 
value. I think the guaranteed breaking strength depends on 
that  copper wi re member that's i n  the centre. A point 
concerning the other bad feature o f  this thing: I t r ied  a t  one 
t i m e  t o  f i nd  somebody tha t  would make me a dielectr ic out 



of glass beads and polyethelene so that  the dielectr ic would 
not  collapse under pressure. I don't know whether anybody i n  
the audience has had any experience w i t h  glass beads and 
polyethelene. I wasn't able t o  f ind a manufacturer that  would 
consider extruding a dielectr ic w i th  these glass beads i n  it 
and I don't think anybody has t r ied  it, but  I don't see why it 
shouldn't work. 

Y. Lamontagne (Panel): I have a point t o  add on the f ibre 
opt ic  cable. I'd say the f ib re  opt ic  cable i s  probably a 
solution which is becoming even more viable now, but  I would 
say the break even point is when you need a fa i r ly  long cable. 
Your major investment is i n  the cable termination. The 
middle - the two ki lometre piece i n  the centre - is relat ively 
cheap once you have the terminations at  each end. I t  would 
be foolish t o  go t o  f ibre opt ic i f  you're doing i t  only for  a 
very short length, unless you real ly have a band-width 
in f ide l i ty  problem, o r  ground isolation problem, but  i f  it 's just 
a mat te r  of get t ing some signal f rom A to  B cheaply or 
easily, then maybe it 's bet ter  t o  do without it. However once 
it gets to  a long length, then the weight of the cable and the 
pr ice starts t o  t i p  the scales i n  favour o f  a f i b re  opt ic cable. 
There are three l imi ta t ions really on the f ibre opt ic cable: 
number one is attenuation, and that  involves bending and 
stretching. Once you s ta r t  stretching it past a given l i m i t  
the attenuation increases drastically. However i f  you have a 
significant margin i n  signal power, then tha t  w i l l  n o t  a f fec t  
you. On the other hand loss o f  signal is a warning tha t  the 
cable is being stretched beyond a safe l imi t ,  so unless you 
have a transmitter that's too powerful, your signal w i l l  
usually disappear before you damage the fibre, then you know 
to  stop pull ing so hard on it. The l im i ta t ion  is when you 
actually damage the fibre, and for our cable that  would be 
around 250 pounds or so. The f ina l  l imi ta t ion is the breaking 
strength of the Kevlar stress member which is about 
750 pounds. Now that's adjustable. You can ask the 
manufacturer to  incorporate a 1400 pound Kevlar  stress 
member, which w i l l  be a bigger diameter, so the stress 
member is a mat te r  of judgement and is no b ig technical 
problem. I n  my estimation f ibre opt ic technology i s  probably 
the way t o  go for  a long cable, bu t  even though I have a f a i r  
b i t  o f  experience w i t h  it, I don't think I would consider it fo r  
a cable just a few hundred metres i n  length because o f  the 
investment required i n  the electro-optic terminations a t  each 
end. The b ig advantage is that  it's light. Your winch is l ight; 
it 's portable and less l ikely t o  break because you don't have t o  
use brute force and ignorance t o  carry i t  around. A f t e r  a l l  
you can a f fo rd  t o  be more careful  w i th  something tha t  weighs 
only 50 o r  60 pounds or so. 

D.L. Wright (Panel): Can I ask one question o f  the chairman 
w i th  regard t o  cables. This had t o  do w i th  insulation and w i th  
what you were doing. D i d  I understand that  you were putt ing 
current down the shield? 

Chairman: Yes that's right. I n  our part icular case for  that  
IP  system I described, we did put a current down the shield of 
the table. I t 's  apropos that  you should ask that because just 
the other day we discovered that there was indeed a leakage 
problem at  the bot tom o f  the cable, probably via the 
terminat ion where the cable entered the cable head 
(Gearhart Owen type). I t  appeared that  the seal wasn't as 
good as it should have been, so we were get t ing some leakage 
and probably electrolysis between the shield inside, and the 
water outside. So unless the cable outer jacket i s  quaranteed 
t o  b e  waterproof a l l  the way down, then passing currents 
down the shield i s  a thing t o  w i th  caution. There doesn't 
seem t o  be any part icular reason the cable jacket should not  
be waterproof, and i f  we get  an appropriate connector w i t h  
an"Ot' r i ng  seal a t  the end, hopefully we'l l solve tha t  
problem. I 'd be interested i n  any other comment f r o m  the 
audience on that. 

0. Olsson (Swedish Geological): I have a comment concerning 
the breaking strenght o f  the cable. I feel  you overemphasize 
the importance o f  the breaking strength. As fa r  as our 
experience goes i f  you get  stuck i n  a borehole (especially i f  
you are logging i n  hard rock environment), then you're usually 
stuck indeed, and even i f  you can pul l  w i t h  a hundred kilos o r  
one ton it won't help you because the rock won't y ield and I 
guess you'd need tens o f  tons t o  be able t o  pu l l  the thing out  
otherwise. 

Chairman: That's a very good point actually; i f  i t 's real ly 
stuck, then i t  doesn't real ly mat ter  what the breaking 
strength is. Any comment on tha t  f rom people i n  the field? 
Is i t  real ly that  important; the breaking strength o f  the 
cable? - beyond a certain l i m i t  obviously. 

B. Krause (INCO): We've had considerable experience i n  a l o t  
of very deep work down 6000 feet and more i n  Sudbury and I 
agree totally. You're ei ther stuck or you're free and i f  you're 
stuck a l l  the horses i n  China couldn't pu l l  you out. I f  you're 
going t o  do deep borehole work you have t o  face up t o  the 
f a c t  you're going t o  lose a probe now and then and equate the 
value o f  your probe against the value o f  the information 
you're t ry ing t o  get. I f  you're going t o  save a $20,000 
borehole you can a f fo rd  t o  lose a $10,000 probe now and then. 

Chairman: Would you care t o  put  a f igure on the sort o f  
breaking strength tha t  you think is adequate. A t  what po int  
do you stop pulling? 

B. Krause (INCO): I don't know. I think certainly the 
200 pound figure which people seem t o  ta lk  about seems t o  
me quite adequate. Basically you may have a chance t o  sort 
of jiggle it a bit, thereby working it loose bu t  i f  you've pulled 
i t  up and snagged it on something, you're finished. We've had 
several cases where the main concern has been that i f  it 's 
going to break, you want it t o  break at  the probe. 
Part icular ly i f  you're going t o  be i n  these very deep holes and 
they are considering wedging; you don't want t o  leave any 
cable i n  the hole. The probe af ter  a l l  can be dri l led out. We 
had one experience where we did leave cable i n  and it was 
about a $15,000-$16,000 error. The dr i l l ing company wasn't 
too impressed w i th  it. I would emphasize therefore that  you 
don't want t o  leave cable i n  a hole. So i f  you're going t o  have 
that  k ind o f  breaking strength, make sure you've got a weak 
point near your probe so i f  it breaks, it breaks a t  the probe. 

B. Fr igne t  (BRGM): We had several experiences when we had 
the probe stuck and we def ini tely needed more than 
200 pounds t o  get  the probe out. Several t imes we called a 
t ractor  and we got the probe out of the hole. So I think i t 's 
desirable t o  have a cable w i th  a t  least 500 kilos breaking 
strength t o  be sure o f  gett ing the probe out. 

Chairman: Judging f r o m  the comments so far, anywhere 
between 200 and 1000 pounds seems t o  be a reasonable f igure 
fo r  cable breaking strength and somebody made the point 
that  you should have a t  least one weak spot near the probe. 

A. Cicor ia  (Century Geophysics): We have quite a few 
logging tools that  are p re t t y  heavy, i n  the order o f  
60-70 pounds, some are even 90 pounds, so we have t o  stay 
away f r o m  a cable that's going t o  break a t  200 pounds. We 
use a standard 4-conductor armoured cable and I think that's 
about a 2000 pound breaking strength and it has worked out  
we l l  fo r  us. I agree w i t h  Barry. We f ind  our cable head tends 
t o  be the weak point and what happens is tha t  a l o t  o f  our 
draw-ups can't break the cable. 50 we pul l  as hard as we 
want and i f  we do f ree it, fine, and i f  n o t  then we can get  the 
d r i l l  r i g  o r  whatever t o  pu l l  on the cable. Sometimes we've 
had cases where they have freed the probe and brought i t  out 
and that's nice, because our probes are fa i r ly  expensive. 



I n  the cases where the probe has been stuck the cable has 
always broken a t  the cable head, which tends t o  be the weak 
point and that's just as well, because you don't want that 
cable i n  the hole. It w i l l  ru in  the hole and maybe get  your 
d r i l l  pipe stuck i f  you're going t o  go back down, so we f ind we 
need a p re t t y  strong cable. 

Chairman: Thanks very much, that's worth knowing. So the 
other point is don't leave the cable i n  the dr i l lhole whatever 
else you do. 

J. Hallenburg (Consultant): I'm sorry t o  come up and make so 
many comments bu t  this is something that I've had quite a b i t  
o f  experience with. We used t o  deliberately set our weak 
point on the 4 H 0  cable between 1000 and 1500 pounds and 
the loggers had orders never t o  pu l l  more than 1000 pounds. 
I f  you're key seated i n  sediments, it 's about l i ke  a hard rock 
situation. You're no t  going t o  pul l  free. You want t o  pu t  
enough pul l  on the cable t o  allow the dr i l ler  t o  go down w i t h  
an open ended d r i l l  pipe and wash over it. There is a whole 
fami ly  o f  excellent fishing tools and one o f  those which i s  
very seldom used i n  the mineral business is a wirel ine 
overshot. I think a 250 pound breaking strength is probably a 
l i t t l e  too weak, but  even w i t h  a 250 pound cable you can run 
a wirel ine overshot down the cable and come over the top of 
the tool. I n  order to  do that  you have t o  slack o f f  before the 
overshot gets down t o  the tool. O f  course an overshot on a 
d r i l l  pipe is much bet ter  but  you don't always have the d r i l l  
r i g  there. These fishing tools are something that  are very 
sadly neglected and we should be using them more often. 
Even w i th  the 4 H 0  cable i f  you pul l  1000 pounds you are 
going t o  have breaks i n  the conductors and you're certainly 
going t o  have to  rebuild the cable head i f  nothing else. 

Chairman: Fishing tools is on my l i t t l e  l is t  here. Maybe now 
is as good a t ime  as any t o  think about that. Does anybody 
have any comments on fishing tools? 

Floor: Actual ly I want t o  make one point pr ior t o  discussing 
fishing tools, and it concerns the probes we use. I think one 
o f  the problems we have is maybe not so much the cable, but 
that  we're l im i ted  i n  many respects by the comparatively 
large diameters o f  the probes. I think that's the greatest 
challenge to  the technology - t o  reduce the size of the 
probes, especially when we're l im i ted  let's say t o  hard rock, 
where a l o t  o f  your holes are BQ. One o f  the areas which 
some people may have ideas on i s  whether o r  n o t  it's a good 
idea t o  taper the end o f  the probe. I n  many cases when you 
get  stuck, it's no t  because o f  par t ia l  collapse o f  the hole, b u t  
because a t  some point on the way down, rock chips have 
fal len down on top o f  the probe. Then as you br ing it up, 
tapered end first, the rock chips ge t  def lected t o  the side and 
jam the probe. There have been discussions on whether o r  
no t  you should have a square end that  would simply l i f t  up 
any rock chips. Obviously i f  the chips are so large that  they 
w i l l  no t  pass the side o f  the probe it doesn't make much 
dif ference whether it 's tapered o r  square ended. However i f  
there are small  chips tha t  might  end up l i ke  gravel jamming 
on the sides, i t would be bet ter  t o  l ift them than t o  def lect 
them t o  the side o f  the probe. 

M. Hammalainen (Geo Instruments): My  experience is only 
f rom the hardrock environment bu t  we never used tapered 
tools. We have a large chip collector. It 's only a plast ic tube 
screwed on top o f  the probe and i f  you get chips fal l ing on 
the too l  they usually land i n  the collector. We have had quite 
a few st icking problems because o f  the collector. However i f  
the tools sticks then we use a quite simple fishing tool. I t 's 
an i ron rod which is attached t o  a separate cable and i t  can 
be used as a hammer to drive the tool down. I f  you can get 
the too l  go down a bi t ,  then it usually comes f ree and then 
you can pul l  it up. I f  this won't succeed then it 's bet ter  to  

pu l l  the cable so tha t  i t  breaks a t  the cable head, and then 
you can use a fishing too l  attached t o  the dr i l l ing rig, bu t  
that  usually means tha t  you have t o  have the  dr i l l ing r i g  on 
the site. The top o f  the plast ic chip co l lector  is c u t  a t  an 
angle t o  avoid catching the borehole casing. Usually the 
casing is short enough tha t  even i f  it does catch, i t can be 
freed by rotat ing the cable f r o m  the surface by hand. 

A.V. Dyck (GSC): I can o f fe r  a sl ight variat ion on tha t  last 
idea which was essentially a hammer. I was thinking more i n  
terms o f  a cyl indrical chisel o f  a diameter sl ight ly larger 
than the probe. You lower that  on another cable and use it t o  
chip away a t  the rock o r  pieces that  are around the probe. I 
actually got  that t o  work once. 

Chairman: Does anybody have any comment on any other 
reasons why, they think probes might  st ick? 

Floor: There are two  other experiences t o  go along w i t h  this. 
We used t o  use heat-shrink tubing on the Crone Geophysics 
probe, and a t  one point one o f  the probes go t  stuck and I 
suspect i t  was clay o r  something. It was just l e f t  overnight 
and the water worked i t s  way i n  so that  just by  pul l ing on it 
we were able t o  f ree it. So tha t  was one probe which was 
rescued by just being l e f t  alone. And the second experience 
was using a ret r ieval  too l  that  had a cut t ing edge on it. It 
was wedge-shaped a l l  the way round, and c i rcu lar  w i th  a slot 
i n  it, so you could put  i t over the cable. I t  also had three 
jaws inside it which would la tch  onto the probe as the device 
went down over it. Once these jaws had locked, then i t  was a 
mat te r  of pull ing everything back out w i t h  the steel cable. 
It 's a functional system that's available f r o m  Crone 
Geophysics. 

P.G. K i l l een  (GSC): Just talking about three jaws that  grab 
the probe; we had a probe stuck a t  about 30 metres which 
wasn't very far  down. We constructed a solid l ink betwen the 
surface and the probe out  o f  threaded pipes w i t h  a three-arm 
jaw tha t  grabbed the probe and a hydraulic a f fa i r  on the 
surface w i th  legs on it. I think we f i r s t  o f  a l l  broke the welds 
on the legs of f ,  and then a f te r  we got that  f ixed we ripped 
the jaws o f f  the solid connection tha t  was t o  pul l  i t  up. I 
don't know how much foce we had bu t  I think it was a house 
l i f t i n g  jack we were using. 

Chairman: And the jack got  nearer and nearer t o  the probe. 

Floor: We have used the Crone ret r ieval  too l  and i t  has 
worked ou t  quite well. The only d i f f i cu l t y  occurs when you 
get  beyond I think about 350-400 metres, because then you 
have real ly  got  t o  b e  able t o  fee l  tha t  Crone ret r iever  
catching onto the probe. I think it 's the same w i t h  a l l  these 
other ones. I f  you can actual ly fee l  i t catching on t o  your 
probe you have a l o t  more chance o f  get t ing i t  up, b u t  once 
you get  down a very deep hole you can't t e l l  t ha t  anymore 
cause there's too much slack i n  the l ine then. 

Chairman: J i m  Hallenburg, have you got  any comment on 
that. You must have used a l o t  o f  f ishing tools i n  your time. 

J. Hal lenburg (Consultant): Yes, my  experience has been that  
i f  the hole is i n  reasonable condition you can p re t t y  we l l  t e l l  
what you're doing either w i t h  a d r i l l  pipe or w i t h  a wi re line. 
You can fee l  the too l  h i t  the top o f  the logging tool. It 's 
when you have poor mud tha t  you begin t o  get in to trouble 
and incidentally along tha t  l ine the comment was made about 
the reasons for  sticking. When I was w i th  Schlumberger we 
did a study of that  and came t o  the conclusion that  i n  
sediments that  most o f  the cases of get t ing stuck were 
because the cable key seats i n  a curve i n  the hole, and then 
because the too l  is so much larger than the cable, i t  tr ies t o  
c u t  through this narrow slot i n  the formation and i t  can't 



make i t .  Now we also found, interestingly enough, that i f  the 
tool drags against the wal l  of the hole i t  can scrape the mud 
cake o f f  opposite a permeable formation, or permeable zone, 
and when you start  calculating the force plastering the too l  
up against the wal l  of the hole, i t 's tremendous. I f  you f igure 
tha t  you have a tool 120 inches long (a 10 f t  long tool) and it 's 
an inch in diameter, then i f  you have one psi d i f ferent ia l  
pressure you're going to have 120 pounds plastering that too l  
up against the wal l  o f  the hole. Well you can f igure that a t  
1000 feet  you've got nearly 500 psi, so you have a tremendous 
force holding that too l  down there. Now this is the kind o f  
force that you're going to be working against and even w i th  a 
steel armoured cable you usually do not have enough strength 
to pu l l  i t  loose. Now i f  you can wash the formation away or 
get something between the too l  and the formation then you 
stand a good chance o f  gett ing i t  out. However I think by fa r  
the most important thing i n  a fishing job is t o  have an 
experienced dril ler. He's really valuable. I 've had dril lers s i t  
out there in  the f ield and make fishing tools, things l ike a 
piece of 4-inch casing that has a l i t t l e  arm on it so that it 
could go down and rotate it and dig in to the wa l l  o f  the hole 
and scoop the tool in to  a slot on the piece o f  casing, things 
l ike that. It doesn't take much experience. A f t e r  you've 
done it once or twice you can begin to feel what is happening 
down there. We had one location i n  the Powder River  Basin 
where the loggers got stuck on an average of two or three 
times every hole. Now they were just terr ible holes: poor 
mud. We found that by fa r  the best way t o  get tools loose 
was t o  go down w i th  an open ended d r i l l  pipe and just jet  the 
tool away. Then pull 300-400 pounds on the cable and the 
too l  w i l l  come free. 

A. Cicor ia  (Century Geophysics): Again we're a logging 
company so we get tools stuck quite of ten and lose tools here 
and there. There are companies dedicated just to  fishing 
tools, mostly geared for  large holes, but a l o t  of t imes they 
w i l l  give you advice or they can even come up w i th  something 
made especially fo r  smaller holes. I've managed to  save a 
few tools that way and it has helped me quite a b i t  and 
helped my clients quite a bit. 

P.G. Ki l leen (GSC): A l o t  of people may not know that is 
there is a company that actually specializes i n  manufacturing 
those tools and they have a huge catalogue. I t 's called 
BOWENS. Their catalogue shows a l l  kinds o f  methods o f  
snagging probes w i th  magnets, hooks, clamps, spirals and a l l  
kinds of overshots and other devices. 

Chairman: Everything short o f  the indian rope tr ick, eh? 

Floor: I n  a l o t  o f  areas I've been they've been using plastic 
pipe i n  the holes and that cuts down on the number of stuck 
probes. I t  also brings in  a new problem of the pipe down the 
hole gett ing kinks in  i t  and causing probes t o  get stuck. I 'd  
also be interested i f  anybody has any ideas on how to  keep 
the permafrost out o f  that type o f  hole. 

C. Madsen (Spectronics): Well that's usually done w i th  some 
salt water isn't i t  ? - for a few hours anyway. My  comment 
was on small portable systems that seem to sustain more 
damage t o  the cable above the hole, than i n  the hole, because 
o f  a very poor design. Some of them have a very shallow 
groove i n  the well-head pulley, so when it starts moving, the 
cable can jump o f f  to one side and get caught between the 
guard and the moving pulley i tself .  I f  there is a heavy load 
on the cable, then it can be severely damaged, probably 
somewhere i n  the middle. I have sold quite a few cables 
because of that. 

Chairman: Another topic which we might discuss now is 
portabi l i ty.  The discussion on cables has led into this, and I 'd 
be interested to  know how many people here (again by a show 
o f  hands) regard por tab i l i ty  o f  logging equipment as of some 
considerable importance. I'll put that down as about 
65-70 per cent. 

P.G. Ki l leen (GSC): Can you define what you mean by 
portabi l i ty? 

Chairman: I define por tab i l i ty  as being l i gh t  enough to  be 
carr ied by no more than two strong students. A re  there any 
other comments f rom the f loor about the desirabil ity of 
portabi l i ty and how much that looms in  one's mind when 
buying equipment? 

Floor: I would have thought that i f  they got  i n  t o  d r i l l  the 
hole, there should be some vehicle o r  means o f  transport t o  
br ing heavier logging eqk~ipment in. 

Y. Lamontagne (Panel): Well my comment is that when you 
design equipment, you may want to  ensure that  i t 's 
transportable i n  a helicopter where weight and storage 
capacity is restricted. That's one thing that  we kept i n  mind 
i n  our equipment design and I think others would do wel l  to  
think along the same lines i f  they ever contemplate the kind 
of work that we have been doing. 

Floor: It becomes rather  important t o  me especially i n  the 
mountains. I f  you have t o  carry equipment through the mud 
f rom one site to the next, or i f  there are only two of you 
there and it 's 300 f t .  straight down, then it 's rather important 
that  i t  be easy to  handle. 

P.G. Ki l leen (GSC): I'd l i ke  to  comment on the point that 
Ro l f  mentioned a minute ago. I think that  just because a 
vehicle got in  to  d r i l l  the hole doesn't necessarily mean it is 
easy to get another vehicle there w i th  logging equipment. I t  
depends on the environment. For  example i n  the 
Southwestern Uni ted States, they can drive t o  the hole w i t h  a 
10-wheel truck, d r i l l  the hole and then move of f .  The logging 
vehicle then moves i n  r ight  away. I n  Canada, and probably i n  
a l o t  of other countries where dr i l l ing is done in  the 
Precambrian, they drag the d r i l l  r i g  in  on skids w i th  a 
Caterpi l lar t ractor  o f  some sort and they stay there maybe 
months, depending on the depth o f  the holes t o  be drilled. By 
the t ime they are ready t o  have the holes logged, the vehicles 
that dragged the d r i l l  r i g  in  have gone and no 4-wheel drive 
vehicle of any sort could get back i n  there. I t  would have to 
be a helicopter or some sort of al l - terrain vehicle, or, 
extremely portable equipment that's man-portable. The two 
students that  Quentin Bristow mentioned, f o r  example, are 
necessary i n  many environments. 

Chairman: I'll move on now to another topic, one that's of 
some interest t o  me, and that is the type o f  electrodes that 
one uses i n  resist iv i ty and/or IP  logging. Tradit ional ly they 
are lead rings. It seems t o  me that it is highly desirable that 
they should be chemically reversible. That's why I gold- 
plated mine. Has anybody got any comments on a) the 
desirabil ity, b)avai lab i l i ty  of chemically reversible non- 
polarizable electrodes for  this kind o f  work? 

A.V. Dyck (GSC): M y  understanding about lead is that  it is 
desirable as an electrode because it oxidizes and once it is 
oxidized it is very stable. 

Floor: I bui l t  an I P  probe and what I 'm using on that are 
stainless steel electrodes, but they spring outward to  centre 
the probe i n  the hole. They do however get chewed up and I 
just replace them a f te r  a set period of time. I t 's  quite easy 
to  do it. 

J. Hallenburg (Consultant): I've had some rather  unfortunate 
experiences w i t h  stainless steel electrodes. I t seems tha t  
stainless steel is stainless because it forms an oxide coating 
on the outside which has a fa i r ly  high dielectr ic constant, so 
you have an excellent capacitor between the electrode and 
the f lu id  i n  the hole. 

Chairman: That's interesting. I believe the oxide i s  i n  f a c t  
chromium dioxide. 
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Floor: For  several years we've been using naval brass, high 
quality naval brass, very successfully in  place of lead 
electrodes and we've never been able to see any disadvantage 
i n  the use o f  navai brass. 

Floor: Can I just ask i f  there is anybody who knows any 
theoret ical reason why electrodes should be made f rom any 
part icular material, because for  something l ike I P  logging or 
electr ical logging you are looking at  a symmetr ical wave 
form, so any polarization ef fects  should cancel out. Even 
fo r  SP work you are looking at  a constant error that  isn't 
necessarily going to  af fect  the log. 

Chairman: My  only comment to that would be that the 
potent ial  which exists between a meta l  and a solution is 
dependent on the solution concentration and the type of 
metal, and i f  that is d i f ferent  or varies for whatever reason 
between the two electrodes, then you have a potent ial  
difference. 

0. Olssen (Swedish Geological): The meta l  that you use for  
SP logging is important. We developed a geochemical probe 
which we have been using where we have a silver/silver 
chloride electrode as a reference. We have measured the 
potential relat ive to  gold and platinum and graphite 
electrodes which are a l l  supposed to  be inert. Bu t  we have 
always observed a difference i n  the absolute voltages 
between these electrodes and the difference varies along the 
hole depending on the chemical properties o f  the water. 

B. Fr ignet  (BRGM): I think that  the mechanical design o f  
your probe is more important than the meta l  you use fo r  the 
electrode, because when you encounter sulphide 
mineralization you w i l l  have a contact potent ial  o f  up t o  
400 mi l l ivo l ts  between a non-polarizable electrode and any 
other meta l l ic  electrodes that are i n  contact w i th  the w a l l  o f  
the hole. This means that i n  order to make good IP 
measurements your potent ial  electrode should not  be i n  
contact wi th  the wal l  o f  the hole. This is more important 
than the nature of the meta l  of your electrode. This 
electrode dependent SPvariat ion is a very important 
parameter in  making IP  measurements. 

C.J. Mwenifumbo (GSC): Concerning SP measurements, 
there has been some work done by Col lowin i n  the States. He 
tested the performance of a number of electrodes using 
d i f ferent  metals and came up w i th  a design using silver/silver 
chloride electrodes. However the major problem that  he had 
fo r  SP measurements was that there was quite a b i t  o f  d r i f t  
as he went downhole, due to  changes i n  temperature and also 
t o  changes i n  the ionic content o f  the borehole fluid. 

Chairman: The other topic, while the t ime lasts, is 
rel iabi l i ty,  or lack of it. How serious a problem is this and 
what sort o f  steps could be taken by manufacturers or users 
to  combat it, and are there any sort o f  standardized tests 
that one could do to  ensure that  equipment is working 
properly before attempting t o  acquire data. 

C. Madsen (Spectronics): I would say t ra in  the people a b i t  
better before you send them out i n  the bush. I have saved a 
l o t  of companies money by going out w i th  them for a few 
days and actually gett ing the operators to know what they 
are doing. 

Floor: A lo t  of intruments are done in  by vibration i n  
transporting them f rom site A to  site 0. Just transporting 
them around in  their proper cases, ( i f  they are properly 
packed w i th  foam) or put t ing foam underneath them i f  you 
are travell ing around i n  a truck, helps a great deal. 

Chairman: Shock-mounted transport cases should be standard 
perhaps. 

P.G. Ki l leen (GSC): I think i n  f a c t  that the last two people 
who commented on i t  have h i t  the nai l  r ight  on the head. It 's 
par t ly  transporting the equipment and making sure that you 
protect it carefully, and secondly making sure that the people 

who are using it are trained and taught that i n  fac t  i t  is 
important to follow a set of rules. Most of the t ime when 
we've broken any of our own equipment it was because we 
thought it would be alr ight on the f loor of the logging truck 
just t o  t ravel  f rom one hole t o  the next, bu t  it only takes one 
bump t o  shake some components apart, and that's invariably 
what happens. 

A.V. Dyck (GSC): The transportation problem 
notwithstanding, I 'm usually (or quite 'often) sorry that I 
haven't taken the t ime t o  take the equipment, whatever it is, 
to  a place where I know how i t  responds, (that's a rea l  
environment not  a lab environment), before going to  the 
survey area, and making sure that  I 'm s t i l l  get t ing the same 
thing as I did the last time. Now obviously it could sti l l , 
through vibrat ion or whatever, suffer damage by the t ime you 
get to  the real site, but a t  least then you could say in  a l l  
t ruth: "it was working yesterday". 

Chairman: This leads us to  the question of simulators. I 
usually put a button in  anything I design, which simulates the 
parameter that you're trying to  measure and makes i t  appear 
to  come f rom the probe or whatever. I wonder how many 
users would l ike the idea of test signal generators i n  button 
form, or whatever is appropriate, to make sure that a t  least 
the uphole s tuf f  is working - a show of hands i f  people think 
tha t  this is a good idea. Again that indicates about 70-80 per 
cent o f  people here think tha t  this would be a good idea. Any 
comments on this perhaps f r o m  the panel members? 

R.D. Leask (Panel): I think that  a l l  systems, especially 
dr i l lhole systems and so on should have cal ibrat ion signals, 
including communications w i t h  the downhole probes t o  check 
the cal ibrat ion over the f u l l  range o f  the instrument. I also 
think that  instrument designers nowadays could do an awful 
l o t  more w i th  self-diagnostic programs l i ke  for  example 
the EDA magnetometer, that  is an excellent example. I t  has 
a few l i t t l e  LCD bars that  t e l l  you whether your gradient has 
gone to  pot, or i f  your signal amplitude is down, and this 
indirect ly tells you whether you've got the think misoriented, 
or whether you are i n  too high a gradient. This type of thing 
I think would be very beneficial  for  the users of a l o t  of the 
geophysical instruments. 

Bob Pavl ik (Panel): I would think that a l l  of us actually share 
this opinion and that we w i l l  probably see more and more of 
these methods implemented. U n t i l  two or three years ago 
most people were using analog techniques o f  one sort o r  
another. Now they are changing slowly t o  d ig i ta l  techniques 
which are much more amenable t o  the incorporation o f  
hardware or software diagnostic features. 

Y.  Lamontagne (Panel): I would have t o  agree w i t h  this. 
There should be monitors f o r  the most obvious fau l ts  l ike the 
bat tery  gett ing low, and i n  our case the opt ica l  signal not  
get t ing through. Any system that  has a carr ier  l ike that  is 
very good because you know whether o r  not  it is gett ing 
through. I t  is not always easy to  build a cal ibrat ion signal 
r ight  i n  the probe of course because it is o f ten hard to  
simulate a signal a t  such a low level, but you should 
def ini tely have one bui l t  i n  the receiver. 

Chairman: Do we have any comment on that? 

D.L. Wright (Panel): I guess my only comment is that I 'm  
both a builder and a user and I've been my own worst enemy. 

Chairman: Okay. Well on that note, I think i f  there are no 
more comments we w i l l  ca l l  i t  a day and I thank you for  
coming and it has been a most interesting session. It has 
lasted a l o t  longer than I had reason t o  expect that  it would. 
Thanks very much indeed. 

A t  this point the chairman had to  bring the discussion to  an 
end i n  order to  allow the next  event i n  the conference t ime 
table t o  proceed. I t was apparent however that  a l l  concerned 
would have l iked the session t o  continue had t ime permitted. 
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Introduct ion 

This workshop was organized t o  promote interchange o f  
ideas about interpretat ion of large-scale dril lhole geophysical 
surveys, about interpretat ion o f  geophysical logs (small-scale 
surveys), and about how the two  dif ferent sets o f  information 
might  be integrated. The wide-ranging discussion clearly 
showed t w o  d i f ferent  schools o f  thought and many interest ing 
and knowledgeable comments were made. 

This summary was prepared by the chairman f rom a 
transcript o f  the tape recording. The discussion has been 
reproduced i n  a somewhat disti l led form w i th  c lar i ty  and 
economy o f  page space i n  mind. 

Chairman: Well, how about a nice general question t o  s tar t  
with. Should the geophysicist talk t o  the geologist before or 
a f ter  the interpretation? Any geologists here? 

J. Roth: The geophysicist should ta lk  t o  the geologist as 
early and o f ten  as possible. The fac t  tha t  he may be biasing 
h is  interpretat ion i n  favour o f  whatever the geologist's 
prejudices are or might  be, I don't think should stand i n  the 
way o f  the potent ial  benefits f r o m  communicating. 

Chairman: There is perhaps a complicat ion t o  that. Many 
t imes when we're t ry ing t o  prove techniques, as we are a l l  
desperately t ry ing t o  do i n  th is  f ie ld  a t  this stage, the 
question arises a t  just what po int  do you get  the in format ion 
the geologist knows about. 

L. Reed: I would l ike t o  know i f  anybody would rea l ly  dispute 
Jerry (J. Roth) on that one. As exploration geohysicists we 
are f r o m  t i m e  t o  t ime  placed i n  a position where exploration 
managers, geologists, w i l l  no t  t e l l  us what's going on. They 
say you t e l l  me and then we'l l compare it later. I'd l i ke  t o  
know i f  there are any geophysicists here who would take tha t  
kind o f  approach and think i t 's a correct one? 

6. Krause: I couldn't believe A l f  was serious because I think 
it's obvious that  the geologists have t o  ta lk  t o  the 
geophysicists. A very pract ica l  reason is tha t  it 's v i r tua l ly  
impossible to  design the survey properly i f  you don't have as 
much of that  higher knowledge as you can. 

J. Macnae: Actual ly  you can never get  away f r o m  geology. 
Every model that  has been we l l  studied, and tha t  i s  useful, is 
normally based on some sound geological reasoning. Even i f  
one does not  communicate direct ly w i th  geologists before 
t ry ing t o  do an interpretation, the models you are f i t t i n g  are 
i n  f a c t  geologically biased. 

Chairman: I fu l l y  agree. I t 's just that, again get t ing back t o  
this idea o f  proving techniques, my  feeling is that  we're 
always t ry ing t o  prove ourselves. I f  you actual ly do come up 
w i th  an interpretation, which let's say is a sulphide body, and 
the intersection happens a t  the r igh t  place when they d r i l l  
the next  hole the geologist says, "wel l  I to ld  you it was 
there". 

J.Roth: M y  response is tha t  people who suffer f rom 
insecurity generally don't persist i n  exploration geophysics. 

F. Hiebert: It 's fa i r  enough t o  make an evaluation o f  a new 
technique o r  a new system by  withholding in format ion t o  see 
what people can come up with. But  i t i s  important t o  
emphasize tha t  there is more than one way t o  in terpret  the 
data and had you been supplied w i t h  the information, you 
probably could have cu t  the number o f  alternatives down. 

Y. Lamontagne: M y  opinion i s  tha t  a t  t imes it's quite useful 
t o  look a t  the data wi thout  any preconceived idea o f  geology. 
It 's a much bet ter  education fo r  the geophysicist t o  have a 
few working hypotheses o f  the whole problem without 
knowing too much about what is there, and then see it. 

Floor: I think you may be confusing apples and oranges here. 
I think t h a t  if we are t r y ing  t o  prove techniques they should 
n o t  be confused w i t h  established techniques, let's say 
commercial  or rout ine work. I think that  i f  we are t ry ing t o  
convince someone that  we have a workable technique and we 
are convinced that it does work, then we are obligated to  
s tar t  out w i th  as much information as we can get. We should 
establish the idea o f  taking a l l  o f  this input and then forming 
our own opinions on the basis o f  a l l  o f  the information. 
Proving techniques is an ent irely d i f ferent  thing. 



B.M. New: I would l ike to second that idea. I said yesterday 
i n  my presentation that we kept rigorously apart the 
engineering geologist, who actually logged the piece of rock 
that  we were looking a t  w i t h  regard t o  i t s  structural 
properties, and the geophysical investigation o f  that, and it 
was i n  bringing them together, having kept them apart, that 
we were pret ty  confident that  our predictions were correct. 
However, when you are presenting the results o f  some sort o f  
si te investigation, then they have t o  work together. I agree 
w i th  what was 'said just now and for research purposes, I 
believe we've got t o  keep them apart; for  overal l  site 
investigation, when you are bringing together groups o f  
d i f ferent  disciplines t o  present an overal l  picture, then 
maybe they've got to  get together. 

Chairman: Wr i t ten question f r o m  Rodwoolham: I n  
comparing borehole data w i t h  geological logs how much 
importance does the geophysicist attach to  (1) the accuracy 
of geological observations; ( 2 )  the detai l  of the geological 
observations; (3) the possibility tha t  variations indicated by 
geophysical measurements are caused by mineral assembly 
changes tha t  only can be ident i f ied by petrographic studies; 
and (4) assumption that core represents exact ly the 
surrounding rock? I n  Inany cases I feel that the geologist and 
geophysicist ignore these factors. 

B. Frignet: I think that very often mining geology is quite 
basic and the cores are not studied extensively and when we 
log the holes w i t h  a f u l l  suite - gamma-ray, neutron and sonic 
and a l l  that, we f ind a l o t  o f  signatures o f  rocks tha t  are 
related to  geology, bu t  for which the geologist has no t ime. 
An added complication is the changing way the geologic 
structure i s  understood over the l i f e  of an exploration 
project. 

J. Wong: What kind o f  val idi ty do the geologists pu t  on their  
logs, how do they understand the information tha t  the log 
gives them? If they take the same at t i tude that  most o f  us 
do, that  basically the core is just a sample o f  one point  i n  the 
ground or one l ine i n  the ground and that you know there are 
possible variations i n  both l i thology and structure away f r o m  
the hole, then there i s  room f o r  geophysical logs as ext ra 
input. 

J. Roth: I 'm reminded of a short, hut  fascinating paper that 
Ed  Gaucher gave a t  the C I M  about six o r  seven years ago 
where he took seven o r  eight boxes o f  d i f ferent  rocks and 
submitted them to ten or twelve d i f ferent  geologists and o f  
course got the usual bell-curve distribution as to what the 
lithologies were i n  each box. So we should recognize tha t  we 
a l l  have a range o f  uncertainties i n  terms o f  the confidence 
we place i n  our observations and the interpretations derived. 
The types of questions we have been discussing are what I 
would ca l l  questions o f  meta-interpretation. i n  other words 
how do we as people who have some confidence tha t  we are 
doing something useful i n  the way o f  indirect observation on 
rocks interface w i t h  our companions i n  the geological trades? 
Maybe we could move t o  more direct questions like. How do 
we bet ter  make use o f  the data that  we are col lect ing and 
attempting to  interpret? 

R. Caven: As a geophysicist I would l ike t o  comment that  a 
geologist logging a core, part icular ly i n  the exploration stage, 
does no t  consider a l l  aspects o f  what  is important f o r  the 
location o f  a target and consequently misses details which 
are picked up i n  a geophysical survey whether it be ground 
survey or borehole survey. For  instance i f  an exploration 
program is directed towards massive sulphides, the geologist 
who logs the core may only look a t  what is i n  fact,  massive 
sulphides and miss any disseminated halos, changes i n  rock 
type and so on in  the core. These things are of ten picked up 

by geophysical methods and if the dril lhole misses the 
massive sulphide of ten the anomaly is no t  explained, when i n  
fact  i f  you go back and look a t  the core very carefu l ly  you 
can see tha t  there are indications that  there is an anornaly i f  
not r i gh t  i n  the core a t  least nearby, which has been 
overlooked. 

Floor: Isn't i t also a f a c t  thought that  i f  you get  t w o  o r  three 
geophysicists t o  in terpret  a part icular set o f  curves, you'll 
also get two or three answers? I 'm  a geologist by the  way. 

J. Roth: I would disagree you w i l l  get  a t  least three! 

F. Hiebert: I think tha t  was an important question because as 
we get  more experienced i n  borehole work, par t icu lar ly  i n  the 
massive sulphide area, we are constantly being confronted 
w i t h  the question, i s  the mineral izat ion tha t  has been 
intersected i n  this hole enough t o  explain the anomaly? I 
think i t 's an important question. Someti~nes i n  comparing 
sulphide intersections tha t  carry equal volumes o f  sulphides, 
one w i l l  k ick  l i ke  a mule and the other one w i l l  be absolutely 
dead. I think that  there are other factors t o  look into. 

K. Morgan: We are beginning t o  see a pro l i ferat ion of 
downhole tools, even i n  EM, and I ' m  wondering how badly, we 
as a group, need comprehensive in te rp reh t ion  schemes and 
diagrams, - I ' d  l ike t o  hear the panel's comments on that 
general problem. 

J. Macnae: That happens t o  be one o f  my  personal concerns 
and I think the only way we are ever going t o  be able t o  get  
things in to reasonable f o r m  is t o  go r igh t  back t o  the 
underlying physics of everything, t o  rea l ly  understand the 
type o f  behavior i n  conductors (I'm rest r ic t ing th is  t o  E M  f o r  
now). Once one has tha t  physical basis one should learn what 
characteristics t o  look for.  N o w  one can certainly go ahead 
and prepare volumes o f  type curves which just apply for  one 
system b u t  w i t h  no t  that  much ex t ra  thought one can go on 
and work out  things tha t  are t i ed  in to more fundamental 
aspects of what's actually going on i n  the conductor and how 
that  relates t o  things such as migrat ion points. One should 
look careful ly a t  what are fa i r l y  stable estimators. For  
example things l i ke  zero crossovers are fa i r l y  bad est imators 
because they are strongly af fected by any background 
response. You are much bet ter  o f f  looking a t  things l i ke  
slope in f lect ion points, and locations o f  peaks, which are 
much less affected. One has t o  use as much o f  the 
in format ion as possible ( for  example, f u l l  shape of curves and 
fu l l  frequency or t ime  dependence) ra ther  than just one or 
two points on the curve. I think i t 's  important tha t  prof i le  
data be reduced t o  a smaller and simpler set o f  parameters 
based on things l ike shape alone or induct ive l i m i t  amplitude. 
I think that  is the type o f  interpretat ion knowledge that  w i l l  
s tar t  to  be developed and to  come out  i n  the near future, bu t  
the only way I think one can do it is by going back t o  the 
physical aspects. 

F. Hiebert: The basic questions we have t o  answer fo r  the 
geologist are (I) is there something there and, (2) i f  so where 
do I d r i l l  the next  hole? So we have t o  be quanti tat ive 
enough so we can give that  type o f  answer. Also i t  must be 
decided i f  it is worthwhi le put t ing down another hole or has 
this hole c u t  a representative por t ion o f  the structure. 

Chairman: I am n o t  sure i f  tha t  means tha t  we need more 
ref inement o f  interpretat ion or does i t  mean tha t  a good solid 
seat-of-the-pants type interpretation, of which I think we've 
seen very good examples i n  the last  few days, is very useful. 



F. Hiebert: I think it 's something that  you can't generalize 
about. When you look a t  the Birk's Lake data tha t  John 
Boniwell showed us it would be very d i f f i cu l t  t o  accurately 
model that  situation. You have so many responses that  what 
you have t o  do is so-called seat-of-the-pants type 
interpretation. I discovered that  i t  may be a mistake t o  t r y  
t o  interpret every l i t t l e  bump and squiggle i n  a profile. You 
may have t o  take a more distant perspective. There may be 
other features involved than what we are used to, so I real ly 
think it is important t o  judge on a case-by-case basis whether 
o r  not  a more quanti tat ive approach is required. 

J. Roth: That seat-of-the-pants style interpretat ion 
ul t imately rests on a base of modelling that has provided 
quanti tat ive insight. I happen t o  be wrestling w i t h  a 
part icular ly obnoxious batch o f  dr i l lhole EM date that  has 
more than it's share o f  complications, and it seems t o  me 
(and this is restr ict ing the discourse to  dril lhole EM), that  
responses i n  a conductive medium as wel l  as mult iple- 
conductor responses are two cases where we lack the k ind o f  
quanti tat ive insight that  w i l l  allow us t o  do seat-of-the-pants 
interpretation. 

F. Hiebert: That's right. I think tha t  there has been a l o t  of 
emphasis on numerical modelling, fo r  instance, and a l o t  o f  
those techniques don't allow f o r  mult iple conductor o r  the 
3-dimensional type o f  conductor and certainly there is a 
greater need fo r  those. You can certainly use in tu i t ion to  a 
degree provided you are fami l iar  enough w i t h  the system and 
extend what is already known. 

J. Macnae: Once you understand the physics you can work 
anything out. Certainly it 's geological targets we are dealing 
w i th  which can be quite complex. B u t  i f  you can understand 
part icular physical phenomenon such as how coupling between 
mult iple conductors is going t o  show up, or how does current 
gathering show up for  a body i n  a conductive medium, you 
can get a reasonable idea o f  what's going on. 

Floor: I've been on several surveys w i th  a d r i l l  a t  my back 
and model studies i n  hand. Without a good understanding o f  
what I 'm working with, there were several targets tha t  I 
would have missed completely, so the thing I see is tha t  you 
have to  understand what you're doing t o  s tar t  w i th  and no t  be 
total ly dependent upon model studies as the answer, but  
rather have a free-thinking mind. 

Floor: I think I would agree w i t h  those remarks. We have t o  
understand the basic process. I would l ike t o  suggest though, 
we need to  carry that  a step further. I f  we model on the 
basis o f  one system or  one technique and then take a second 
one and make a simi lar analysis w i t h  that  and these t w o  
models agree, we have increased the probabi l i ty that  our 
modelling is correct. I f  we add a th i rd  one then we have 
increased the probability t o  a very high degree. Wi th some o f  
the techniques tha t  we use this is a fa i r l y  complex thing t o  
do; I 'm n o t  fami l iar  enough w i t h  your EM processes t o  know, 
but  it appears to  me that  they might  lend themselves t o  this 
type o f  technique. Some of the techniques that  are already 
i n  use apply this very idea and I ' m  no t  suggesting t h a t  these 
particular techniques should be used but  there are a number 
o f  techniques which can be considered. One o f  them fo r  
instance is a cross-plotting technique where you take the 
response f r o m  two ent irely d i f ferent  curves which are looking 
a t  the same set o f  parameters and you don't add any 
information t o  what you have, you merely increase the 
readability o f  this information. I n  the cross-plotting 
technique fo r  instance, the grouping of the points begins to  
give you an ident i f icat ion on, l ithology, porosity, o r  whatever 
it is you want. This doesn't need t o  be rest r ic ted t o  two  
curves; there are techniques which use three or four curves i n  
the same way and these do not  have to  be graphic solutions. 

I 'm in  the process of put t ing these on computer w i th  
alphanumeric readouts. There i s  a whole set o f  possibil it ies 
i n  combining these various systems which w i l l  increase the 
readabi l i ty and the accuracy. We use the deviations o f  one 
system t o  apply a correct ion t o  another system o r  the 
deviations o f  the two  combined. I t 's  generally analogous t o  
the use o f  t w o  detectors on a density tool, o r  on  a neutron 
tool, f o r  compensation. 

J. Roth: The general point is we l l  taken, that  i f  we can bring 
a mul t ip l ic i ty  o f  observation to  the problem we're l ike ly  t o  
emerge w i t h  a strengthened and more conf ident 
interpretation. You phrased it, a t  least i n  terms o f  the 
discussion tha t  was going on i n  respect t o  dril lhole EM i n  a 
fashion that's perhaps a l i t t l e  d i f f i cu l t  to  translate, but  I 
might  for  instance observe that, i n  general, there is a lack, i n  
massive sulphide exploraton, o f  a slimhole device and 
induction log that one could measure the in-si tu conduct ivi ty 
without the distract ion o f  a large loop source. That might  be 
a small  niche i n  terms o f  instrumentat ion tha t  someone might  
be moved t o  f i l l  and by combining those t w o  types o f  EM 
observations, one essentially an inhole measurement and the 
other w i t h  a large remote source, one might  be able t o  
improve on one's overall interpretation. 

J. Wong: I f  we concentrate on EM, most interpretat ion 
knowledge is based on a number o f  very simple models. I 
sympathize w i t h  Jerry (J. Roth) w i t h  regard t o  tha t  messy set 
o f  dr i l lhole data which just does n o t  i n  any way resemble the 
simple responses due t o  blocks o r  plates, i n  freespace. Maybe 
we should t r y  t o  ei ther scale model o r  numerical model more 
complicated situations such as bent plates; maybe there 
should be a whole program o f  modelling i n  conductive 
solutions. I know there has been a l o t  o f  ta lk  about t h a t  b u t  
the projects never just seem t o  get  o f f  the ground i n  a serious 
way. I t  w i l l  require a big e f f o r t  but  i f  this i s  the kind of 
fundamental knowledge tha t  the geophysicist needs i n  order 
t o  in terpret  his f i e ld  data then maybe somebody should be 
doing something t o  provide tha t  basis o f  information. 

Q. Bristow: The more complicated the results o r  profi les, the 
more l ike ly  it is tha t  there w i l l  no t  be a unique solution which 
w i l l  explain tha t  data. I n  other words there may be any 
number o f  shapes and sizes o f  bodies a l l  o f  which give the 
same thing and the more complicated the data prof i les you 
get the more l ikely this is t o  be true. Is that  a fa i r  
comment? 

J. Roth: Yes and fo r  tha t  we should be thankful. I f  there 
were an immediately obvious solution to  every case we would 
probably no t  have persistent employment. 

Floor: There does seem t o  be a b i t  o f  a t rend towards using 
mult iple responses i n  a sort o f  automated interpretat ional 
system. I was thinking for  example of ash content f r o m  a 
suite o f  logs and the coal industry as one example. The suite 
o f  logs i s  r u n  and a specif ic quanti ty re la ted t o  what the 
geologist wants comes out the other end. I n  miniatur ized 
wel l  logging fo r  things l i ke  soil profi l ing, you buy l i t t l e  
neutron probes t h a t  lower  themselves down a hole f r o m  a 
small  container, a microcomputer gives you water  content as 
you go, there is no input by  anybody-just an output f rom an 
automatic routine. Going a l i t t l e  further it seems t o  me tha t  
you could perhaps design a too l  for  the wel l  dril ler, an SP log 
and a gamma log on one too l  tha t  went down the hole and 
could give back, i n  alphanumeric form, whatever it was you 
wanted t o  know, l i thology or water content, fo r  example. 
The microprocessor can work the algorithms. I t  can be done 
b u t  it 's dangerous and I guess I'd l i ke  some opinions as t o  
whether o r  no t  automated interpretat ion is a desirable way t o  
go. I t 's a t rend we'll see more o f  because we see it i n  other 
areas o f  geophysics. 



Y. Lamontagne: I think there are two d i f ferent  schools and 
two dif ferent types of problems that have not been stated. 
One is conventional logging wherein physical property 
measurements are made in-si tu w i th  the interference o f  
having a hole there and the geometry o f  the hole and so on. 
The other one includes E M  and other potent ial  f ie ld  methods 
wherein the whole problem is basically the same as measuring 
on the surface. You're not measuring a property by itself, 
you're measuring fields that are indirect ly related t o  the 
property. That's completely di f ferent,  so you have to worry 
about the complex geometry and you don't know the 
geometry but you're t ry in  to determine i t .  The d i f ferent ia l  
equations are horrendous, as far as the geometrical aspects 
are concerned. They are wel l  known on a physical basis, but  
complex geometry is the whole problem. On the other hand, 
i n  measurements o f  physical property, the actual underlying 
physical principles are known, sometimes only approximately 
depending on whether you are measuring a second order 
effect.  So these are two d i f ferent  problems, two d i f ferent  
approaches and I think we shouldn't mix  the two. That's why 
you have apparently diverging opinions but people would 
agree i f  they were solving the same problem, I imagine. 

Chairman: The interesting question is: what can be done 
about integrat ing those two schools. 

Y. Lamontagne: I f  you take the example o f  EM, there i s  no 
doubt as to  what is i n  the hole - there's a core there and it is 
the greatest piece o f  information you have i n  the hole. So 
you do the survey to  determine what's happening o f f  the hole 
and what's happening even further away f r o m  the hole, maybe 
hundreds of metres. So it 's purely a question of how 
geometry interacts wi th  the t ime varying process of E M  
induction. I f  you're talking of logging, which I know very 
l i t t l e  about, I imagine you're trying to  make a property 
measurement in-situ. So it 's di f ferent,  you normally don't 
have a core. You have cuttings instead which makes i t  a 
l i t t l e  b i t  more d i f f i cu l t  t o  understand what the structure is. 

F. Hiebert: Gett ing back to the question that was originally 
asked, just how suitable would automatic processing o r  
interpretat ion be, I think it probably could be useful bu t  only 
in  the simplest of cases and would require pre-screening to  
see what should be done automatically and what should not. 
You could run into trouble, a t  least i n  EM, by simply 
automatical ly submitting everything to an automatic 
interpretation. Whereas looking at  the properties of the wa l l  
rock you may be confronted w i th  a more regular situation 
than is otherwise encountered i n  E M  prospecting. 

Floor: One thing that hasn't been stated is that  the two  
d i f ferent  cases are based on what we're t ry ing to  achieve. I n  
the automated interpretat ion case we're looking f o r  the norm 
of geology, for example, when you log a petroleum hole 
you're looking at  sedimentary layers and the normal geologic 
sequence. When we're exploring for massive sulphides we're 
looking for  the anomalies of nature and anomalies are i n  no 
way normal, they are usually very complicated and that sort 
o f  lends i tse l f  t o  more seat-of-the-pants interpretation. 

Floor: The algorithms that  would be used fo r  automated . 
interpretat ion would probably be designed by those three 
geophysicists w i th  the three d i f ferent  opinions so you could 
s t i l l  end up w i th  several d i f ferent  possible interpretations o f  
the same data. 

J. Macnae: A useful distinction can be made between 
something l ike a straight automatic interpretat ion and a data 
transformation to a form in  which the data are more easily 
interpreted. There are a number of data transformations 
that might  exist. For  example, resist iv i ty and I P  data 
presented as a pseudo-section make it a l o t  easier t o  

visualize what's going on than a set of stacked profiles. I 
think there is great scope for  procedures such as these to  be 
automated and t o  be usefully implemented but  only i n  as far  
as they do no t  destroy various parts of the data. 

B. Frignet: There is no real  danger w i th  automatizat ion 
because what is hard t o  do is t o  normalize your logs. You 
have t o  take your hole ef fects  away and for  that  you have t o  
cal ibrate your logs and transform your logs t o  correct  fo r  
hole ef fect  and casing effect,  etc., and it is impossible to  
really automate it. Interact ive programs are a bet ter  
approach. The main problem is to  cal ibrate the data. I n  
mineral exploration I 'm not aware of neutron or gamma tools 
that are real ly we l l  calibrated, unlike i n  the coal exploration 
business, so tha t  i t is impossible to  combine the logs and push 
the interpretat ion very far. 

Chairman: Perhaps we could talk a b i t  about resist iv i ty and 
induced polar izat ion i n  drillholes. M y  impression, which is 
perhaps a b i t  naive I'll admit, is that one can do cer ta in  
things w i th  surface resist iv i ty/ IP surveys. I 'm talking about 
large scale surveys f rom the point of view of detect ing things 
a t  some distance away f rom the array. One can do certain 
things that we've seen, there are a l l  kinds of interpretat ion 
schemes available using computer models and so on and that 
works a l o t  o f  the t ime because one has some sort o f  a buf fer  
zone between the survey and the responding medium, fo r  
instance an overburden layer which is non-polarizable. Bu t  i n  
the dril lhole we get  very close, we can come in to in t imate 
contact w i t h  that  polarizdble medium and the target  halos 
and so on. Would somebody who has been working i n  I P  ei ther 
f rom the pract i t ioners point of view, or the contractor or 
interpreter care to  comment on just how far  they think we're 
going to  be able to  take I P  interpretation. Or  w i l l  this be 
s t r ic t ly  what very of ten becomes, at  best, "bump" 
ident i f icat ion? 

B. Krause: I sense that's being directed a t  me. Inco has 
certainly done an awfu l  l o t  o f  borehole IP through the years. 
I do think we sometimes get  past the "bump1' ident i f icat ion 
stage as well. I n  a barren hole modelling studies which are 
just done on surface tend to  apply downhole and they are very 
useful. One of the biggest problems we do have, though, is 
the non-barren hole (mineralization i n  the hole) where you 
get very large effects, obviously r ight  f rom the intersected 
mineralization, ei ther i n  resist iv i ty or charageability. There 
is a no modelling information or very l i t t l e  about that kind of 
a feature and to  get an understanding of whether the 
response is due to  a source which is very l im i ted  or has 
extent away f r o m  the hole, is something which the geologist 
is very interested in. I n  our experience we've t r ied  t o  look a t  
the ef fects  as we bui ld up towards that mineral izat ion and 
essentially we're using the shoulders o f  the anomlies quite 
of ten to  interpret what's happening away f r o m  the hole 
rather than the actual peaks o f  the anomalies. 

F. Hiebert: I 'm wondering what the l im i t s  of detectabi l i ty 
(away f rom the hole) would be a polarizable body, be i t  
resistive or not. There are numerous papers on detecting 
ef fects  going r igh t  through the body and i n  some respects 
tha t  makes the whole thing a l i t t l e  b i t  redundant. 

J. Wong: It seems t o  me that  detectabi l i ty is u l t imate ly  
related t o  the signal/noise o f  the instrumentation unit. I 
don't know exact ly what the l im i t s  are on present e lect r ica l  
galvanic and IPequipment, but certainnly inEM,  you're 
measuring in  parts per mi l l ion and airborne E M  techniques 
are sensing things hundreds of metres away. I f  you could 
improve IP  instrumentat ion to  get your noise levels down you 
should be able t o  detect targets far  f rom the dril lhole. Also 
the e f fec t  of the intervening rock might  attenuate some o f  
the te l lur ic  noise o r  something and give you a b i t  more o f  a 



margin than you would have when applying the same method 
on surface. On the other hand you have other ef fects  l i ke  SP. 
Bu t  I would think that downhole I P  should detect a t  the same 
k ind o f  distances as surface work. I guess people are 
confident o f  IP down to a couple o f  hundred metres anyway 
f rom the surface. 

Y.Lamontagne: I would think it depends a b i t  on how 
fortunate you are w i th  the method you're using. I f  you 
take EM, suppose the hole caught some minor zones o f  
sulphides that  are conductive. One lucky thing about EM, and 
maybe that's why a l o t  o f  the borehole work is i n  E M  fo r  
mining exploration, is that a minor conductor because of i t s  
small  size has a fa i r ly  poor response parameter. That leads 
t o  small fundamental amplitude a t  a given distance re la t ive 
to i t s  size. What I 'm trying t o  say is that  i n  a borehole you 
are no t  rea l ly  a t  much o f  a disadvantage i n  EM. I n  IP, I 'm n o t  
sure about that, I think you would be l i m i t e d  by what's in  the 
hole. That's just repeating a b i t  what we've heard before b u t  
I would say EM, and any potent ial  f i e ld  method - borehole 
gravity for  sure, would probably detect things quite far  away 
f rom the hole i f  there was such a thing t o  see. I 'd l i ke  t o  
hear more comments on that. 

B. Fr igneh  I strongly agree tha t  the conductive body has 
always sharp boundaries and i t 's very easy t o  check i t  when 
you do induction logs b u t  when you do I P  logs w i t h  a very 
small spacing, i.e. very l i t t l e  penetration, you w i l l  never see 
a very sharp boundary and IP  is very irregular even wi th in  
centimetres. I think that's why inhole I P  is very d i f f i cu l t  t o  
interpret. Besides that we had very good experiences putt ing 
the electrode a t  the bot tom o f  the hole and measuring 
potent ial  gradient a t  the surface. B u t  when you see IP logs it 
seems very d i f f i cu l t  t o  say this body is polarizable and this 
body is not, whereas it 's very clear fo r  electromagnetism and 
conductivity. 

J. Mwenifumbo: On the question o f  detectabi l i ty i n  any 
geophysical technique that's mainly dependent on the 
contrast i n  the physical parameters tha t  you're t ry ing t o  
measure. One must consider the target  that you're looking 
for  and the distance of the target f rom the measuring too l  as 
wel l  as the interact ion o f  d i f ferent  bodies. 

6. Krause: I agree w i th  Jonathan. This is always a question 
that geologists ask "how fa r  can you see"? It relates t o  the 
size of the target. B u t  going back t o  the comment about [P I 
think the impl icat ion was perhaps small  spacing and short 
holes - we don't really do much IP  i n  holes less than a 
thousand feet, certainly less than a few hundred feet, 
because we fee l  we can actually see tha t  f r o m  the surface. 
Our holes go anywhere f rom 4000 t o  8000 feet  deep so we're 
using separations which are qui te  comparable t o  what you use 
on surface and the interpretation, and hence the distance you 
can see f r o m  the hole, is qu i te  comparable t o  what you can 
see f r o m  the surface - perhaps even be t te r  because you don't 
have variations due to overburden thickness. The only rea l  
problelm is the near-hole sulphides. 

Floor: I 'm no t  an expert on dril lhole I P  but  I have a friend, 
Car l  Bishop of Noranda, who worked on longt ime charging. I n  
other words he charged sometimes, i n  dril lhole IP, for  as long 
as 20 minutes and when massive sulphides were nearby the. 
decay t ime might  have been i n  terms o f  many hours. Perhaps 
one of our problems w i th  dr i l lhole I P  is that  we are no t  
putt ing i n  enough charge t o  test  the t o t a l  capacity f o r  
chargeability of the area and therefore emphasizing the 
ef fects  occuring very near the hole rather  than looking a t  the 
long decay f r o m  the large things far ther  away. 

bu t  i n  addit ion t o  the usual l inear aspects o f  I P  behaviour, 
there is also the non-linear par t  tha t  might  be exploitable i n  
a dril lhole i n  some rest r ic ted settings. 

Floor: We're taking what we know is a technique for  
operating on the surface - I'm talking about 2-dimensional 
way o f  doing things- and then t ry ing  t o  apply the same 
technique, down the borehole. Now can't we consider some 
other way o f  doing things. What springs t o  mind i n  e lect r ica l  
methods is the possibil ity o f  using some o f  the ideas 
presented here i n  the past few days for  tomographic 
techniques. The ideas tha t  Joe Wong presented i n  his paper, 
i n  moving one electrode around and, i n  this way, developing a 
d i f ferent  approach, may be possible. I 'm wondering what the 
panel's idea may be on that. 

Chairman: A l o t  o f  these things have been done b u t  they may 
or may n o t  have worked i n  isolated cases. One thing you 
have t o  do i s  design the experiment o r  the survey very 
careful ly fo r  what you think you might  have b u t  these 
techniques are no t  ones tha t  have achieved any k ind o f  
rout ine application; tomography i s  i n  a d i f ferent  b a l l  park. 
With respect to  the business of put t ing electrodes i n  various 
places, there are examples i n  the l i terature. 

J. Wong: I guess the problem w i t h  non-standard techniques is 
tha t  people think tha t  i f  you are taking a r isk  i n  terms o f  
investing t ime then, a t  least i n  operations anyway, they 
would rather st ick w i th  the t r ied  and true. The other aspect 
is tha t  i f  you go t o  a standard technique you can get  
information out, but  w i th  non-standard techniques what do 
you do w i t h  the information? Probably people, l i ke  Inco, who 
have done a l o t  o f  borehole I P  w i t h  large scale arrays know 
what's going on. I 'm sure that there's a fa i r  amount of cost i n  
sett ing up some o f  these non-standard surveys. 

Chairman: Is there anything tha t  geophysicists supplying 
borehole techniques could do t o  influence the placing o f  
holes. I don't mean just where the holes are collared, and 
then leaving it t o  the explorationist t o  decide how he's going 
to  get  that  intersection tha t  he's after. F i r s t  o f  all, l e t  me 
say, for  steeply dipping or close t o  ver t ica l  features holes are 
dr i l led f r o m  the hanging wa l l  t o  the footwal l  because tha t  
presents the largest area f o r  probable intersect ion and 
secondly they're dr i l led t o  intersect the target. I s  it wor th 
t ry ing t o  influence the dr i l l ing o f  the holes some other way. 
F o r  example i f  one could d r i l l  a hole parallel t o  a plate- l ike 
conductor one can i n  f a c t  stand back f r o m  it somewhat and 
get some k ind  o f  bulk estimate o f  i t s  characteristics, perhaps 
w i t h  an improved geological signal/noise. F r o m  the point  o f  
view o f  large-loop E M  w i t h  an axial-component receiver tha t  
is the opt imum condition fo r  determining where the target  is. 
A plate which i s  perpendicular t o  the dril lhole presents the 
most d i f f i cu l t  situation. 

F. Hiebert: What we have t o  do f i r s t  is t r y  t o  convince them 
t o  continue dri l i lng past where the anomaly is. Usually they 
d r i l l  i n to  the area of interest and no fur ther  and then you end 
up w i th  a l o t  o f  prof i les such as we've seen i n  this symposium 
where you're trying to  in terpret  a f ract ion of the response. 
However, I think that  t ry ing t o  convince them o f  dr i l l ing a 
hole for  i t s  geophysical meri ts is the rea l  question and the 
real  problem. 

B. Krause: This is one area where we have had some success. 
It seems tha t  when you,re doing surface geophysics you're 
always finding surprises as far  as the geologist goes. When 
you're doing borehole geophysics, i n  most cases they know the 
answers b u t  i f  you can get a success somewhere along the 
way they s ta r t  believing. I t  helps, because now i n  our deep 

J. Roth: It 's too bad Gary Olhoef t  wasn't here t o  enlighten us 
on what he's been doing i n  the rea lm o f  non-linear IP  logging, 



dril l ing they are quite happy to  d r i l l  500-600 feet  past any 
geological area of interest so that we have room to survey 
the favourable contacts. Also we part ic ipate in  their  pattern 
dr i l l ing so that a d r i l l  pattern can serve not  only a geological 
purpose but also a geophysical purpose. 

J. Roth: We have cycled back here to what I would ca l l  a 
sort of metaphysics in  terms of now do we deal w i th  the 
other compatriots in  this great game that we play. I was just 
going to raise, for a few seconds the other area that I think 
our geological compatriots f ind rather fascinating even i f  we 
don't regard it as technically challenging an adventure as 
dril lhole EM, namely the potent ial  for  in-si tu analysis. I 
think the work that Phil l ips Petroleum has done w i th  XRF 

was to me the kind of fascinating direct ion that I hope 
someone builds upon. I 'd  l ike to say I have a sense that we 
have achieved, those of us interested i n  the non-petroleum, 
non-coal applications o f  mineral logging, a c r i t i ca l  mass i n  
terms of sustained ac t i v i t y  and sustained interest and I 'm 
pleased to  see that occur. The last t ime  Pat  K i l leen 
convened people o f  simi lar persuasion we only f i l l ed  a small 
round table and clearly the group has grown in  terms o f  
number and contributions so I hope, i f  Pat is persuaded to 
repeat this exercise in  a few years, we' l l  count on an even 
larger and more boisterous throng. 

Chairman: I would l ike to  thank the panel and everybody else 
fo r  part ic ipat ing i n  the discussion. 



MINERAL LOGGING WORKSHOP PAPERS 

The following f ive papers have been selected f rom reports originally presented a t  an in formal  
workshop on Mineral Logging held at  the Geological Survey i n  1981. The material, which has not been 
published elsewhere, is presented here so tha t  a wider audience may benefi t  f r o m  some o f  the 
valuable experience i n  mineral logging discussed at  that  workshop. 

J.G. CONAWAY: Spatial deconvolution applied t o  gamma ray logging 
a rev iew ................................................................... 357 

K.E. WITHERLY: Appl icat ion of applied potent ial  and downhole pulse EM techniques 
t o  exploration f o r  massive sulphide deposits i n  Eastern Canada ..................... 361 

B.R. KRAUSE: Borehole induced polar izat ion and resist iv i ty ............................ 375 

......................... D.G. HILL: Geophysical we l l  log cal ibrat ion and quality control  379 

J. WONG, P. HURLEY, and G.F. WEST: Inter-borehole seismology f o r  geological 
probing ..................................................................... 393 





SPATIAL DECONVOLUTION APPLIED TO GAMMA RAY LOGGING: A REVIEW 

John G. conawayl  

Conaway, J.G., Spatial deconvolution applied to gamma ray logging: a rcview; in Borehole 
Geophysics for Mining and Geotechnical Applications. ed. P.G. Killeen, Geological Surveyof Canada, 
Paper 85-27. p. 357-360, 1986. 

Abstract 

The theoretical and practical development of t h e  application of gamma ray logs for quantita- 
tive radioelement determinations is described and several spatial deconvolution techniques a r e  
outlined. 

On trouvera ci-aprks la description de I'bvolution thkorique e t  practique de  l'utilisation des 
diagraphies de  carottage radioactif pour la determination quantitative des radio-616ments, ainsi qu'un 
expos6 sommaire sur plusieurs techniques de d~convolution spatiale. 

Introduction and background 

Ideally, we would like gamma ray logs to  give exact  
information regarding the quantity and distribution of radio- 
active material (say, uranium ore) with depth along a 
borehole. In this ideal gamma ray log, radiation intensity 
'I'would be exactly proportional to the radioelement 
concentration or grade 'GI a t  any given depth, or G = KI 
where K is the system calibration constant or K-factor. In 
practice, many factors interfere with this ideal, and distort 
the shape of the log. Several types of data processing 
techniques can be used to reduce this distortion, thereby 
causing the processed gamma ray log t o  approach the desired 
ideal. These techniques can be termed spatial deconvolution 
techniques. 

Among the factors  which limit spatial resolution in 
gamma ray logs a re  the  e f fec t  of the analog ratemeter  t ime 
constant (for analog systems), the effect of detector length, 
and the effect of borehole parameters including diameter, 
casing, and fluid. In general, the most significant distortion 
results from the fact  that  the  gamma rays from a radioactive 
zone obviously a re  not constrained to travel in that  zone, but, 
in fact,  propagate in all  directions; solid rock is translucent 
to  gamma rays. Thus, a thin radioactive zone perpendicular 
t o  the borehole (Fig. l a )  does not cause a sharp anomaly a s  
shown in Figure lb ,  but rather a smeared anomaly spread 
over perhaps 1-2 m perpendicular to the thin zone (Fig. lc).  
This smeared anomaly may be called the geologic impulse 
response, a term meant t o  indicate that  the  smearing is 
unavoidably inherent in the physical situation, and is not a 
result of instrument deficiencies or other external effects.  
The geologic impulse response is a function of gamma ray 
energy, and formation parameters such as  density, fluid 
content, and equivalent atomic number. 

The relationship between radioelement distribution and 
gamma ray log response has been considered theoretically 
and experimentally by a number of authors. Suppe (1957) 
summarized the Russian effort to that  date. Further work by 
Suppe and Khaykovich (1960) and Davydov (1970) laid the  

foundation for  the  concept of the geologic impulse response, 
which was introduced by Conaway and Killeen (1978a). In 
addition, Davydov proposed an inversion (spatial 
deconvolution) scheme which, with some modification, has 
proven quite useful in dealing with the  geologic impulse 
response. Roesler (1965) applied gamma ray logging for 
making quantitative determinations of K 2 0  in East German 
potash deposits. His work is notable especially for his 
consideration of the relationship between detector length and 
spatial resolution; Roesler did not suggest a solution for this 
problem. J.A. Czubek has expended considerable effort over 
the course of his career  on describing theoretically the  shape 
of gamma ray anomalies (Czubek, 1961; 1962, 1969) and on 
the spatial deconvolution problem (Czubek, 1971, 1972). 
Jonas (1975) at tempted to apply some of Czubek's numerical 
deconvolution techniques: however, Czubek and Zorski (1976) 
reported that  Jonas applied the  techniques incorrectly. Jonas 
has certainly not been alone in his problems in applying 
Czubek's interpretation techniques. The level of knowledge 
in nuclear theory and mathematics required t o  follow much 
of Czubek's important work in nuclear logging is 
unfortunately beyond the experience of the major~ ty  of 
applied geophysicists. 

In North America, parallel effor t  has led t o  other 
numerical interpretation techniques for gamma ray logs. In 
particular, Scott e t  al. (1961) demonstrated that ,  although 
the  expression G = KI is not valid for unprocessed gamma ray 
logs, under ideal conditions the average grade over a 
complete gamma log anomaly having area A (from back- 
ground to background) can be computed from E =  KA/T 
where T is the total thickness of the radioactive zone, and K 
is the  same calibration factor described earlier. Scott (1962) 
and Scott (1963) presented a computer program which was 
designed to improve the accuracy of gamma ray logs for 
determining the  distribution of radioactive material. This 
was the well-known GAMLOG program, which represented 
the earliest application of spatial deconvolution to gamma 
logs. 
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GEOLOGY RAOIOELEMENT GAMMA-RAY INTENSITY 
MNCENTRATION 

Figure 1. 

(a1 Geologic column showing a n  infinitesimally thin 
radioactive .ore zone sandwiched between two thick 
barren zones, a 'geologic impulse' of radioactive ore. 

(b) Plot of radioelement concentration with depth 
corresponding t o  Figure 1. 

(c) Noise-free response of a point-detector t o  the thin ore 
zone, the 'geologic impulse response'. 

GAMLOG, which is still in widespread use today, uses 
an iterative approach to the problem of improving the 
accuracy and resolution of gamma ray logs. The response of 
the logging system to a thin zone of radioactive material is 
first determined using data from model boreholes. Given 
that the equation = KA/T is valid then the anomaly result- 
ing from any complex sequence of radioactive zones is sirnply 
the sum of the anomalies resulting from the individual zones. 
The experimentally determined thin zone response function is 
applied to  the raw field log and the result fed back in the 
form of an error signal. This process continues iteratively 
until the desired degree of improvement occurs, or until the 
practical limit imposed by noise is reached. 

Through the effor ts  of the MIT Geophysical Analysis 
Group and others in the 1950s and 19609, digital t ime series 
analysis was established as  a powerful group of related 
techinques for the analysis of data  gathered sequentially in 
time or space. In geophysics these techniques a r e  associated 
largely with seismology, although they a re  equally applicable 
in other areas, including borehole logging. Drawing upon 
these techniques, and the work by Czubek (1971), 
Davydov (1970), and Suppe and Khaykovich (1960) mentioned 
earlier, Conaway and Killeen (1978a) considered separately 
the effects  of the geologic impulse response, detector  length, 
ratemeter time constant (analog systems) and sampling 
interval (digital systems). That paper also contained a 
number of computer-simulated gamma ray logs illustrating 

these effects  both in the  ideal case and in the  presence of 
statistical noise (unavoidable in nuclear logging), using a 
combined inverse filter (spatial deconvolution) and smoothing 
technique. 

Conaway and Killeen (1978b) compared t h e  inverse 
filter technique (Conaway and Killeen, 1978a) with Scott's 
iterative technique (Scott,  1963). Theoretically the two 
techniques give identical results in the ideal case. In 
practice, slight differences between the processed logs result 
from unavoidable approximations made in applying both 
techniques. Inverse filtering has the advantage that  it  
requires only about 3 per cent  as  much computer time as  
iteration. In addition, whereas iterative processing requires 
that  an entire log (or a t  least a complete anomaly) be 
available t o  the computer before processing can begin, 
inverse filtering is a one-pass sequential operation and thus 
can be applied in real time during the logging operation, 
given suitable equipmeqt. 

The system response function 

The log which is produced by a given logging system in 
the vicinity of a thin zone ("spatial impulse") of radioactive 
material perpendicular t o  the borehole is called the system 
impulse response, or the  system response function. In an 
infinitesimally thin borehole using a point detector the 
system response function @ ( z )  would generally resemble 
Figure l c ,  and could be approximated by the  equation 

2 
a s  given by Davydov (1970) based on Suppe and Khaykovich 
(1960). Here z is depth along the borehole and a is a 
parameter referred t o  a s  the  shape constant. 

Equation (1) describes a double-sided exponential, which 
has a corresponding simple exact digital inverse filter 
(Conaway, 1980a). The beauty of this equation for  this 
application is its simplicity. By determining the  behavior of 
a under various conditions, the exact  inverse filter is adapted 
easily to  changing conditions. Moreover, under favorable 
conditions a may be determined directly from field logs 
(Conaway, 1980b), thus providing a check on values arrived a t  
by other means (model boreholes and theoretical studies). 

Under the conditions considered by Scott e t  al. (1961) in 
their derivation of the relationship G = KA/T, gamma ray logs 
obey the principle of superposition. This means that  various 
distorting effects  may be removed from the data  separately, 
and in any order (at least to  the limit that  they may be 
removed a t  all). Thus, it is not necessary that  the system 
response function correspond precisely with equation (1). In 
general, the radiation intensity outside of the  radioactive 
zone will die away essentially exponentially with distance. 
This is a sufficient condition to  use the inverse filter based 
on equation (1). After application of this filter,  some 
residual distortion will exist in the log near the radioactive 
zone, t h e  extent depending on borehole diameter, detector 
size ratemeter  t ime constant, etc. These may also be 
considered individually. 

Variations in the shape const.ant 

The shape constant a in equation (1) provides a 
simplified means of studying the effects  of borehole, 
formation, and instrumental parameters on the shape of the 
systern response function. Such effects  have been considered 
by many authors including Czubek (1961; 1966, 1969; 1971, 
1972), Rhodes and Mott (1966), McDonald and Palmatier 
(19691, Davydov (19701, Conaway and Killeen (1978a), 
Conaway (1979, 1980a, 1980b, 19811, Conaway e t  al. (1979, 
1980). 



A n  increase in  the value of a indicates a more rapid 
decrease i n  radiat ion intensity w i th  distance f rom the radio- 
act ive zone. This condition may, i n  general, be brought about 
by: 

(a) A n  increase i n  formation density. 

(b) A n  increase i n  pore f l u id  density (e.g. f r o m  air t o  water). 

(c) A decrease i n  dip angle between the radioactive zone and 
the normal t o  the borehole (unt i l  perpendicularity or 
O0 dip). 

(dl  A n  increase i n  borehole f lu id  density (e.g. f rom air to 
water t o  heavy mud). 

(e) A decrease i n  borehole diameter (allowing proportionately 
less radiation to  t ravel  i n  the borehole). 

(f) A n  increase i n  the equivalent atomic number Zeq o f  the 
formation. 

(g) Restr ict ion o f  the detected gamma rays t o  unscattered 
photons (e.g. the 1.76 M ~ V ~ " B ~  window o f  uranium). 

(h) For  unscattered gamma rays, a decrease i n  the energy of 
the spectral discrimination window. 

The reader is referred t o  the abovementioned works fo r  
further information on these factors. 

Conclusions 

Improving the accuracy of gamma ray loqs for  quantita- 
t i ve  radioelement determinations may be achieved by  several 
spatial deconvolution techniques. These techniques have 
resulted f rom research i n  a number o f  countries over a period 
o f  more than 20 years. Appropriate choice o f  equipment, 
logging technique, and data processing can produce a log w i t h  
markedly bet ter  accuracy and spatial resolution than 
normally obtained. 
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APPLICATION O F  APPLIED POTENTIAL A N D  DOWNHOLE PULSE EM TECHNIQUES 
TO EXPLORATION FOR MASSIVE SULPHIDE DEPOSITS IN EASTERN C A N A D A  

K.E. wi ther ly l  

Witherly, K.E., Application o f  applied potent ial  and downhole pulse E M  techniques t o  exploration for 
massive sulphide deposits i n  Eastern Canada; i n  Borehole Geophysics for Min ing and Geotechnical 
Applications, ed. P.G. Kil leen, Geological Surveyof  Canada, Paper 85-27, p. 361-374, 1986. 

Abstract 

During the last several years, U tah  Mines Ltd. has been ut i l iz ing the Appl ied Potent ia l  (mise-A- 
la-masse) and the Downhole Pulse E M  (DHPEM) techniques on a systematic basis t o  assist i n  i t s  
exploration e f fo r t s  fo r  massive sulphide deposits i n  Eastern Canada. To  fac i l i t a te  access t o  diamond 
drillholes fo r  logging purposes, U t a h  Mines Ltd. had inst igated a procedure whereby every hole dr i l led 
is l e f t  cased through the overburden either w i th  the or iginal steel casing used i n  dril l ing, or w i t h  a 
comparatively cheap plastic casing easily inserted i n  the hole immediately upon i t s  completion. 

The Applied Potent ial  method involves the d i rect  galvanic energization o f  a conductive body 
and the subsequent mapping o f  the resultant potent ial  disturbance, e i ther  on  the surface o r  i n  
drillholes. The results are fa i r l y  simple t o  interpret and can provide information on the s t r ike extent, 
depth and dip of a conductor. 

The DHPEM technique, a T ime Domain E M  system, involves the logging o f  dril lholes w i t h  
transmitter loops la id  out on the surface around the holes being logged. The results provide 
information on the dimensions and position o f  a conductor intersected b y  the  dr i l lhole and the 
conductor's a t t i tude w i th  respect t o  the hole. The survey data can also provide information about the 
locat ion o f  conductors i n  the v ic in i ty  of the hole that have not  been intersected. 

The results presented are f r o m  a number o f  geological situations where Appl ied Potent ial  
and DHPEM have been used to  elaborate on exploration of the results f rom corelogs. The results can 
veri fy the interpretat ion o f  surface geophysical data or extend in format ion derived f r o m  exploration 
a t  depth w i th  a resolution, not possible w i th  surface geophysical techniques. 

L a  soci6t6 U T A H  MINES LTD. ut i l ise depuis plusieurs anndes l a  technique de l a  mise A l a  masse 
e t  l a  technique du sondage BlectromagnBtique A impulsions, d'une facon syst6matique, a f i n  d1acc616rer 
I'exploration de gisements de sulfure massif d6couverts dans 1'Est du Canada. A f i n  de fac i l i t e r  
I 'uti l isation des trous de sondage au diamant servant CI Itex6cution des diagraphies, l a  U tah  Mines Ltd. 
a mis au point une m6thode selon laquelle chaque t rou  for6 demeure chemisd en permanence dans l a  
couche de mort-terrain, soit  avec l e  revetement d'acier or iginal qui a 6 th  ut i l ise au cours du forage 
ou avec un revktement f a i t  de materiaux plastiques Bconomiques que I'on peut  inserer aisement dans 
l e  t rou d8s l a  f i n  du forage. 

Les mBthodes de l a  mise A l a  masse consistent en l a  mise sous tension d i recte d'un corps 
conducteur e t  A fa i re  I'enregistrement graphique de l a  di f ference de potent iel  observee B l a  surface 
ou dans les trous de sondage. Les resultats, dont ! ' interpr6tation se f a i t  t rhs simplement, peuvent 
renseigner sur I'ordre de grandeur e t  l a  profondeur du gisement ainsi que sur I'inclinalson du 
conducteur. 

L a  technique du sondage BlectromagnBtique A impulsions, qui sfapplique au moyen d'un systhme 
Blectromagn6tique du domaine du temps, comprend I'exdcution d'une diagraphie de trous de sondage A 
I'aide de boucles de transmission deploy6es $I l a  surface autour des trous 6tudi6s. Les r6sultats 
renseignent sur les dimensions e t  l a  position du corps conducteur traverse par l e  t rou  de sondage ainsi 
que sur l a  position de ce conducteur par rapport au trou. Les donnees recueill ies peuvent Bgalement 
renseigner sur I'emplacement des corps conducteurs non traverses situ6s aux environs d'un t rou de 
sondage. 

Les rksultats pr6sentds portent sur un certain nombre de cas g6ologiques oh I'on a ut i l ise les 
techniques de l a  mise A l a  masse e t  du sondage Blectromagndtique A impulsions en vue de pousser 
1'6tude des r6sultats d'exploration obtenus au moyen de carottages. Les resultats peuvent conf irmer 
11interpr6tation des donnees gBophysiques de surface ou enrichir  les renseignements issus de 
I'exploration en profondeur et, cela, B un degre de precision qu'il est impossible d'obtenir avec des 
donnkes geophysiques de surface. 

U t a h  Mines Ltd. Toronto, Ontario 



Introduct ion 

Although Applied Potent ial  has been used by 
geophysicists for  decades, DHPEM equipment has only come 
in to general avai labi l i ty i n  the last few years, largely as a 
result o f  a joint development program between Crone 
Geophysics Ltd.  o f  Mississauga, Ontario and the Geological 
Survey of Canada. 

I n  the course of exploration for  massive sulphide 
deposits i n  Eastern Canada, U tah  Mines Ltd. has for  the past 
several years been performing applied potential (AP) or mise- 
A-la-masse and downhole pulse E M  (DHPEM) surveys on a 
routine basis. I t  has been our experience that  the two 
techniques used together as follow-up to dr i l l ing can be very 
helpful i n  resolving ambiguous surface geophysical responses, 
as wel l  as extending exploration data away f rom the drillhole, 
w i th  a resolution not possible w i th  surface source-receiver 
techniques. The results presented i l lustrate a variety of 
situations where AP and DHPEM were used i n  a 
complementary fashion t o  assist i n  making exploration 
decisions. The author acknowledges w i th  thanks the 
permission granted by U tah  Internat ional Inc. to  present this 
paper. 

Logging philosophy 

The decision to do AP or DHPEM i n  a given situation 
depends on what is intersected or sometimes not intersected 
i n  an exploration hole. A hole that encounters economic 
sulphides usually warrants rapid follow-up, but  a barren hole 
can also warrant investigation. Generally, we cannot just i fy 
having a logging crew stand-by fo r  routine dr i l l ing jobs, since 
most holes do intersect expected, albeit mundane, sources fo r  
the indicated surface response. However, we have of ten 
found that marginally interesting intersections can increase 
i n  exploration importance w i th  subsequent drilling, delayed 
assay results or second looks a t  the geology and geophysics of 
an area. Thus to  ensure la ter  access to  a l l  holes drilled, we 
have instigated a policy whereby each hole is l e f t  either 
cased w i th  the original steel casing in-place o r  the steel 
casing is replaced w i th  a relat ively inexpensive section o f  
plastic pipe. This procedure ensures reasonable chance of 
gett ing back in to most of our exploration holes. I f  rock 
conditions warrant, plastic pipe can be inserted through the 
ent ire length of a hole, bu t  as yet this has not been much of a 
problem i n  the Precambrian Shield of Eastern Canada. 

Equipment and techniques 

Applied Potent ial  (AP) 

The equipment used for  AP surveys by U tah  Mines is 
one of the standard IP  systems and consists of a transmitter,  
powered by either a battery or small motor generator and a 
receiver, commonly a Scintrex IPR-7. Use of AP has been 
primari ly the variation which involves the energization of 
sulphide intersections i n  drillholes and the subsequent 
mapping out on the surface of the resulting potent ial  pattern. 
Our survey technique has generally been t o  locate one 
current electrode i n  each o f  the sulphide intersections of 
interest, and place remote current and potent ial  electrodes 
far  away f r o m  the hole, a t  least 10 t imes the vert ical depth 
of the deepest intersection being energized. In f in i te  
electrodes are placed as orthogonal t o  local geology as 
possible. Both current and potent ial  sites are generally 
wi th in  several hundred metres of each other. Potent ial  
readings are routinely taken a t  30 m intervals along lines 
60 m apart. 

Downhole Pulse E M  (DHPEM) 

The system used for  U t a h  Mines DHPEM work is 
manufactured by Crone Geophysics and consists o f  a T ime 
Domain E M  Receiver, a 2KW Time Domain Transmitter,  a 
Downhole Probe and ancil lary equipment. The downhole 
probe measures the axial  component of the secondary 
magnetic field. The DHPEM is capable of logging holes t o  a 
depth of 1500 m. The survey procedure is t o  log the target 
hole w i th  a number o f  loops la id  out  on the surface. Loop 
size varies bu t  a square o f  120 m on the side is convenient i n  
most cases. A logging depth increment of 5 o r  10 m is 
rout inely used and occasionally 2.5 m fo r  bet ter  resolution. 

We have found a crew o f  three can log a 200 m hole 
w i th  5 transmit loops i n  one day. About 65 per cent o f  this 
t ime  is spent i n  moving loops around the hole and moving 
equipment t o  and f rom the d r i l l  site. Only 35 percent is 
spent i n  actually logging the hole. 

F o r  most of our logging we have used the convention of 
constant gain for  the receiver amplif ier, set in i t ia l ly  a t  the 
bot tom o f  the hole fo r  each loop. As well, we have set our 
pr imary pulse polar i ty positive a t  the bot tom o f  each hole 
and recorded the polar i ty and amplitude of the pr imary f ie ld  
at  every stat ion logged i n  that  hole fo r  each loop. A l l  the 
data shown were recorded i n  this fashion and were plotted 
exact ly as observed. To sort out  questions of t rue polar i ty i n  
the pr imary and secondary fields, recourse to  magnetic f lux 
diagrams such as those drawn up by Woods (1975) or Macnae 
(1980), are very helpful. The type responses fo r  DHPEM are 
fa i r ly  straightforward and have been studied by both scale 
modeling (Woods, 1975) and computer modeling (Dyck, 1981). 
The major challenge i n  interpret ing DHPEM results is the 
3-dimensional nature of the data. This aspect of the 
technique requires a considerable e f f o r t  on the par t  o f  the 
interpreter t o  keep t rack o f  a l l  the pert inent geophysical 
information and a t  the same t ime constrain solutions t o  those 
that  are geologically plausible. 

Figures 1 t o  4 show some of the equipment used i n  AP 
and DHPEM surveying. F igure 1 shows the patch-panel fo r  
the 9-electrode survey i n  Property 1. The t ransmi t ter  used 
was an E l l i o t  15A. F igure 2 shows the DHPEM cable winch 
assembly. Figure 3 shows the Crone 450W PEM XMTR., 
powered by a 3 HP Briggs & Stratton. F igure 4 shows the 
DHPEM downhole tool. A preamp is located i n  the upper par t  
of the probe t o  improve signal quality. 

Field Results 

Property I 

The f i r s t  case history deals w i th  a massive sulphide 
deposit that  was extremely d i f f i cu l t  t o  locate geophysically 
and to interpret structural ly f rom drilling. Geophysical 
d i f f icu l t ies arose pr imar i ly  due to  the prox imi ty  o f  the 
economic sulphides to  a much more responsive i ron 
formation. Unfortunately, AP and DHPEM were no t  carr ied 
out on the prospect un t i l  the deposit had already been 
essentially outlined by considerable, somewhat redundant, 
dril l ing. 

The AP survey conducted on this property involved 
eight d i f ferent  current electrodes i n  the deposit. The large 
number o f  electrodes were used primari ly t o  investigate the 
overal l  e lect r ica l  and structural cont inuity through the 
orebody. F igure 5 shows the AP results f rom the electrodes 
i n  holes R-21, R-46, and R-34, a l l  w i th in  economic sulphides. 
Also shown fo r  comparison, are the AP results for  an 



electrode placed i n  the adjacent i ron formation, intersected 
i n  R-32. Several observations were immediately apparent 
f rom the data; firstly, electr ical and presumably structural 
cont inuity through the deposit was apparent f r o m  a variety o f  
current electrode locations; secondly, the str ike extent, dip 
and plunge o f  the deposit was fa i th fu l ly  indicated by the AP 

Figure 1. Elliot 15 AIP transmitter and 9-electrode 
patch panel. 

Figure 2. Crone D H P E M  draw works (winch assembly). 

data; thirdly, the  adjacent i ron format ion was clearly 
distinguishable f rom the deposit, based on the i r  respective 
responses. 

A t  the t ime DHPEM was f i r s t  conducted on the 
prospect i t was assumed that  the western edge o f  the deposit 
ran diagonally between the two  holes R-32 and R-34, shown 
i n  Figure 6. R-34  intersected economic sulphides a t  145 m 
and R-32 passed by the target  horizon a t  104 m wi thout  
encountering any economic mineralization. The two  holes 
were logged w i t h  loops 1, 2, 8, and 9, also shown i n  F igure 6. 
The logs fo r  R-34 are shown i n  F igure 7. I t  is apparent tha t  
a l l  the loops excite a strong response f r o m  the banded i ron 
formation, whi le the ore zone shows a strong response f rom 
loop 1, but  much weaker and almost equal responses f rom 
loops 8 and 9. These responses appeared reasonable since i t  
was known that  loop 1 was much closer t o  the orebody than 
either of the other two loops. However, the comparable 
responses f r o m  loops 8 and 9 suggested that  there may be a 
port ion of the orebody southwest o f  R-34. The logs f o r  R-32, 
shown i n  F igure 8, are quite simi lar to  those o f  R-34; a 
predominant response through the i ron format ion on a l l  three 
logs fol lowed by varying degrees of responsiveness adjacent 
t o  the target  horizon far ther  down the hole. Loop 2 showed 
the strongest response a t  the target  horizon; the response of 
loop 9 was modest and that  o f  loop 8 a t  this po int  was 
marginal. These observations lead t o  the in terpretat ion that  
the edge o f  the orebody passed, no t  diagonally t o  the 
southeast between R-32 and R-34, bu t  more steeply t o  the 
south and quite close t o  R-32. i3ased on this interpretation, 
R-49 was spotted (Fig. 6). This hole intersected the ore zone 
approximately 65 m below and 40 m west o f  the ore 
intersection i n  R-34. 

Figure 3. Crone 450W P E M  transmitter and 3hp Briggs and 
Stratton gas powered engine. 

Figure 4. Crone DHPEM Probe. 
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PROPERTY 1 

DDH R-34 

DHPEM LOGS 

Figure 8 

Property 1: DHPEM Logs in 
R-32. 

Figzre 7 

Property 1: DHPEM Logs in R-34.  

PROPERTY 1 
DDHR-32 

DHPEM LOGS 

Property I1 

The second property was init ial ly dril led to test 
horizontal loop EM (HLEM) and magnetic anomalies with 
some consideration to an IP  response associated wi th the 
conductors. The geological-geophysical section shown in  
Figure 9, illustrates the two holes drilled to test the 
indicated geophysical anomalies. The f i rs t  hole, GU-3, was 
drilled some distance from the indicated conductor in order 
to concurrently test the observed IP anomaly. Although 
sufficient disseminated sulphides were encountered in  the 
upper part of GU-3 to explain the IP  anomaly, only one 
significant conductor was intersected, a zone of about 
25 per cent tota l  sulphides over 1 m, a t  a depth of 191 m. 
This conductor was, however, interpreted to be of a 
favourable seoloaical nature, with some minor economic 

geophysical response was arising from the intersected 
conductor. To confirm that the HLEM anomaly had been 
tested, and to further investigate the favourable intersection 
a t  a slightly higher elevation, GU-4 was spotted on line about 
75 m from GU-3. GU-4 intersected a series of pyrrhotite- 
pyrite bands between 12 m to 52 m, followed by two minor 
sulphide intersections at approximately 88 m. Although the 
lower zone i n  GU-4 and the intersection i n  GU-3 appeared to  
line-up fair ly well (Fig. 9), their different geological natures 
were fe l t  sufficient to rule out their being the same horizon. 
Unfortunately, during the AP survey, the zone i n  GU-4 was 
not energized nor was GU-4 logged while the intersection in  
GU-3 was energized. However, other geological information 
and the subsequent DHPEM logging of both holes appear to  
support the original geological interpretation. 

mineralization present. A .directional survey done upon I n  an in i t ia l  ef for t  t o  sort out the various conductors 
completion of GU-3 indicated that there had been a wi th AP, the intersection i n  GU-3 along wi th the three upper 
considerable azmithal d r i f t  from the original bearing and intersections in  GU-4 were energized. The results from 
hence there was some question as t o  whether the surface GU-3 and a representative response f rom GU-4 are shown 
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Figure 10 

Property 2: Applied 
Potential data; current 
electrodes in GU-3 and 
GU-4. 
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PROPERTY 2 
DDH G.4 

DHPEM LOGS 

Figure 12. Property 2: DHPEM Logs in G - 4 .  

PROPERTY 2 
DDH GU.3 

DHPEM LOGS 

Figure 13. Property 2: DHPEM Logs in CU-3 .  



PROPERTY 2 

DDH GU.4 

DHPEM LOGS 

Figwe 14. Property 2: DHPEM Logs i n  G U - 4 .  

i n  Figure 10. The pattern produced f rom the electrode i n  
GU-3 showed an elongate high, str ik ing southeast a t  a 
distance of several hundred metres, f rom the surface projec- 
t ion of the electrode. The response f rom GU-4 however, 
showed a much more localized response, fa i r l y  symmetr ical 
around the surface project ion on the electrode. Downhole AP 
logging i n  GU-3, and G-4, (Fig. 111, was inconclusive. The 
interpretat ion was that the intersections i n  GU-4 were 
localized, although they could wel l  have produced the 
observed HLEM response. The conductor i n  GU-3, however, 
showed a significant untested dimension. The f a c t  that G-4  
had no t  intersected this conductor and the lack o f  an H L E M  
response over the anomaly, indicated the zone probably did 
not  subcrop. 

To further investigate the intersection i n  GU-3, 
DHPEM was performed i n  G-4, GU-3 and GU-4, using the 
loops shown i n  Figure 11. The results for  G-4  are shown i n  
F i g u r e l 2 ;  a strong off-hole conductive response was 
apparent, but  varied considerably w i th  loop position. The 
logs fo r  GU-3, shown i n  Figure 13, revealed a complicated 
series of responses that were f e l t  to  be due t o  both off-hole 
and intersected massive sulphide zones. Loops 1 and 3, which 
had the most oblique coupling angle .to the target zone 
(Fig. l l ) ,  both showed essentially narrow spikes adjacent t o  
the zone of interest. These responses imparted l i t t l e  
information w i th  respect t o  the size or geometry o f  the zone. 
Loops 4, 5, and 2, however, showed considerably more 
character. The response f rom loop 4 suggested that  the 
intersection was wel l  inside the sulphide zone, since a l l  
channels are positive. The apparent up-hole migrat ion o f  the 
channel maxima was considered to  be due to  the extension o f  
the conductor above GU-3. The inferred dip o f  the zone was 

Figure 15. Property 2: Three dimensional model showing 
sulphide intersections in Property 2: and surface applied 
potent ial  contour map. 

steep and away f rom the collar. The alternat ive interpreta- 
t ion which implies an almost f l a t  conductor ly ing below the 
hole, is geologically improbable. Loop 5 response was similar 
to  loop 4 although at  la ter  channels, a polar i ty reversal 
occured. This suggested that  an edge was nearby. Loop 2 i n  
turn showed a pronounced reversal w i th  channels 1 through 4 
positive, while channels 5 through 8 were negative indicating 
an edge was even closer than the loop 5 response implied. 



The logs for  GU-4 are shown i n  Figure 14. These responses 
are considerably more complex than those fo r  ei ther G-4 or 
GU-3. I n  the upper part o f  the log the dramatic changes 
observed are attr ibuted to  strong gradients set-up by moving 
the loops around the rather pod-like (dimensions between 
15 m t o  125 m) conductors. 

I n  the lower section o f  GU-4 however, t w o  important 
observations were made. First,  the sulphide intersections 
around 88 m showed very l im i ted  responses f rom a l l  loops. 
This observation was f e l t  t o  rule out the possibil ity tha t  these 
intersections were direct ly connected t o  the intersecton i n  
GU-3. Second, it was observed that  a good off-hole response 
was obtained a t  about 102 m f rom a i l  f i ve  loops. These 
responses were f e l t  t o  be due t o  the upward extension o f  the 
sulphide horizon intersected in  GU-3. Based on the descend- 
ing channel maxima associated w i th  this anomlay, the impl ied 
dip t o  the off-hole conductor was near vertical. 

To t ry  t o  t i e  together a l l  of the downhole geophysical 
data, it was found helpful  t o  construct the simple three- 
dimensional model shown i n  Figure 15. Based on the AP and 
DHPEM results, GU-8 was spotted to  intersect the target 
horizon a t  approximately 90 m below the surface. Due t o  
f lat tening of the hole i n  the course of dril l ing, the zone was 
intersected a t  75 m below the surface b u t  was s t i l l  w i th in  
10 m o f  where the hode l  predicted the zone would be 
penetrated by the drillhole. Intersected was 1.5 m of 
approximately 20 per cent to ta l  sulphides; although 
favourable al terat ion was s t i l l  present, no signif icant base 
meta l  grades were encountered. 

Property 111 

The th i rd  property involves a hole dr i l led on str ike w i t h  
a small massive sulphide deposit. The geological-geophysical 
section fo r  this hole, NI-1, is shown i n  F igure 16. I t  is 
apparent that  no signif icant surface conductor nor magnetic 
responses were present t o  guide the dril l ing. The lower half  
o f  the hole, however, encountered a series o f  minor pyri te- 
pyrrhot i te  intersections, a l l  w i th in  strongly al tered 
intermediate t o  felsic volcanics. Chalcopyrite was found i n  
one of these zones a t  185 m along w i th  10  per cent non 
economic sulphides. To investigate the possibil ity o f  a 
nearby massive sulphide deposit below the detect ion l im i t s  of 
surface geophysical techniques, downhole surveying was 
deemed worthwhile. 

The AP results for  N I - 1  are shown i n  F igure 17. The 
pat tern outlined indicates a potent ial  high centred 
approximately 60 m t o  the r ight  o f  the energizing electrode. 

The DHPEM loops used to log NI-1 are shown i n  
Figure 18, and the accompanying logs i n  F igure 19. I n  this 
survey, central  loop over the hole was not used. Col lect ively, 
the logs mostly showed early channel responses. This was 
f e l t  t o  be reasonable based on the amount o f  sulphides 
observed i n  the hole, although a stronger off-hole indicat ion 
had been expected. Loop 1 response was interpreted to  be 
due t o  the top edge o f  a conductor w i t h  a signif icant depth 
extent to  explain the response lower i n  the hole. However, 
loop 3, which should have coupled wel l  w i t h  the interpreted 
down-dip extension, showed only a marginal response. 
Responses f r o m  loops 2 and 4 were about the same; both 
seemed to  be near an upper edge w i t h  loop 2 showing 
marginally be t te r  coupling. 

Based on the A P  and DHPEM results, N I - 2  was spotted 
60 m t o  the r i g h t  o f  NI-1. I n  NI-2, two  conductive zones 
were encountered, one a 3 m wide graphit ic zone a t  about 
135 m and a lower 2 m wide sulphide zone a t  181 m. The 
sulphide zone contained about 10  per  cent to ta l  sulphides and 
assayed significant base meta l  values. 

AP was run  using both intersections i n  N I - 2  and the 
results are shown i n  Figures 20 and 21. I n  both cases, the 
responses obtained indicated anomalous centres located t o  
the r igh t  o f  the intersections i n  NI-2. Also, the response 
f r o m  the graphit ic zone appeared t o  have a signif icant down- 
dip extension. A t  this point, it seemed as i f  we were chasing 
the proverbial w i ld  goose and this (see Fig. 21) was two  of i t s  
eggs. DHPEM results i n  NI-2 were negative. 

O f  the work done i n  NI-2, only the AP l e f t  any hope for  
a possible extension t o  the mineral izat ion o f  interest. 
However, the lack of reciprocity between the AP results i n  
NI-1 and NI-2 strongly suggested that  the t w o  sulphide zones 
were no t  the same. This conclusion impl ied tha t  the spotting 
of N I -2  based on the AP data f rom N I - 1  and the resulting 
intersect ion was probably fortuitous, bu t  then the geology 
looked good i n  NI-1, and follow-up dr i l l ing would have been 
done i n  any case. 

Based largely on geological incentive, a t h i r d  hole, 
NI-3, was spotted about 60 m t o  the r igh t  o f  N I - 2  (Fig. 20). 
N o  significant sulphide intersections were encountered i n  
NI-3, and the geologically favourable horizon which hosted 
the mineral izat ion i n  the other two holes had essentially 
pinched out. DHPEM logging of N I - 3  was negative. 
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Property 3: Geological-geophysical section. 
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Property I V  The DHPEM loops used t o  log the hole are shown i n  
Figure 24 and the logs obtained are shown i n  F igure 25. N o  The fourth situation deals w i th  a hole that  was spotted 
significant response was noted either adjacent to the 

t o  test adjacent magnetic and PEM anomalies, shown i n  
intersection or throughout the remainder of the hole. The Figure 22. Intersected i n  this hole at  83 m was a 10 c m  band only feature of interest was the apparent overburden 

o f  massive sulphides containing significant base and precious 
metal values. AP and DHPEM were run in this hole to 

response visible on a l l  o f  the logs and most prominent on 

investigate a possible extension to  this zone, hopefully, a loop 5 results. The overburden i n  this area is about 40 m 
thick and has a t rue resist iv i ty of approximately blowout of some greater thickness at depth. 30 ohm-metres, as measured by small spacinq resist iv i ty 

The AP results are shown i n  Figure 23. A very soundings. ~ l s o  noted on several of the 'logs was a weak 
localized, slightly e l l ip t ica l  anomaly was outlined, w i t h  i t s  response at  the very bot tom o f  the hole which was at t r ibuted 
centre almost over the surface project ion o f  the energizing t o  a lost  steel dummy probe. 
electrode. 

a 

o m ~ m r n  - 
METERS 

PROPERTY 4 

DDH WC 80-2 
DHPEM LOGS 

METERS 

Figure 25. Property 4: D H P E M  logs in WC-80-2. 
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Combining the geological opinion that  the mineraliza- 
t ion had only l im i ted  dimensional potent ial  and the lack o f  
any positive geophysical response either f r o m  the logging o r  
f r o m  adjacent surface geophysical data, no fur ther  dr i l l ing 
was done. 

Property V 

The last example deals w i th  a coincident HLEM- 
magnetic anomaly that  was drilled, bu t  where no in i t ia l ly  
obvious conductor was intersected i n  the hole. The 
geological-geophysical section f o r  this hole i s  shown i n  
Figure 26. Based on the d r i l l  log and the ground magnetic 
coverage, the tested anomaly was interpreted t o  be an 
u l t ramaf ic  plug. As no ident i f iable sulphide conductor was 
located i n  the d r i l l  core, AP was not  run. 

The DHPEM loops used to  log this hole are shown i n  
Figure 27 and the accompanying logs i n  Figure 28. The logs 
showed a considerable early channel character throughout the 
ent ire length o f  the hole. The high frequency anomaly a t  
about 70 m which shows up t o  some degree on a l l  o f  the logs, 
seemed t o  be re la ted t o  a change i n  the degree o f  
serpentinization i n  the core. The conductivity-thickness 
product calculated f r o m  several o f  the logs gave a 
comparable value to  the conductivity-thickness derived f rom 
the H L E M  results (about 3 mohs-PEM versus 2 mohs-HLEM). 

The conclusion f rom the logging was that  no significant 
bedrock conductor had been missed by the drillhole. The 
observed conductive response was attr ibuted t o  the abundant 
magneti te present w i th  possible enhancement arising f r o m  
the somewhat conductive serpentinized u l t ramaf ic  host rock. 

Conclusions 

1. AP and DHPEM are a powerful set of tools t o  aid i n  the 
search for  massive sulphides i n  the variety o f  environ- 
ments found i n  Eastern Canada. 

3. Significant quanti tat ive in format ion i s  contained i n  
DHPEM results and t o  a lesser extent A P  data, which does 
require recourse t o  sophisticated interpret ive modelling 
techniques- some o f  which are generally n o t  available; 
specifically a forward and inverse AP computer modelling 
program, a mult ibody DHPEM forward solution and a 
DHPEM single-body inverse solution. 

Before any logging can be done, a dr i l lhole must be l e f t  
open. F o r  downhole techniques such as I have discussed to  be 
used ef fect ive ly  by  the minerals industry, more e f f o r t  must 
be made t o  make managers aware o f  the advantages o f  
logging and hence be wi l l ing t o  spend the money t o  leave 
holes open. 
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BOREHOLE INDUCED POLARIZATION A N D  RESISTIVITY 

B.R. ~ r a u s e '  

Krause, B.R., Borehole induced polar izat ion and resistivity; 2 Borehole Geophysics fo r  Mining and 
Geotechnical Applications, ed. P.G. Kil leen, Geological Survey of Canada, Paper 85-27, p. 375-378, 
1986. 

Abstract  

The positive experience o f  INCO L i m i t e d  w i t h  borehole Induced Polar izat ion and Resist iv i ty 
measurements is br ie f ly  reviewed. Three dif ferent electrode configurations w i t h  separations varying 
f rom 15 t o  90 m have been used successfully i n  holes t o  depths o f  up t o  1800 m. 

Two examples are presented; one using a three-array i n  a single hole, and the other using a 
modif ied Schlumberger array i n  a hole-to-hole survey. 

L e  present rapport expose sommairement les resultats positifs que l a  sociht6 INCO Limi tBe a 
obtenus en effectuant des mesures de polarisation induite e t  de r6sist iv i t6 dans des trous de sondage. 
Des dlectrodes disposBes selon trois configurations diffhrentes e t  a des espacements allant de 15  b 
90 m ont  h t6  utilisBes avec succ&s dans les trous, dont les plus profonds Btaient de 1800 m. 

Deux exemples sont exposds: le  premier decri t  I 'uti l isation de trois appareils dans un seul trou, 
e t  l a  seconde, I 'uti l isation d'une configuration Schlumberger modifi6e au cours d'un sondage 
transversal. 

Introduct ion environment of hiqh water  pressure, caved holes, etc. 

Time Domain, borehole Induced Polar izat ion and Because the company was experienced in surface geophysical 

Resist iv i ty surveys have been carr ied out annually i n  Sudbury exploration, the advantages o f  increasing the depth (or 

by Into Limited since 1974. Typical programs involve groups radius) of exploration were readi ly explained and accepted. 

of 10 to  20 holes ranqinq i n  depth f rom 300 m t o  over 2500 m 
(1000 t o  over 8000 feet). Several electrode arrays may be 
required t o  fu l ly  investigate the environment around o r  
between the holes. The co-ordinates and the dips and strikes 
of the collars, the surface or in i t i a l  co-ordinates o f  a l l  
electrodes and the survey measurements are entered in to  a 
computer which calculates the co-ordinates f o r  moving 
electrodes, geometric factors and apparent resistivit ies. A 
hard copy o f  a l l  data and computer plots o f  prof i les of the 
chargeabilit ies and resistivit ies aid interpretat ion which, on 
occasion, may be urgently required t o  minimize standby costs 
o f  a dril l. Whether the geologist's interpretat ion is 
confirmed, bl ind targets detected o r  new ideas provided 
about the l ike ly  extent of intersected mineralization, the 
geophysical information is a valuable addit ion t o  tha t  
provided by the core. 

The impetus to  commence a program of borehole 
geophysical exploration i n  the Sudbury area was provided by  
several factors. Shallow exploration by geology, geophysics, 
target and gr id  dr i l l ing was almost exhausted. A long history 
of exploration had resulted i n  a large number of holes which, 
importantly, were a l l  cased t o  bedrock and capped. N e w  d r i l l  
programs t o  greater depths were expected i n  ensuing years. 
As depth, and therefore cost per hole increased, so d id  the 
incentive t o  get the maximum amount of information f rom 
each hole. The exploration group already had a reasonable 
fami l iar i ty  w i t h  a variety o f  borehole geophysical 
instrumentation, anci l lary equipment and the rather  hostile 

Borehole I P  surveying 

There were several reasons fo r  the choice o f  IP as an 
in i t i a l  technique. The borehole programs were t o  s tar t  as 
soon as possible and start-up and operating costs were t o  be 
minimized. A l l  target  areas were a t  depths i n  excess o f  
600 m and o f ten  beyond 1500 m. The typical ore target  was a 
massive, conductive, magnetic sulphide zone with, usually, a 
halo o f  simi lar bu t  disseminated sulphides. I n  1974, there 
were no known electromagnetic systems w i t h  any significant 
range o f  investigation tha t  were rel iable a t  the depths o f  
interest and new developments o r  modif icat ions would be 
t ime consuming and expensive. The massive sulphides are 
we l l  suited t o  resist iv i ty surveying and the disseminated halo 
of fers  a larger and equally suitable target  fo r  IP. The 
comoanv alreadv owned suitable I P  instruments and the 

a ,  

down-hole components were inexpensive, easily obtained and 
relat ively insensitive t o  water pressure problems. A l l  
components could be kept  l i gh t  enough t o  allow a reasonable 
degree o f  mobility. Da ta  interpretation, although obviously 
d i f ferent  i n  ' f u l l  space', was not expected t o  present radically 
new problems. 

A f t e r  seven years o f  operation involving hundreds o f  
miles of survey, only a few real ly signif icant problems have 
been encountered and most were solved. Three electrode 
configurations, one o f  them o f  our own devising, have become 

Inco Ltd., Copper C l i f f ,  Ontario 
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Figure 1 .  Three Array survey in B.H.'C1 with 'A' = 200 f t .  
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Figure 2. Modified Schlumberger array with one pole starting in B.H.'Ar at 100 fee t  and a second 
pole starting in B.H.'B1. a t  250 feet using north-south current line. 



standard, and f ield procedures have become semi-routine. 
Costs vary w i th  the number o f  holes and the complexity o f  a 
program b u t  are generally i n  the range o f  10 t o  20 cents 
(1981 $Canadian) per foot. Short, stainless steel rods are 
used fo r  down-hole electrodes and they are connected t o  
standard, seven strand, f i e ld  I P  w i re  via a machined swivel t o  
reduce w i re  twist. Short, s t i f f  rubber bars are usually 
inserted i n  holes dr i l led through the rods perpendicular t o  the 
axis o f  the rods t o  minimize r o l l  and friction. It has become 
standard procedure for a l l  holes t o  be washed out w i th  about 
10 L o f  fuel o i l  before removing the d r i l l  r i g  since 
accumulated rod grease has, on occasion, gripped the wi re 
and prevented the electrode f r o m  moving i n  the hole. The 
alternat ive o f  using a heavier electrode would require 
stronger, thicker cable and an unwieldy winch. Excessive 
washing should be avoided so that  grease packed in to  
fractures w i l l  continue t o  prevent any loose mater ia l  f r o m  
fal l ing out and blocking the hole. A blocked hole, whether 
through accident or compliments o f  a 'tourist', is a major 
problem which can usually only be solved by re-dril l ing. 
Therefore, a l l  recent holes are capped w i th  special covers 
that require two 36-inch pipe wrenches to remove. 

Electrode arrays 

The three configurations o f  electrodes which have been 
found most useful are the Pole-Dipole o r  Three Array, the 
Single Pole and the Modif ied Schlurnberger. The la t te r  is a 
variation developed by Inco for  exploration of pairs o f  holes. 

The fami l iar  Three Array, w i th  separations varying 
f rom 50 t o  300 feet, (about 15  t o  90 m) is preferred for  
single, isolated holes. It is also used t o  determine the 
probable extent o f  intersected mineral izat ion or the distance 
t o  a non-intersected source. Wi th  suitably chosen electrode 
spacings, i t  w i l l  provide t rue chargeability and resist iv i ty 
values f o r  the intersected units and aid l i thological 
ident i f icat ion and correlat ion f r o m  hole t o  hole. 
Interpretat ion is simi lar t o  surface surveys w i th  the 
exception that, a t  the depths involved, no directional 
information is provided. Chargeability noise wi th in  sulphides 
is an occasional minor problem and cable handling, using 
three wires as we do, must be dealt w i th  carefully t o  avoid a 
tangled disaster. Figure 1, a drafted version o f  the computer 
plot, shows results f r o m  a 200 foo t  (60 rn) Three Ar ray  i n  a 
6000-foot (1830 m) hole. Background variations f r o m  
geological changes are evident, although not  sharply defined, 
due t o  the wide separation. There is excellent correlat ion 
between the intersected sulphides and the wide zone o f  
strongly anomalous resistivit ies and chargeabilities. 

The Modif ied Schlumberger Array was developed to  
take advantage of anomaly enhancement when a target l ies 
between two holes. Surface current electrodes on opposite 
sides o f  a pair o f  holes and separated by a t  least tw ice  the i r  
depth provide a uni form field. The potent ial  electrodes, one 
i n  each hole, are aligned w i t h  the geology and then moved 
together a t  increments designed t o  maintain the alignment 
and thus explore the ground between and outside the pair. 
When the program involves a group o f  holes, numerous 

potential pair  combinations can be read using one or both of 
two orthogonal current directions. Anomaly detect ion is very 
good and the determination o f  source locat ion is fa i r  and 
improves w i t h  the number o f  pairs which are surveyed. 
Distance o f  the target  f r o m  a hole i s  poorly determined. 
Poor signal t o  noise rat ios can result  i f  the surface 
conductivity is too high o r  i f  holes are too close together. 
The pr imary potent ial  gradient and hence signal can be 
increased i f  one of the current electrodes can be placed i n  an 
adjacent drillhole. I n  that  event, i t  must be moved i n  the 
hole occasionally t o  maintain approximate alignment w i th  the 
potent ial  electrodes. Current locat ion i n  a sulphide zone 
should, o f  course, be avoided t o  use this technique. 

F igure 2, a Modif ied Schlumberger survey between two 
holes 1000 feet  (305 m) apart, shows a typ ica l ly  quiet back- 
ground and weak chargeability and resist iv i ty anomalies near 
3600 fee t  (1100 m) which coincide w i t h  a narrow intersect ion 
o f  disseminated sulphides. The broad nature o f  this anomaly 
combined w i th  other surveys involving the same holes 
resulted i n  the conclusion that  the intersected zone must 
increase i n  thickness and grade away f rom the hole. The 
recommended dri l l ing proved that  this was correct. 

When anomalous results arise f r o m  Modif ied 
Schlumberger surveys, the Single Pole Ar ray  provides more 
specific and detailed in format ion about the anomaly location, 
shape and strength. It can be considered as a variat ion o f  the 
Modi f ied Schlumberger where one potent ial  electrode is kept  
a t  a f i xed  location. When the f ixed electrode is placed i n  a 
barren position while each o f  an anomalous pair o f  holes is 
read w i t h  a moving electrode, the i r  re la t ive contributions t o  
a Schlumberger anomaly is readi ly determined. Then, i f  
warranted, the hole nearer the source can be read w i t h  the 
Three Array t o  provide an est imate of distance. Alternately, 
the stationary potent ial  probe may be located a t  resist iv i ty 
lows o r  sulphide intersections and other holes surveyed t o  
determine paths o f  low resistance. This in format ion can be 
very useful fo r  s t ructura l  interpretation. Apparent 
resist iv i tes o f  one ohm-metre o r  less are, fo r  example, 
considered t o  be good evidence o f  cont inuity o f  sulphides 
f rom one intersection to  another. 

Conclusions 

I n  conclusion, a f te r  seven years o f  exploration i n  holes 
as deep as 8600 fee t  (2600 m), we are convinced tha t  I P  and 
Resis t iv i ty  surveys provide useful, interpretable data a t  a 
very modest cost. While most surveys merely con f i rm the 
geologist's expectations, there have been a rewarding number 
o f  occasions where dist inct ly new in format ion has been 
provided. Ore grade mineral izat ion has been discovered on 
the basis of geophysically recommended holes, and correct 
predictions of barren locations have provided the confidence 
required t o  increase the spacing i n  gr id  dr i l l ing o r  t o  lower 
the pr ior i ty  of, or even abandon, some holes. Another 
example o f  the degree o f  interest and confidence i s  a recent 
case where a d r i l l  r i g  was set up on an old hole f o r  the sole 
purpose o f  clearing a blockage a t  a depth o f  3800 feet  
(1160 m) so tha t  a key survey could proceed. 
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Abstract 

Quantitative use of wireline geophysical measurements requires assurance that  the original data  
a re  of high integrity. Active on-site participation by the client representative can provide this 
assurance. Several examples of log quality problems and their resolution a re  discussed. 

L'utilisation, des fins quantitatives, des mesures geophysiques resultant de carottages par 
cable exige que les donnees d'origine soient rigoureusement exactes. La participation active, sur les 
lieux, d1un,repr6sentant du client peut garantir ce t te  exactitude. Plusieurs exemples de problbmes 
qualitatifs de diagraphie ainsi que leurs solutions sont expos6s dans le  present rapport. 

Introduction Table 1. Wire line geophysical logging tool calibration 

Quantitative use of geophysical wireline log 
measurements has extended their utility far  beyond simple 
hole-to-hole correlation. Geophysical wireline measurements 
a re  routinely used to provide quantitative estimates of 
commodity assays, porosity, water salinity, hydrocarbon 
saturation, and rock physical properties. 

Quantitative use of geophysical wireline measurements 
requires original field data of high integrity. The drill s i te  is 
the front line of geophysical log quality assurance. Drillholes 
are  often cased or abandoned, af ter  logging. Thus, there is 
usually only one chance to  log an open borehole. No amount 
of clever data processing can restore data that were bad 
from the start.  

Log Calibration 

Improperly calibrated logs are good for lit t le more than 
correlation. The logging contractor should demonstrate that  
the delivered products a re  logs which have been properly 
calibrated and run. The client should insist that  the 
contractor provide signed and dated equipment calibration 
records for all delivered products. 

T a b l e 1  shows the basic steps t o  wireline log 
calibration. All systems, large or small, digital or analog, 
follow the same three basic steps. Geophysical logging tools 
are  calibrated by creating an environment in which the 
correct tool response is known. The observed tool response is 
then adjusted to  agree with the  known response. The only 
time a logging tool is known to be working properly is during 
calibration. For this reason, calibration should be repeated 
often. 

Figure 1 shows a temperature log calibration jig for 
temperature logging tools. In this sytem, the logging tool is 
sealed in a pressure vessel filled with water. The water is 
heated and continuously circulated during tool calibration. 

sequence 

1. Calibrate the  hard copy recorder (zero and full scale). 

2. Calibrate .the system. 

3. Calibrate the tool. 

The logging tool temperature transducer is positioned 
adjacent to  a National Bureau of Standards (NBS) rated 
Resistance Temperature Device (RTD). The logging tool 
response is then compared t o  the calibration jig RTD a t  
several temperatures, a s  shown in Figure 2. In this case, the 
actual tool calibration is nonlinear. However, use of a 
current calibration chart, such as  Figure 2, or a computerized 
"look-up table" can result in temperature measurements 
accurate t o  2 0.05 t o  O.l°F. Figure 3 shows a "Rib-Spine" 
chart for  a compensated density log calibration. This chart 
was created, using a variety of different density "formation" 
materials and mud cake situations, t o  record t h e  individual 
detector responses to  these situations (Wahl, e t  al., 1964). 
"Rib-Spine" charts, similar t o  Figure 3, can be  used to 
calibrate field logs. Cross-plotting the near and f a r  detector 
count rates  yields a point on a "rib", which is followed down 
t o  the  "spine" t o  yield the  compensated density value. 

Figures 2 and 3 show "true" calibration situations. 
While these cross-plots could be used t o  calibrate field 
measurements, in fact  they a re  usually not. The "Rib-Spine" 
chart of Figure 3 is often approximated by a "Linearized Rib- 
Spine" model (see Fig. 4) which is programmed for either an 
analog or digital computer in the logging truck. In this case, 
the errors introduced for small departures from the spine, are  
minimal. Similarly, the temperature log calibration data  of 
Figure 2 can be f i t ted with a series (two-three) linear 
segments. This allows use of a programmable calculator in 
the field t o  rapidly convert pulse rates t o  temperatures. 

Chevron Overseas Petro. Inc., Box 5046, San Ramon, CA 94583-0946 



I I I 1 
1000 2000 3000 4000 

PULSE RATE (CPS) 
Figwe 2. Linearized temperature tool shop calibration. 



Sometirnes logging tools are specifically designed t o  have a 
linear response. The additional expense involved i n  this 
added design must be just i f ied by the need for  increased 
accuracy i n  the results. Use o f  l inearized cal ibrat ion models 
also allows for rapid f ie ld  calibration checks. Usually only 
one or two cal ibrat ion points are required for  this check (see 
Fig. 5.). 

Both analog and digi tal  logging systems are now i n  use. 
A digi tal  logging system ut i l izes a microprocessor o r  
minicomputer to  calibrate tools and run the logging 
operations. Communication w i th  the computer is via 
keyboard and a l l  communications are usually stored on tape. 
A n  analog system ut i l izes a variety o f  analog computers t o  
calibrate tools and run the logging operations. The operator 
communicates w i t h  this sytem by sett ing selector switches on 
the analog computers. These switch settings are then hand 
recorded i n  the operator's notes. 

D ig i ta l  logging systems are usually more stable, faster, 
and easier t o  calibrate, than analog systems. They are also 
less susceptible t o  operator error and only slightly more 
expensive than analog systems. Analog systems are slower, 
more error prone, less stable, and not that much cheaper than 
digi tal  systems. Obviously, digi tal  logging systems are 
preferable i f  the contractor can satisfy a l l  other logging 
needs. 

Table 2 summarizes the three basic types o f  logging 
too l  cal ibrat ion standards. The principal differences between 
these standards are i n  portabil ity. Primary logging too l  
standards are environmental. They of ten consist of large 
blocks o f  known lithology and are usually not  movable. 
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SHORT SPACING D E T E C T O R  COUNTING R A T E  

Figure 3. Compensated density "Rib-Spineff chart 
(from: Wahl, e t  al., 1964). 

The American Petroleum Inst i tu te (API) has established 
limestone, sandstone, dolomite and gamma ray "test pits" a t  
the Universi ty o f  Houston campus, Houston, Texas. These 
test pi ts are the standards on which a l l  major petroleum 
logging contractors1 tools are calibrated. The 
U.S. Department o f  Energy (DOE) has established uranium, 
thorium and potassium cal ibrat ion test p i ts  a t  Grand 
Junction, Colorado, and George West, Texas. The Geological 
Survey o f  Canada (GSC) has established uranium, thor ium and 
potassium cal ibrat ion test p i ts  a t  Ottawa, Ontario; 
Saskatoon, Saskatchewan, and Fredericton, New Brunswick. 
They are current ly establishing granite, basalt, and sand-pack 
"test pits" a t  Ottawa. The South Austral ian Department o f  
Mines and Energy (SADME) has established uranium, thorium 
and potassium cal ibrat ion test p i t s  i n  Adelaide, S.A. These 
three radionuclide cal ibrat ion standards (DOE, GSC, and 
SADME) are used for  radioactive assay logs. The Los Alamos 
Scient i f ic Laboratory (LASL) and the U.S. Geological Survey 
(USGS) established granite and basalt cal ibrat ion tes t  p i ts  a t  
the Denver Federal Center, Denver, Colorado, i n  1981. The 
new USGS and the GSC test p i ts  w i l l  be extremely valuable 
fo r  cal ibrat ing logs r u n  i n  igneous and metamorphic rock 
environments. 

Secondary cal ibrat ion standards are usually also 
environmental i n  nature. I n  contrast t o  test pits, secondary 
standards are movable. A l l  logging tool manufacturers and 
most larger logging contractor f i e ld  shops have secondary 
cal ibrat ion standards. F o r  this reason they are o f ten  called 
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Figure 4. Linearized compensated density log "Rib-Spinef1 
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Figure 5. Calibration of a l inear response logging tool (from: Annon, 1978). 

Table 2. Wire line geophysical logging tool 
calibration s tandards  

Primary: Environmental. 
Usually not movable. 
Usually l imited in number. 
Usually only used fo r  prototype tools. 
Usually accepted industry-wide. 

Secondary: Referenced t o  primary standards. 
Usually environmental. 
Usually movable, but  not portable. 
May vary f rom con t rac to r  t o  contractor .  
Located a t  all  tool fabrication and most large  

field shops. 
Usually used t o  maintain tool calibration on a 

regular (e.g., monthly) basis. 
Secondary (shop) calibration records should 

t ravel  with each tool and appear  on all log 
products. 

Tertiray: Referenced t o  secondary standards. 
May or  may not be  environmental. 
Por table  enough t o  b e  used a t  drill si te.  
May vary f rom con t rac to r  t o  contractor.  
Usually ( a t  least)  one with every logging unit 

fo r  each di f ferent  t ype  of tool. 
Used t o  field ca l ibra te  (or check calibration) 

before  logging and check calibration a f t e r  
logging. 

Ter t iary  (field) calibration results should 
appear on all log products. 

Itshop standardstt .  Secondary calibration s tandards  a r e  
referenced t o  the  primary standards. Usually, only prototype 
logging tools a r e  calibrated in t h e  primary calibration 
standards,  with t h e  exception of uranium assay logging tools. 
All logging tools, however, a r e  calibrated with secondary 
s tandards  on a regular basis. A good ItRule of Thumbt1 is t o  
expect  "shop calibrations" on a monthly basis. Log products 
should not  be  accep ted  if t h e  "shop calibi-ationstt a r e  o u t  of 
date,  unless t h e  con t rac to r  will recal ibra te  immediately a f t e r  
t h e  logging job. Most logging contractors  will "shop 
calibrate" before  a logging job, if requested in advance. 

Ter t iary  calibration s tandards  a r e  portable and brought 
t o  t h e  drillsite. Because of this, they a r e  o f t en  called "field 
standardstt. Ter t iary  calibration s tandards  a r e  used 
immediately before  and a f t e r  e a c h  logging operation. They 
a r e  always referenced back t o  the  l a s t  shop calibration. 
Some t e r t i a ry  calibration s tandards  a r e  really calibration 
checks. The tool  response is recorded, but  i t  i s  not  adjusted 
t o  any pre-set value. This course of ac t ion is followed t o  
avoid contamination f rom t h e  drill-site environment. 
Induction and neutron log calibrations a r e  of ten  field checked 
in this way. 

Log products should have pre-log calibration, post-log 
calibration check, and t h e  most  r ecen t  shop calibration 
summaries  a t tached.  This is  t h e  only way a con t rac to r  can 
demonstra te  t h a t  t h e  delivered product was  obtained with 
properly ca l ibra ted  tools. 



Loqging operations - try ing conditions 

N o  logging contractor w i l l  knowingly deliver bad 
products. My own experience has been that most logging 
engineers are wel l  trained and take great pride i n  their  work. 
The log  header, shown i n  Figure 6, serves t o  i l lustrate this 
point. Geologic conditions af fected the dr i l l ing operations 
such that  the acoustic log appeared t o  f a i l  over large 
intervals o f  the hole. The logging engineer was so ashamed 
o f  the resulting acoustic log that he f i r s t  declined to  deliver 
it. The c l ient  representative had t o  convince the logging 
engineer tha t  the product was good. Even then the engineer 
was so reluctant t o  claim it, that he cu t  the company logo o f f  
the f i l m  (see Fig. 6). This is not an isolated example. Most 
reputable logging contractors encourage their f i e ld  borehole 
geophysicist and the dr i l l ing supervisor t o  design a dr i l l ing 
and logging program which w i l l  achieve the desired geologial 
and geophysical objectives. The logging contractor should be 
not i f ied o f  the logging job a t  "spud-in" and periodically 
updated on expected t8call-out". Wr i t ten logging procedures 
help insure tha t  calibrations, measurements, displays, and 
logging operations are performed to the client's 
specifications. These wr i t ten  procedures should be tai lored 
to  the specific needs o f  each dri l l ing program and 
transmitted t o  the contractor we l l  i n  advance o f  ttcall-outtt. 
Table 3 summarizes useful information t o  include i n  these 
requests. 
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Figure 6.  Log header of a product reluctantly delivered 
because of field engineer's doubts about product quality. 

Logging job act iv i t ies 

Dr i l l ing and logging operations are among the  more 
expensive exploration and evaluation activit ies. Because o f  
this, dr i l l ing is usually one of the f ina l  act iv i t ies involved i n  
proving up a prospect. A we l l  planned and executed 
dril l ing/coring and logging operation can maximize the 
in fo r~na t ion  obtained. Cruc ia l  t o  i ts  success, however, is 
dr i l l -s i te log product qual i ty control. Otherwise, the dr i l l ing 
operation may yield only expensive holes i n  the ground. The 
c l ient  representative should be prepared t o  remain on-site 
throughout the logging operations. Extended logging 
operations can benefi t  f rom mult iple c l ient  representatives. 
By taking turns, the c l ient  representative w i l l  be alert, 
regardless o f  the condition o f  the logging contractor's crew. 

The c l ient  representative should monitor a l l  f i e ld  
calibrations, cal ibrat ion checks, and the logging operations. 
They should be prepared t o  accept or decline the contractor 
products on-site. They should also be prepared t o  request 
reruns o f  unsatisfactory contractor  products a t  no charge and 
select repeat intervals. Finally, they should be prepared t o  
perform prel iminary interpretat ions a t  the dril l-site. 

The c l ient  representative's notes on logging operations, 
product quality, and prel iminary interpretat ions should be 
condensed in to  a b r ie f  repor t  and f i l ed  w i th  the logs. These 
cl ient representative reports can prove t o  be invaluable, 
should questions arise during la te r  log interpretation. 
Finally, the c l ient  representative should provide feedback t o  
the logging contractor. This is an investment i n  the future. 
A small amount o f  t ime  spent a t  the end o f  a logging job, 
reinforcing positive aspects of the operation, and pointing out 
shortcomings, w i l l  y ield dividends on the next  logging job. 

Examples: problems and solutions 

This section includes several examples of l og  quality 
problems and how they were resolved. Bo th  cal ibrat ion 
problems and too l  fai lures are covered. Several f i e ld  check 

Table 3. Wr i t ten Logging Procedures 
-- - 

Services requested. 

Who w i l l  tlcall-outtt the contractor. 

Logging order. 

Cal ibrat ion expected: 

a. Contractor 's normal calibrations. 
b. Cl ient  requested cal ibrat ion checks. 

Logging operations: 

a. Logging i n  or out o f  hole. 
b. Logging speeds. 
c. Repeat section selection. 
d. Copy requests. 

Displays. 

a. Depth scales. 
b. L o g  format. 
c. L o g  scales. 
d. Copy requests. 

Back-up and special equipment needs. 

Specialist Engineer needs. 

Contractor  tape delivery. 

Contractor  processing requests. 

Special conditions. 
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Figure 7. Repeat "Stabilized" temperature profiles in a 
single temperature gradient hole. 

examples are also included. These examples are no t  intended 
t o  be exhaustive. Hopefully, they w i l l  serve as inspiration t o  
others as they encounter the i r  own specific log qual i ty 
problems. 

Temperature logs 

The commodity sought i n  geothermal explorat ion i s  
heat. A pr ime exploration tool is temperature gradient holes. 
Deeper and deeper temperature gradient holes are dr i l led as 
the prospect matures. The l i f e  and death o f  a geothermal 
prospect rides on temperatures and gradients measured f r o m  
these temperature gradient holes. F igure 7 shows two 
supposedly "stabilized" temperature prof i les by two d i f ferent  
contractors i n  the same temperature gradient hole. The 
approximately 25OF temperature disagreement a t  about 
750 feet could make or break this prospect. I n  this case, 
Contractor A had a tool fai lure which was not discovered 
un t i l  a f te r  Contractor B had also logged the hole. To 
overcome these types o f  problems, some operators purchase 
and operate their  own temperature logging equipment. The 
cal ibrat ion j i g  shown i n  F igure 1 was designed t o  cal ibrate 
one set o f  in-house equipment. Maintaining and running your 
own equipment is an extreme solution t o  the problem o f  log 
product quality. I n  some cases, however, the si tuat ion is 
serious enough t o  just i fy this type o f  solution. 

Figures 8 and 9 show examples o f  a client-requested 
temperature too l  cal ibrat ion check which resolved a 
cal ibrat ion problem. Many contractors cal ibrate their  
temperature logging tools a t  32OF and 212OF assuming 
l ineari ty between them (see Fig. 5). Commercial  geothermal 
reservoir temperatures, however, are much higher (>340°F) 
than the boi l ing point o f  water. Temperature too l  response 
could be nonlinear above the high cal ibrat ion point (212OF). 
To test this concern, surface air- temprature and down-hole 
maximum recorded temperature (MRT) f ie ld  cal ibrat ion 
checks were requested (see Fig. 8, 9). Two documented 
cal ibrat ion problems, simi lar to  F igure 8, st imulated a t  least 
one contractor t o  invest i n  an o i l  bath cal ibrat ion j i g  t o  raise 
the high temperature cal ibrat ion point. F igure 9 is a f ie ld  
cal ibrat ion check on this contractor's temperature tool, a f te r  
this new cal ibrat ion equipment was pu t  in to service. The 
problem shown i n  F igure 8 has now been resolved. 

Figure 8 

Temperature tool field calibration: 
non linear response case. 

THERMOMETER ( O F )  



Figure 9 

Temperature tool field calibration: 
linear response case. 
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Figure 10. Acoustic tool casing signal: improper 
calibration. 

ACOUSTIC INTERVAL TRANSIT TIME 

Acoustic logs 

Acoustic logs do not have secondary and tertiary 
calibration standards. These tools are  essentially timing 
devices. The transmit time for acoustic energy, to  travel 
from a transmitter to receivers a t  different distances, is 
recorded and converted into inverse velocity ( ~ s e c l f t ) .  The 
principle involved is seismic refraction a t  the borehole wall. 
The only calibration involved is in the timing circuitry which 
is very stable. The operator, however, has several signal 
enhancement options a t  his disposal which can a f fec t  data  
quality. Because of this, acoustic logs a re  among the more 
difficult geophysical logs to  run properly. I t  is well worth the 
time invested to  allow the engineer to experiment with 
enhancement selection before running this log. The client 
representative can verify acoustic log quality in situations of 
known velocity. Table 4 lists representative transit times for 
several common acoustic log calibrators. A good operating 
practice is to require the contractor to record a casing signal 
both before and af ter  logging. I t  is not worth running the log 
if a proper pre-log casing signal cannot be obtained. 

Figure 10 shows the casing signal from an improperly 
run slim-hole acoustic log. The casing signal of less than 
40 psec / f t  is much too low t o  be realistic. This is definitely 
an unacceptable product. The product should be declined and 
the contractor encouraged t o  repeat the measurement, 
preferably with another tool. Figure 11 shows a casing signal 
from a properly run acoustic log obtained by the  same slim- 
hole contractor as Figurelo.  This casing signal of 
approximately 187 psec/m is acceptable. Figure 12 shows a 
casing signal from a major logging contractor. Tool design 
differences between Figures 11 and 1 2  account for the 
improved casing signal stability in Figure 12. Figure 13  
shows the  same log as  Figure 11 in a massive anhydrite 
interval. The approximately 164 psec/rn signal indicates the 
log is operating properly. 

Density logs 

Density logs have both secondary and tertiary 
calibration standards. Drill-site calibration procedures vary 
from contractor to  contractor. Some contractors use 



Table 4. Acoustic Log Calibration Transit Times 

Calibrator Transit Time 
1-1 sec/ft  p sec/m 

Casing (iron) 57 187 

Dolomite (massive, microcrystalline) 44 143 

Anhydrite (massive, microcrystalline) 50 164 

Halite (massive, microcrystalline) 67 219 

Figure 11. Acoustic tool casing signal: proper calibration 
but noisy tool response. 

environmental calibrators a t  the drill-site. Others use two 
point drill-site calibrations. Still others use a single point 
drill-site calibration with the zero count rate  as  the second 
point. In all cases, these tertiary calibrations a re  referenced 
t o  the last shop calibration. The client representative should 
verify that: 

1. There is no significant drift between the pre-log 
calibration and post-log calibration check. 

2. The drill-site calibrations agree with the shop calibration. 

3. The shop calibration is for the same equipment used for 
the logging job. 

4. The shop calibration is current. 

Figure 12. Acoustic tool casing signal: high integrity data. 

DEPTH 

FEET 

Additional density log calibration checks can be made 
in massive lithologic intervals. Table 5 shows representative 
density loq calibration lithologies. Evaporites tend to be the 
most reliable lithologies for these checks. Carbonates, 
quartzites, sandstones, and some fine grained igneous rocks 
may also work under certain optimum conditions. Figure 14 
shows an example of a miscalibrated density log. Apparent 
bulk densities of over 2.7 gm/cm3 for  an unconsolidated 
sandstone aquifer a re  obviously in error. Figure 15 shows a 
density log anhydrite signal. Experience with specific 
formations and a specific contractor's tools is recommended 
before using lithology calibration checks. Figure 16 shows a 
problem which may occur in some high grade uranium ore  
zones. Enough gamma-radiation from the  3 8 ~  series decay 
is contaminating the Compton scattering energy window tha t  
the  tool is reading erroneously low, apparent bulk densities. 

ACOUSTIC INTERVAL TRANSIT TIME 

MICROSECONDS/ FOOT 
175 125 75 

Neutron loqs 

Neutron log calibration shares much of the variety of 
density logs. Both environmental and detector-only drill-site 
calibrations a r e  used by various contractors. Some 
contractors use drill-site environmental calibrations only as  
calibration checks. Again, the drill-site calibrations are  
referenced t o  the last shop calibration. The client 
representative should verify the same things for neutron logs 



Table 5. Density L o g  Cal ibrat ion Checks 

Cal ibrator P B 
(gm/cm3)* 

Fresh Water 1.000 
Calc i te  2.710 
Dolomite 2.876 
Anhydri te 2.977 
Hal i te  2.032 
Quartz 2.648 
Gypsum 2.351 

- - 

* (Mult iply by 1000 to get kg/m3. Tool design differences, 
between contractors, may change the values slightly.) 

ACOUSTIC INTERVAL TRANSIT T IME 

METERS MICROSECONDS/METER 

Figure 13. Acoustic tool anhydrite signal. 

as for  density logs. Neutron logs, i n  use by  various 
contractors, exhibi t  considerable variety i n  design and i n  
measurement principle. This variety makes use o f  l i thology 
cal ibrat ion checks somewhat more complicated. Massive 
rocks w i t h  extremely l o w  porosity, no bound water, clay 
minerals, o r  hydroxol ions should show close t o  I$N = 0%. 
Departures f rom $IN = O%, i n  these cases, are of ten taken to  
be bias shifts. F igure 17 shows a neutron log i n  a massive 
halite. I n  this case, the hal i te  response ($N = -1.5%) was 
used as the +N = 0% base line. F igure 18 shows an example 
o f  a hardware design fai lure i n  an uranium logging situation. 
The hardware conf igurat ion used by  this contractor  
transmitted both gamma ray (bias) and fa r  neutron detector 
count ra te  (ripple) on the same cable channel. The surface 
hardware did no t  ant ic ipate the high count rates encountered 
i n  the uranium ore zone. Thus, the gamma ray signal (bias) 
raised the fa r  neutron detector count ra te  (ripple) ou t  o f  the 
expected signal window, resulting i n  an apparent "zero" count 
rate. This was interpreted as ON = 100% by the surface 
electronics. 

Figure 14. Miscalibrated density log in unconsolidated Gulf 
Coast elastics. 
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Figure 15 

Density log: anhydrite signal. 
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ray contamination of the density log. 



Gamma ray logs 

Gamma ray logs are susceptible t o  logging speed and 
detector dr i f t .  F igure19 shows an example o f  an 
unacceptable gamma ray detector dr i f t .  Figure 20 shows an 
example o f  a gamma ray log run  w i t h  an inappropriate ra te  
meter t ime constant (too long) fo r  the logging speed used. 
The log a t  3600 f t /hr  is completely lacking i n  character. 

Caliper logs 

Cal iper log pr imary standards are portable enough t o  be 
carr ied t o  the d r i l l  site. They are used t o  cal ibrate the too l  
pr ior to  logging and check the tool cal ibrat ion af ter  logging. 
There should be minimal d r i f t  during the logging operation. 
The c l ient  should always specify tha t  the contractor use 
cal ibrat ion rings that  span the b i t  and expected hole sizes. 
A n  independent check on the caliper cal ibrat ion and l ineari ty 
is t o  run the too l  up in to casing and compare the too l  
response t o  the casing I.D. Figure 21 shows an example 
where the caliper read larger than the casing I.D. 

F lu id  resist iv i ty bridges 

Formation f lu id  to ta l  dissolved solids (TDS) can be 
estimated f rom the SP log, or f rom resist iv i ty and porosity 
logs. I n  ei ther case, essential inputs are the resistivit ies o f  
the mud (Rm) and mud f i l t ra te  (Rmf). These are obtained 
through use of a f lu id  resist iv i ty bridge. Cal ibrat ion o f  these 
bridges can be checked, using "standard" NaCl solutions. 
Figure 22 shows an example o f  such a cal ibrat ion check 
where the bridge was not properly calibrated. The solid l ine 

Figure 17. Neutron log halite signal. 

i n  Figure 22 is the 1:l line, indicat ing proper calibration. The 
actual measure points define a cal ibrat ion l i n e  much 
d i f ferent  f rom 1:l. The t rue cal ibrat ion l ine of F igure 22 was 
used t o  cal ibrate the Rmf and R m  values, and the contractor  
was not i f ied about the b r ~ d g e  cal ibrat ion problem. F igure 23 
shows a simi lar cal ibrat ion check conducted one month la ter  
wi th  the same contractor. The cal ibrat ion problem has now 
been rect i f ied. 

Repeat logging intervals 

Most geophysical wirel ine logs should yield the same 
values i f  logged through the same in terva l  more than once. I f  
the contractor cannot produce repeat intervals which agree, 
there i s  no sense i n  proceeding further. Figure 24 shows an 
example where the contractor could n o t  produce a 
satisfactory repeat interval. Repeat intervals are selected 
by the cl ient representative. Generally, these intervals 
should be o f  some geologic o r  economic significance. 
Successful repeat logs over these intervals builds confidence 
that quanti tat ive interpretations made f r o m  these 
measurements w i l l  be valid. 

Summary 

The object o f  dr i l l -s i te log qual i ty control  i s  improved 
product reliabil ity. There is sometimes a f ine l ine between a 
knowledgeable cl ient representative helping t o  assure product 
quality and open harassment of the contractor. The key t o  
obtaining this goal i s  open communication between c l ient  
and contractor. Many o f  the cal ibrat ion checks described i n  

Figure 18. Neutron log hardware design failures due t o  
gamma ray count rate saturation of  far neutron detector 
cable channel. , 
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Figure 20. Effects of logging speed on gamma ray response. 

Figure 19 

Gamma ray detector drift. 

Figure 21. Caliper log casing signal indicating improper 
calibration. 

this paper, go beyond those routinely employed by most and client is an excellent way of insuring this goal. Many 
contractors. The contractor should be informed of any existing contractor calibration procedures originated from 
s ~ e c i a l  client-reauested calibration checks. ~ r i o r  to  "call- client reauests for oroduct aualitv assurance. 
out". The goal 'of both client and contiadtor should be 
improved product quality. A partnership between contractor Active involvement by the client representative can 

greatly improve geophysical well-log product quality. High 
integrity log da ta  will permit improved quantitative log 
interpretations. 
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STANDARD RESISTIVITY c n-m) 
Figure 22. Fluid resistivity bridge field calibration check, 
indicating improper calibration. 

STANDARD RESISTIVITY ( n - m )  

Figure 23. Fluid resistivity bridge field calibration check, 
indicating good calibration. 
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Abstract 

A crosshole audiofrequency seismic system has been developed a t  the Universi ty o f  Toronto 
Geophysics Laboratory t o  be used fo r  rock mass characterization. High-quality seismograms have 
been recorded w i th  the system for  distances up t o  230 m i n  unaltered granites. I t  has been 
ascertained that travel times and signal amplitudes provide useful information about rock quality. It 
is anticipated that  under favourable conditions systematic scanning o f  the rock between two  
boreholes can reveal o r  conf i rm structurat- and l i thological details. 

L e  Laboratoire de geophysique de 19Universit6 de Toronto a realis6 un systhme de sondage 
sismique transversal B audiofrequences qui permet  de determiner les caracteristiques de l a  masse 
rocheuse. Des sismogrammes de haute qual i t6 on t  Bt6 enregistres B I1aide de ce systbme pour des 
parcours allant jusqulh 230 m dans des granites non alter6s. On a conf irm6 que l a  connaissance des 
temps de parcours e t  des amplitudes de signal est tr&s ut i le  h l a  determination des caract6ristiques de 
l a  roche. L e  sondage systematique de l a  roche entre deux trous de sondage devrait  rBv61er ou 
conf irmer des details structuraux e t  lithographiques, pourvu que les conditions l e  permettent. 

Introduct ion 

Cracks, fractures, and joints have been shown both 
theoretically and experimentally t o  determine the 
mechanical and seismic properties o f  rocks (Hudson, 1981; 
Crampin e t  al., 1981; Stierman and Kovach, 1979; 
Wa.lsh, 1965). For  this reason, seismic methods are we l l  
suited for  remote and non-destructive testing o f  rock qual i ty 
i n  situ. Crosshole seismic techniques have been used i n  
engineering and structural geological studies i n  a wide range 
o f  circumstances ( A k i  e t  al., 1982; Paulsson and King, 1980; 
Thill, 1978; McCann e t  al., 1975; Bois e t  al., 1972). 

A t  the Universi ty o f  Toronto, a crosshole seismic 
system has recently been developed and implemented, 
incorporating a number o f  features which opt imize 
resolution, data quality, and ease o f  f i e ld  operation. Bo th  the 
transmitter and receiver are based on piezoelectr ic 
transducers and are housed i n  sondes for use i n  76 m m  
(NQ Size) o r  larger diameter boreholes. Once i n  a borehole, 
the transmitter can be act ivated continuously f rom the 
surface for  the ent ire survey. The peak power is deliberately 
kept  low so tha t  the borehole is n o t  damaged. 

I n  order to  be capable o f  resolving geological deta i l  on 
the scale of 1 t o  5 m i n  rocks w i th  velocities ranging f r o m  3 
t o  6 km/s, the operating frequencies o f  the system are i n  the 
mid-audio range, i.e., I t o  6 kHz. Despite the low peak 
power and relat ively high frequencies (which undergo 
stronger attenuation), crosshole distances o f  several hundred 
metres are feasible i n  unaltered and unfractured crystal l ine 
rocks. This is possible because signal-to-noise rat ios can be 
increased dramatical ly through stacking and cross- 
correlation. The f ie ld  data are stored digi tal ly t o  fac i l i t a te  
on-site and post-survey processing. 

BELL'S CORNERS TEST HOLES 

BC-4 BC-3 BC-2 BC-l 

70 m 

SANDSTONE 

WEATHERED GRANITE 

GRANITE/GNEISS 

YWI* ZONES OF FRACTURING, 
BROKEN OR ALTERED ROCK 

(AFTER BERNIUS, 1981) 

Figure 1. Generalized geology in the boreholes at  the GSC 
Borehole Geophysics Test Area in Bell's Corners, near Ottawa 
Ontario (a f t er  Bernius, 1981). 

Universi ty of Toronto, Toronto, Ontario M5S 1A7 
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F ie ld  results 

Figure 1 shows the geological logs (Bernius, 1981) o f  
four near-vert ical boreholes a t  the Geological Survey o f  
Canada Borehole Geophysics Test Area a t  Bell 's Corners, 
near Ottawa, Ontario. The top 65 m o f  rock i s  mostly sandy 
dolomite and sandstone. This is underlain by 17 m o f  severely 
weathered and altered Precambrian granite w i th  abundant 
occurrences of chlorite, clay minerals, and altered feldspar. 
The alterat ion grades in to unweathered granite and gneiss a t  
about 80 m depth. Numerous small f ractures and faults were 
observed i n  the core of a l l  four boreholes. 

Observations were made on how seismograms change as 
the path length between the receiver and transmitter 
increases for  the di f ferent rock types: the sandstone a t  a 
depth of 50 m, the weathered granite a t  70 m, and the 
granite-gneiss a t  113 m. The transmitter and receiver sondes 
were placed i n  d i f ferent  borehole combinations (labelled as 
BC-1, BC-2, BC-3, BC-4) t o  obtain horizontal distances of 
10, 30, and 100 m. Figure 2 shows the seismograms and the i r  
amplitude spectra estimated by the fast Fourier transform. 
The nulls i n  energy a t  3.3 and 6.6 kHz occur because a dr iving 
waveform was chosen for  the piezoelectric transmitt ing 
transducers w i th  these nulls. It i s  clear tha t  the high- 
frequency energy (>3.3 kHz) is rapidly attenuated i n  
sandstone and altered granite, bu t  i t persists w i th  re la t ive ly  
strong amplitude out t o  distances of about 100 m i n  
unweathered granite-gneiss. 

I n  Figure 3, f i r s t  arr ival t imes and logari thms of 
amplitudes (corrected for  geometr ical spreading and 
averaged over two  frequency bands 1 t o  3.3 kHz and 3.3 t o  
6.6 kHz) are p lo t ted against range. The slopes o f  these plots 
give the apparent P velocities Vp and attenuation 
coeff ic ients ap. Both Vp and ap strongly re f lec t  the d i f ferent  
mechanical properties o f  sandstone, weathered granite, and 
unweathered granite-gneiss. 

Using the attenuation coefficients, velocities, and 
frequencies f r o m  Figure 3, we can estimate the rock qual i ty 
factor  Qp = nf/Vp/dlp. I n  the frequency band 1 t o  6.6 kHz, 
Qp is estimated t o  be between 85 to  95 for  the unweathered 
granite, and between 30 and 45 for  both the al tered granite 
and sandstone. These Qp .estimates are noteworthy because 
they are derived f r o m  in  s ~ t u  measurements over distances o f  
10 t o  100 m. They appear to  be i n  general agreement w i t h  
Q values determined i n  laboratory experiments using 
decimeter-sized rock specimens and ultrasonic frequencies 
(Johnston e t  al., 1979; Winkler and Nur, 1982). However, 
caution must be exercised i n  interpret ing the significance of 
the apparent Qp values since the loss o f  wave coherence and 
amplitude i n  the f ~ e l d  experiment l ike ly  is caused by several 
physical processes, including, fo r  example, anelastic 
absorption and scattering and d i f f ract ion by cracks and 
fractures o f  various sizes. 

I n  Figure 4, we have shown constant-gain seismic fans 
o f  the two horizontal components (channels 2 and 3) o f  
mot ion w i t h  the receiver sonde f ixed a t  a depth o f  113 m i n  
BC-4 and the transmitter moved i n  one metre intervals f r o m  
a depth of 113 t o  213 m i n  BC-1. D i rec t  arrivals on the 
upper parts o f  the fans and tube waves are obvious. There is 
a sharp decrease i n  d i rect  ar r iva l  amplitude beneath the 
transmitter depth o f  183 m where a major f racture 
intersection occurs. Random scattering by numerous small  
cracks and joints i n  the rock make these seismograms w i t h  
longer t ravel  paths extremely complicated and c lu t tered so 
that secondary arrivals such as S events or ref lect ions are 
d i f f i cu l t  to  identify. 

When the rock is relat ively uncracked and unfractured, 
shear waves are ident i f iable as is shown i n  F igure 5. These 
seismograms were taken between t w o  near-vert ical 
165 mm-diameter boreholes dr i l led 13 m apart i n  b io t i te  
granite a t  another test site. F o r  these two seismic fans, the 
transmitter was f i xed  a t  100 and 148 m i n  one borehole whi le 
the receiver was moved through 2.26 rn intervals i n  the other. 
Both 5 and P arrivals can be seen clearly b u t  the S is 
relat ively much stronger fo r  the upper transmitter position 
(fan on l e f t  side). This is because the lower t ransmi t ter  
position is located i n  a zone of f ractured rock. F o r  both 
seismic fans, the average S and P velocities were calculated 
t o  be about 3.1 and 5.5 krnls. Independent estimates fo r  the 
density o f  the granite f rom gamma-gamma logs o f  
2.7 gm/cm3 allow us t o  in fer  that the dynamic Young's 

GRANITE 
o WEATHERED GRANITE 20r A SANDSTONE 

RANGE ( meters) 
Figure 3. Velocity and attenuation estimates for different 
rock types .  
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Figure 4. Constant-gain seismic fan in granite/gneiss. The receiver is f ixed a t  a depth of 11 3 m in 
borehole BC-4, while the transmitter i s  moved i n  one metre intervals in BC-1 f rom a depth of 113 rn 
t o  213 m. 

modulus and Poisson's ra t io  are 65 Gpa and 0.245 
respectively. Such estimates of mechanical constants o f  rock 
may have important implications for  mining and geological 
engineering. 

Figure 6 shows a seismic f a n  observed between two 
boreholes 175 m apart. The transmitter is f ixed i n  one 
borehole at  a depth o f  250 m while the receiver is moved 
f r o m  a depth of 100 m t o  350 m i n  5 m intervals i n  the other 
borehole. The maximum separation between the transmitter 
and receiver i n  these seismograms is about 230 m. The d i rect  
P arrivals can be seen clearly, and the average velocities o f  
these granites is determined to range f rom 5.5 t o  6.6 km/s. 
A sharp decrease i n  signal amplitudes for  the lower receiver 
positions is also observed (approximately 305 m). For  these 
seismograms, the receiver has moved below a f racture zone 
while the transmitter remains above it. The presence o f  
broken and fractured rock i n  the seismic path between the 
sondes haa severely attenuated the transmitted acoustic 
energy, creating a seismic shadow. The prominent low- 
velocity events i n  the fan originating a t  receiver depths o f  
245 and 300 m are tube waves due t o  the conversion o f  P 

energy by f racture intersections a t  these depths. There is no 
clear evidence o f  shear energy i n  this fan. I t  appears that 
small cracks and fractures along these longer t ravel  paths 
have completely dissipated coherent 5 arrivals. 

Conclusion 

F ie ld  results using the crosshole system indicate the 
potent ial  usefulness of the technique i n  rock mass 
character izat ion and determinat ion o f  geological structure. 
They indicate tha t  systematic scanning between two 
boreholes w i t h  many seismic fans would be capable of 
revealing geological details for  distances away f rom the 
boreholes as great as 230 m i n  unaltered granites. This is 
signif icant ly larger than the radi i  o f  investigation o f  standard 
geophysical logging tools. 
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Figure 6. Constant-gain seismic fan between two holes 175 m apart in biotite granite. The transmitter was fixed at 250 m while the receiver was moved in 5 m steps from 100 m to  350 rn in the 
other borehole. 

... 
plot 
gala 

timc msec. 
30 40 50 si' 70 no 90 100 

I I I I I I I 



References 

A k i  K., Fehler, M., Aamodt, R.L., A.lbright, R.N., 
Potter,  R.M., Pearson, C.M., and Tester, J.W. 

1982: Interpretat ion of seismic data f rom hydraulic 
fractur ing experiments a t  the Fenton Hi l l ,  N.M., 
Ho t  D r y  Rock Geothermal Site, Journal of 
Geophysical Researh, v. 87, p. 936. 

Bernius. G.R. 
1 1981: Boreholes near Ot tawa for the development and 

testing o f  borehole logging equipment - a 
preliminary report; i n  Current Research, Par t  C; 
Geological Survey o f ranada ,  Paper 81-lC, p. 51. 

Bois, P., LaPorte, ivl., Lavergne, M., and Thomas, G. 
1972: Well-to-well seismic measurements; Geophysics, 

v. 37, p. 471. 

Crampin, S., McGonigle, R.M., and Bamford, D. 
1980: Est imating crack parameters f rom observations o f  

P-wave velocity anistropy; Geophysics, v. 45, 
p. 345. 

Hudson, J.A. 
1981: Wave speed and attenuation o f  elastic waves i n  

mater ia l  -containing cracks; Geophysical Journal 
o f  the Royal Astronomical Society, v. 64, p. 133. 

Johnston, D.H., Toksoz, M.N., and Timur, A. 
1979: Attenuation o f  seismic waves i n  dry and saturated 

rocks; Geophysics, v. 44,p. 631. 

McCann, D.M., Grainger, P., and McCann, C. 
1975: Inter-borehole acoustic measurements and their 

use in  engineering geology, Geophysical 
Prospecting, v. 23, p. 50. 

Paulsson, B.N.P. and King, M.S. 
1980: Between-hole acoustic surveying and monitoring 

o f  a granit ic rock mass, Internat ional Journal o f  
Rock Mechanics, Mining, Sciences and 
Geornechanics; Abstract, v. 17, p. 371. 

Stierman, D.J. and Kovach, R.L. 
1979: An i n  s i tu  velocity study: the Stone Canyon well; 

Journal o f  Geophysical Research, v. 84, p. 672. 

Thil l, R.E. 
1978: Acoustic cross-borehole apparatus for  

determining i n  s i tu  elastic properties and 
structural in tegr i ty  o f  rock masses, Proc.19th 
U.S. Rock Mechanics Symposium; Universi ty o f  
Nevada-Reno Press, p. 121. 

Walsh, J.B. 
1965: The e f fec t  o f  cracks on the compressibil ity o f  

rock, Journal o f  Geophysical Research, v. 70, 
p. 381. 

Winkler, K.W. and Nur, A. 
1982: Seismic attenuation: e f fects  of fluids and 

f r ic t ional  sliding, Geophysics, v. 47, p. 1. 



Author IndexIIndex des auteurs 

Page Page 

Barnard. R.W. .................................. 285 
Black. A.J. .................................... 181 
Boniwell. J.B. .................................. 297 
Borsaru. M ...................................... 261 .................................... Brarns0e.E 207 
Brist0w.Q ................................. 127. 343 
Br0tt.C.A. .................................... 277 

.................................... Darn1ey.A.G. 3 
Dyck. A.V. ................................. 57. 349 

Edwards. R.N. ................................. 289 
Eis1er.P ....................................... 261 

G0ff.D.D. ..................................... 277 
Greenh0use.J.P. ................................. 7 
Gustavsson. M .................................. 161 

Harris. J.M. ................................... 285 
Hattula. A ..................................... 237 
Hay1es.J.G. .................................... 57 ..................................... Hil1.D.G. 379 
Howard. K.W.F. ................................ 217 
Hur1ey.P .................................. 159. 393 

Jensen.D.H. ................................... 285 
Jones. A.G. .................................... 337 

Kil1een.P.G. ................................. 1. 29 ................................... Krause.6.R. 375 
Kristensson. G ................................... 79 

............................. Larn0ntagne.Y 101. 323 .................................... Lap0inte.P 227 
Levy.G.M. ..................................... 7 1  
Lively. J.M. ................................... 277 ..................................... L0.B.R.H. 289 

MacNae. J.C. .............................. 101. 323 .................................... Malrnqvist. L 79 .................................. Mathew.P.J. 269 
McDaniel. P.J. ................................. 285 
McNeill. J.D. ................................... 7 1  .................................. Millard. W.A. 277 
Mor6n.P ...................................... 161 ................................... Morris. W.A. 227 
Mwenifurnbo. C.J. ........................... 13. 145 

................................... Olschewski. K 47 
0lson.G.G. .................................... 251 
0lsson.O ...................................... 197 
Osterlund. S.E. .................................. 53 

.................................... Watts.R.D. 207 ..................................... Webster.8 107 
West.G.F. ................................ 159. 393 
Wither1y.K.E. ................................. 361 
W0ng.J ............................... 119.159. 393 
Wright. D.L. ................................... 207 



Energy, Mines and I $ Resources Canada 
Energie, Mines et 
Ressources Canada 


	Table of Contents



