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BOREHOLE GEOPHYSICS APPLIED TO METALLIC MINERAL PROSPECTING: A REVIEW 

ABSTRACT 

This report presents a review of the lite r ature on borehole g·eophy sical methods and 
applications most relevant to p rospecting for and evaluation of metalliferous mineral deposits. 
Seismic, e lectrical , gravimetric, magnetic, nuclear, temperature measur ement and 
directional surveying techniques are discussed; a brief r eview of borehole g·eophysical 
methods in permafrost concludes the review. 

It is app arent from the literature that the electrical and magnetic methods have been 
used in boreholes for the p ast twenty-five years for the purpose of directly d etecting deposits 
missed by the borehole; many successful applications are evident. Other techniques h ave 
seen more limited u se ; in these cases various possibilities exi s t. Those methods with 
inher ently shallow depth of penetration fill the compleme ntary role of in situ determination 
of rock properties and metal content. 

RESUME 

Ce r apport presente une recension de publications sur des methodes geophysiques 
pratiquees sur les sondages et leurs applications a la prospection et a l' evaluation des 
g1tes metalliferes. On apporte des considerations sur les differentes methodes utili sees: 
sismique, electrique, gravimetrique , magnetique , nucleaire ains i que sur les mesu res 
de temperature et de deviation des sondages. En conclusion, ce rapport donne un bref 
aperc;u de ces methodes pratiquees specifiquement dans le pergelisol. 

Il r essort a la lecture d e cette recension que les methodes electriques et magnetiques 
ont ete utilisees avec succes depuis 25 ans d ans le but d 'un reperage direct des g1tes, 
r eperage qui n' es t pas atteint par le trou de forage seul. L'application d es autres methodes 
s 'est averee plus restreinte bien qu 'il existe, toutefois, de multiples possibilites 
d'utilisation pour celles-ci; p ar exemple, elles peuvent d ans le cas d e forages p eu profonds 
jouer un role complementaire dans la determination in situ des proprietes des roches et de 
leur teneur en metaux. 





1. INTRODUCTION 

A. V. Dyck 

Borehole geophysical methods have, for many y ears , 
b een used extensively for well logging in the exploration 
for petroleum. The methods are usually applied with a 
view to making in s itu measurements of the physical 
properties of the rocks surrounding the hole. It can b e 
r eadily appreciated that a significantly greater sampling 
volume can b e obtained through such measurements than 
through examination of the drill core alone. In many 
instances the existence of these methods h as made it 
possible to dispense with the necessity of obtaining core. 
Subsurface geological mapping has b een a main goal of 
well-logging measurements . Seve r al papers h ave been 
published dealing with the development of the w ell-logging 
industry (see, for example: Johnson , 1962; Evans, 1970) . 

More r ecently the mining industry h as b ecome 
interested in borehole geophysical methods. In explora
tion for ferrous and non-ferrous deposits borehole 
measurements are usually a 'third-dimen sion' pros p ecting 
method in which the aim is to detect ore directly . The 
increased sampling volume is possibly an even greate r 
advantage in metallife rous exploration than in other 
applications because of the irre gular and complex n ature 
of s uch deposits. Sev eral gen eral p ap ers have been · 
published on the uses of borehole methods in mining 
geophysics including p ap e r s by Zablocki (1966) , 
Baltosser and Lawrence (1970) and Anderson (197 4), 
the latte r d ealing mainly with nonmetallic minerals. 

Table 1. 1 

HOLE AND CORE SIZES 

SPECIFICATIONS 

O. D. OF SET I. D. OF SET 
BIT SIZE COREBARREL BIT BIT 

SIZE 
in. mm in. mm 

XRP XRP 1. 275 32. 39 . 885 22. 48 

XRT *:j: XRT 1. 160 29. 46 . 735 18. 67 

EX t:~ EX, EWX 1. 470 37. 34 . 845 21. 46 

EXT * EXT, EWT 1. 470 37.34 . 905 22.99 

AX t:j: AX, AWX 1. 875 47. 63 1. 185 30. 09 

AXT * AXT , AWT 1. 875 47 . 63 1. 281 32 . 54 

BX * t :j: BX, BWX 2. 345 59. 56 1. 655 42 . 04 

NX *·r:~ NX, NWX 2. 965 75. 31 2. 155 54. 74 

HWX *:i: HWX 3. 890 98. 81 3. OOO 76. 20 

H * H 3. 890 98. 81 2. 875 73. 04 

EXK * EXK, EWK 1. 470 37. 34 . 905 22 . 99 

AXK * AXK, AWK 1. 875 47. 63 1. 281 32. 54 

* Conforms to Canadian Diamond Drilling Association Standards (C. D. D. A.) 
·~ Conforms to U.S. A. Standards (D. C. D. M.A. ) 
:1: Conforms to British Standards Institute (B. S. I. ) 
I 

All sizes shown are Mean Dimensions with a tolerance of ± 0. 005 inch 

(J. K. Smit & Sons, Toronto , Ontario) 



The information return can be greatly increased 
with very modest additional cost once a hole has been 
drilled . For example Levanto (1959) has estimated that 
200 borehole magnetic measurements can be made for 
the price of one metre of drilling. The most obvious 
advantage of borehole measurements over surface profiling 
is the possibility of bringing the measuring equipment 
much closer to the deposit, particularly in the case of 
d eeply buried ones. It should be mentioned that methods 
with inherently shallow limits of p enetration must fill the 
complementary role of in situ determination of rock 
properties and metal content. 

This r eport comprises a review of the literature on 
the borehole geophysical methods and applications that 
are most relevant to prospecting for and evaluation of 
me ta llic mineral deposits. Mr. L. S. Collett has 
coordinated this initial phase of a cooperative program 
involving the Geological Survey of Canada and several 
me mb ers of the Canadian mining industry. It is hoped 
that this survey of the literature will help indicate the 
direction that a development program must take in order 
to provide the mining industry with a range of borehole 
geophysical techniques which can be applied with 
confidence. 

The report is organized in sections by method, 
each section having been contributed by a member of 
the Geological Survey of Canada as well as a contribution 
from the Earth Physics Branch of the Department of 
Energy, Mines and Resource s. A useful glossary of well
logging terminology may be found in a paper by 
Sheriff (1970). A compilation of hole and core sizes 
may be found in Table 1. 1. 
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2. BOREHOLE SEISMIC METHODS 

A. Overton 

INTRODUCTION 

Seismic, elastic-wave, acoustic or sonic methods, 
have found wide application in borehole investigations. 
Determinations of seismic velocity for both compressional 
and shear waves, porosity, density, elastic parameters, 
cave size and shape, effectiveness of cement bond to 
casing, fracture condition of borehole wall, fracture 
condition between boreholes, and borehole wall condition 
by visual display of reflected sound waves, are all 
developments of acoustic methods. The names of the 
various probes used to conduct specific investigations 
and the company whose tradename they bear are listed 
below, along with their definition and descriptions. 

Acoustic log: or sonic, or acoustilog. A generic 
term for well logs which display any of several aspects 
of acoustic-wave propagation. In some acoustic logs 
(sonic or continuous velocity logs), the travel time of 
the compressional wave between two points is measured. 
In others (amplitude log), the amplitude of part of the 
wave train is measured. Other acoustic logs (character 
log, three-D log, variable density log (VDL), micro
seismogram log, signature log) display part of the wave 
train in wiggle or variable-density form. Still others 
(cement-bond log, fracture log) are characterized by 
the measurements rather than their form. Borehole 
televiewer is also an acoustic log. Acoustic log is a 
Lane-Wells trademark. Acoustilog is a Pan Geo Atlas 
Corporation trademark. 

Amplitude log: A borehole log of the amplitude of 
a portion of the acoustic wave used in acoustic logging. 
Two types are Cement-bond log and Fracture log. 

l. Cement-bond log (CBL): A well log of the 
amplitude of the acoustic wave which indicates 
the degree of bonding of the cement to the 
casing and formations. If the casing is poorly 
cemented, energy which travels through the 
casing at the high velocity of acoustic waves 
in steel, is strong and little energy travels in 
the formation; if the casing is well cemented, 
the casing signal nearly disappears and the 
formation signal is strong. The cement bond 
log may consist of an amplitude log which 
represents the amplitude of a portion of the 
longitudinal acoustic wave train, or a display 
of the acoustic wave train such as the character 
log, three-D, microseismogram, VDL, or 
acoustic signature log. 

2. Fracture log: A well log of the cumulative 
amplitude of the wave arrivals from a sonic 
logging probe during a certain gate time. A 
fracture zone attenuates the acoustic energy. 

Borehole televiewer or Seisviewer: A well log 
wherein a pulsed, narrow acoustic (sonar) beam scans 
the borehole wall in a tight helix as the probe moves 
up the borehole. A display of the amplitude of the 
reflected wave on a cathode ray tube (television screen) 
is photographed yielding a picture of the borehole wall 
which reveals fractures, vugs, etc. ; BHTV is a Mobil 
Oil trademark. 

Character log: A display of the acoustic wave 
train in wiggle form, as opposed to the similar sort of 
display in variable density form in the three-D log, 
microseismogram, or VDL log. 

Continuous velocity log: CVL ; a Birdwell trade
mark, or sonic log, is a log of formation seismic 
velocity against depth. The quantity recorded and 
graphed is usually the reciprocal of velocity, i. e . the 
travel time over a short interval, often expressed in 
microseconds per foot. 

Microseismogram log: Similar to the variable
density log or three-D log, a WELEX trademark. 

Sonar Caliper log: The sonar caliper is used to 
measure the profiles of storage caverns and large
diameter boreholes. Sound pulses are sent out from a 
transmitter and the time for the sound to travel to the 
cavern or borehole wall and back to the transmitter 
is recorded. The principle is similar to that of radar 
but uses sound instead of radio waves. The subsurface 
equipment consists of a probe which contains the 
sound transmitter and receivers, and a device for 
measuring the velocity of sound in the medium sur
rounding the tool. 

The surface equipment includes a panel which 
incorporates an oscillograph and a special Polaroid 
camera for automatic direct production of cross
sectional profiles of the hole. 

Final results are presented in three forms: 
vertical profiles in four different planes; calculated 
volumes; or a plastic model (Dawson- Grove, 1969). 

Sonic log: A Schlumberger trademark. A well 
log of the travel time (transit time) for acoustic waves 
over a unit distance, hence the reciprocal of the lon
gitudinal wave (P-wave) velocity. The sonic log which 
is also called acoustic-velocity log or continuous
velocity log is especially used for porosity determina
tions by the Wyllie relationship (Wyllie et al., 1956, 
1958). The interval transit time is integrated down 
the borehole to give the total travel time. For the 
compensated sonic log (BHC), two transmitters are 
pulsed alternately. Averaging the measurements tends 
to cancel errors due to probe tilt or changes in hole 
size. 
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Three-D log: A Birdwell tradename. Three
dimensional velocity log; a display of the seismic or 
acoustic wavetrain received a short distance (3 to 12 ft. ) 
from a sonic wave transmitter. (Also called microseimo
gram log and variable density log. ) 

Variable density log: A microseismogram log 
using a variable-density display in which the photo
graphic density is proportional to signal amplitude. 

VDL log: A three-D log. Schlumberger trademark. 

. Wiggle trace display: A waveform display which 
is a graph of amplitude against time. 

DEVELOPMENT OF BOREHOLE SEISMIC METHODS 

The following text deals with r eferences in a 
chronological order to illustrate developments in their 
proper historical context. 

Summers and Eroding (1952) and Vogel (1952) 
described the d evelopment of early continuous velocity 
logging equipment. The early objective of these devices 
was to define the velocity-depth function for use in 
seismic interpretation. Prior to the continuous velocity 
logging methods time-depth functions were commonly 
obtained by lowering a borehole seismometer to various 
depths in the borehole and recording dynamite blasts 
from the surface. These were called well velocity 
surveys, or geophone velocity surveys (Hobson and 
Findlay, 1967); detailed surveys took considerable 
time and often gave poor estimates of formation interval 
velocities due to limitations in timing resolution over 
small formation intervals. 

The two types of early continuous velocity logging 
prob_es had a single acoustic source and either a single 
receiver, or two r eceivers. Compressional waves, and 
occasionally shear waves, were recorded. Signal 
characters and amplitudes could be used to identify 
some of the rock types traversed (Vogel, 1952). 

Sonic travel times, b eing inversely proportional to 
the speed of so1,md, depend upon the elastic properties 
of the rock matrix , the porosity of the formation and 
their fluid content and pressure (Tixier et al. , 1959). 
Compressional wave velodties in rocks range from about 
1. 8 km/sin shallow shales to about 7. 6 km/sin dolomites. 
For igneous rocks, velocities are intermediate to these 
extremes. In hard formations (well cemented and/or 
compacted), the sonic log characterizes the amount of 
fluid in the formations; hence, it correlates well with 
formation porosity. The sonic log has been found an 
almost ideal means of obtaining continuous porosity 
measurements in the borehole (Tixier et al., 1960). 
Used in conjunction with resistivity logs it gives an 
estimate of formation connate fluid type and saturation 
ratio (Pirson, 1963). 

Schlumberger (1966), described an improved con
tinuous borehole interval v elocity probe using two 
acoustic sources, one above and the other below a pair 
of spaced receivers. It gives more precise interval 
velocities by correcting for borehole irregularities and 
misalignment of the probe in the borehole; it is called 
the Bore Hole Compensated logger (BHC). 

4 

Another concept described by White (1967) utilizes 
different wave types due to radially, axially , and 
torsionally excited oscillations in the borehole wall to 
gain more complete knowledge about borehole conditions 
such as drilling fluid invasion, lay ering, fractures, 
and also el astic constants for the materi als logged . 

Runge and Powell (1967) described the application 
of a high speed digital computer toward filt ered enhance
ment of data from a digital field log. 

Evans and Cotter ell (1967) described full wave 
r ecordings of acoustic signals in borehole logging to 
give both the velocity for compressional waves and for 
shear waves (shear waves appear to be recorded only 
under special circumstances). If d ensity is a lso known 
as, for example, from scattered-gamma or gamma
gamma d ensity logs, parameters M and µ may be 
obtained. These parameters are called the plane wave 
modulus and the shear modulus r espectively . Con
versely, if M and µ are known from statistical r ecords 
for a given rock type, then density may b e found from 
either shear or compressional velocity . The conver-
sion technique is based on empirical expressions 
relating velocities to elastic moduli for various rock 
types. Hence, when sufficient d ata are accumulated 
for rock types of interest, elastic parameters may be 
derived from the acoustic velocities. Computer an alysis 
of digitize d logs carries out the conversions most 
efficiently. Evans and Cotterell (1967) call these 
synthesized logs "modulus" or "elastic p arameter" logs 
so that they represent another means of identifying 
lithologic units. Comparison of d erived parameters 
with the corresponding logged p arameters , e. g. densities 
derived compared with densities logged , reveals devia
tions for portions of the lithology which violate the 
empirical r elationships and require further investigation. 

Well logging in the U.S. S. R. is described by 
Caldw ell (1967) who concludes that practically every 
type of logging which is used in the United States is 
found in the U.S . S. R. Acoustic log r ecording of the 
complete wave form similar to the microseismograms 
in the United States is in use. Acoustic velocity logs 
appear to be not so widely used . 

Fons (1969) described geological applications of 
well logs. This paper presents a compilation of methods 
for relating log data to the geology and the evaluation 
of petroleum and mineral deposits. It is basic and broad 
in scope. Included is information about log analysis 
for the correlation of lithologic units by the identifica
tion of formation components and the environment at 
the time of form ation deposition. Log study of formation 
alteration subsequent to deposition is also considered. 
A trend is suggested toward multiple logging techniques 
with interrelationships between logged parameters 
narrowing the uncertainty limits on identification of 
lithology or physical parameters such as porosity and 
density, rate of deposition, sediment sources, sub
sidence rate , water depth at time of deposition, trans
gressive sea environments, nonmarine or elastic 
deposits, valley fill deposits, marine deposits, b arrier 
bar sands, beach sands, delta complexes, shallow 
lagoons, marine deep deposits, turbidity current sands, 
coral reefs, evaporites, faults and fractures, mapping 
of structure, lithofacies or isopach, structural or 



regional dip, stratigraphic traps, rock texture, per
meability, fluid content and formation age. It is stated 
that under certain conditions even the colour of the 
rock or the existence of fossils may be identified by 
logging. In this system of logging with each particular 
log contributing to the formation identification, the 
elastic wave logs used are unit travel time, velocity, 
acoustic attenuation, shear wave amplitude, acoustic 
wave persistence, compressional wave amplitude, and 
borehole televiewer. The logging of every measurable 
parameter with the correlation of results against core 
sample evaluations greatly assists in finding ways to 
substitute logging techniques for the more expensive 
core analyses. 

In their description of log evaluation of nonmetallic 
minerals deposits, Tixier and Alger (1967, 1970), 
explain that: well logs can be used to locate and evaluate 
deposits of various commercially important minerals. 
It is only necessary that the mineral of interest represent 
a significant fraction of the formation bulk volume, and 
that it exhibit characterizing properties measurable by 
logs. Because modern logging methods measure 
electrical, density, acoustic, radioactivity and certain 
nuclear characteristics of formations, they may be used 
to identify many types of minerals. For evaluation of 
sulphur deposits, either density or sonic logs provide 
good resolution when compared with porosity computed 
from neutron or resistivity logs. Trona beds (impure 
sodium carbonate) are identified by a sonic reading of 
approximately 65 microsec/ft. , neutron porosity index 
of about 40 per cent, low natural radioactivity, and 
pronounced hole enlargement. Gamma-ray logs provide 
important information for the location, identification, 
and evaluation of potash mineral deposits. Neutron, 
sonic, and density logs, in various combinations, 
augment the gamma-ray data in such studies. Coal beds 
are characterized by high resistivities, and by high 
apparent porosities on sonic, neutron, and density logs . 
Density logs are particularly suited for evaluation of 
yield from oil shales. In all such explorations for non
metallic mineral deposits, well-logging methods provide 
a fast, detailed, and economical reconnaissance of the 
entire length of drilled hole. Results compare well 
with core assays. 

Pickett (1970) described applications for borehole 
geophysics in geophysical exploration. Items relevant 
to mineral exploration described are: techniques and 
possibilities for applying borehole measurements in 
metallic deposits and presentations describing borehole 
measurement systems currently under development 
(a borehole gravimeter and the borehole "televiewer"). 
He draws attention to the empirical relationships between 
acoustic velocity, bulk compressibility, fluid compress
ibility, bulk density, shear modulus, and grain 
material compressibility and porosity. Some of the 
acoustic borehole measurements mentioned are interval 
transit time, amplitude, waveform displays, variable 
intensity, cement bond logs, borehole scanner, and 
shear wave and compressional wave velocity. He 
proposed that present capabilities should be sufficient 
to suggest that a better marriage of borehole geophysics 
to exploration geophysics should be rewarding. 

Two papers by Evans (1970) and Baltosser and 
Lawrence (1970) are particularly relevant to this 
review. Their abstracts are therefore reproduced 
verbatim: 

Evans (1970), in "Status and trends in logging" says: 
"Logging service companies are attempting to provide 
a fairly good selection of devices which have proven 
to be popular with the oil industry. However, the 
introduction of new devices or new services is being 
limited because oil companies are standardizing the 
logging suites run in their various geographic operating 
areas. Some of these new techniques appear to have 
significant applications. Recently, standard logging 
suites and evaluation techniques have evolved; these 
can be evaluated in terms of open hole and cased hole 
applications and the physical parameters of interest. 
Generally, these standard procedures depend on the 
differences in responses of multiple electrical and 
porosity devices. The multiple measurements are input 
to response equations which yield the parameters of 
interest. Although mining companies have been slow 
to adopt logging techniques, the use of logging devices 
and interpretation methods in nonpetroleum mineral 
(groundwater, nonmetals, metallic sulfides, etc.) 
exploration and evaluation, and in providing geophysical 
survey parameters is increasing. Nuclear, electrical, 
acoustic, and other methods are utilized, and newer 
applications of these to exploration, particularly in 
lithology determination, suggest themselves. Log 
digitizing and computer processing of log data have 
become routine in most major oil companies, but 
techniques, programs, and equipment vary significantly. 
Currently, commercial digitizing services are too 
expensive to be used extensively; the per-log costs, 
however, are declining as more digitizing companies 
offer competitive services. Two basic commercial 
systems for transmission and computation of log data 
are functioning. To date, these systems yield "quick
look" or reconnaissance parameter computations. 
Current research and development emphasis is on 
pulsed neutron-spectroscopy and acoustic parameter 
measurements and on digital processing techniques. 11 

Baltosser and Lawrence (1970), in "Application of 
well logging techniques in metallic mineral mining": 
"Nearly all of the well logging devices currently used 
in the petroleum industry have found some limited 
application in metallic mineral exploration and mining. 
However, due to differing problems, the emphasis in 
the mineral industries has been on those devices 
regarded as "exotic" or "specialty" by the petroleum 
industry. These include devices to measure or 
determine induced polarization, magnetic susceptibility, 
and hopefully, nuclear activation and the use of 
spectral analysis . Problems which the mining industry 
believes are solvable with well logging methods include 
bulk assay and recognition of minerals adjacent to 
and retired from a borehole, delineation of joint and 
fracture systems, leaching problems which involve 
porosity, permeability and groundwater movement, 
bank stability in open pit mines, roof and pillar loading 
in shaft mines, grindability, and penetration rates in 
drilling. Devices currently offered by the well 
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logging industry which may be useful for these problems 
include those capable of measuring electrical properties, 
natural and induced nuclear radiation, seismic velocities 
of both compressional and shear modes, temperature, 
mechanical features of a borehole such as diameter and 
rugosity, and borehole photography either direct or by 
television. 11 

Guy et al. (1971), in their description of a side
wall acoustic neutron log, pointed to the advantages of 
using multilogging probes simultaneously for economy 
of logging time. 

Another paper whose relevance deserves an abstract 
reproduction is due to Myung and Helander (1972): 
"Correlation of elastic moduli dynamically measured by 
in-situ and laboratory techniques. " The abstract follows: 
"Elastic moduli of 15 cores were determined in the 
laboratory under simulated formation pressure and 
compared to the elastic moduli as determined from the 
3-D log run in the fi eld . The laboratory system used 
enabled the compressional and shear velocities of the 
rock samples to be measured sequentially under triaxial 
pressure. The core samples were from 11 wells from 
different areas of the country representing a number of 
differing competent rock types . The ratio of compres
sional wave velocities measured in the field and the 
laboratory varied from 0. 94 to 1. 13 and the ratio of 
shear wave velocities measured in-situ and in the 
laboratory varied from 0. 92 to 1. 16. The elastic moduli 
computed from theoretical relations developed for 
homogeneous, isotropic and elastic materials also indi
cated good agreement between the two sources of 
measurement indicating that the 3-D velocity system 
can provide in-situ measurements with sufficient 
accuracy to be of practical field use. Young's modulus 
and shear modulus were related to both the compres
sional and shear wave velocities. The correlations 
developed allow both moduli to be predicted from 
knowledge of either the compressional or shear wave 
velocity. Finally, a proposed rock classification method 
is prepared relating Young's modulus and rock density. 
Using measurements from 3-D velocity and density logs, 
sufficient information can be obtained to apply the rock 
classification system. " 

Myung and Baltosser (1972) discuss techniques 
using the seisviewer, three-D velocity log, and the 
three-D signature log for fracture evaluation in bore
holes. A hole to hole technique is described whereby 
fractures between boreholes may be studied. They 
quote a minimum hole size of three inches for the probes. 

King et al. (197 3) described the construction and 
use of an acoustic borehole logging probe for use in 
AX size boreholes. This experimental prototype is 
especially relevant to the mining geophysics require
ment for small diameter logging probes. Commercially 
available acoustic logging probes of small diameter are 
rare. One of them is the sonic logging probe of one 
and eleven-sixteenth inch diameter offered by 
Schlumberger (197 4). 

Finally a recent "state-of-the-art" philosophy may 
be represented by the following abstract from the 
paper by Norquay (1972): 
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"There has b een progressive development in 
services and procedures. These services are mutually 
complementary and form a system. The Synergetic 
Log System (Schlumberger trademark) is such an 
interrelated sequence of components. A basic concept 
of the system is that the greater the amount of useable 
data - the greater the potential for uniqueness in the 
answer . The definable components are: Measurement, 
digital recording, digital transmission, analysis and 
computation, answer log presentation. The latter 
component, answer log, offers a new base for the 
development of innovative interpretation uses. " 
Parkhomenko (1971) described theoretical and exp eri
mental studies relating to piezoelectric and seismo
electric effects in rocks. The piezoelectric method 
utilizes a mechanical stress (seismic impulse) to 
generate an electrical signal (voltage). It is proposed 
as a possible means of exploring for quartz-rich and 
nepheline rocks. The seismoelectric method utilizes 
the electrical potential produced by a seismic wave 
passing through water-bearing rocks. 

CONCLUSIONS 

In mining geophysics acoustic exploration methods 
may be applied in four different ways: 

1. Surface-to- surface t echniques. 
2. Hole-to-surface (or surface-to-hole) techniques; 
3. In-hole techniques; 
4. Hole-to- hole techniques . 

Acoustic exploration methods can be divided into 
three categories: 

A. The direct path method: the travel times for 
different recording paths are measured. Anomalous 
values may represent a change in mineral content, or 
a change in porosity or fracture conditions along the 
recording path. The method may b e applied in the 
surface-to-surface technique for outlining orebodies 
which are partially covered by overburden, the acoustic 
sources and receivers being placed on outcrops, and 
also in techniques 2, 3 and 4 for defining mineralized 
zones as a function of seismic ray path; it may there
fore be useful in defining the position and size of an 
orebody by methods 2 and 4. The method is highly 
susceptible to change in porosity, fracture conditions 
and variations in rock weathering at the sources and 
receivers. Sensitivity in indicating mineral content 
requires a very good velocity contrast between the 
mineralized zones and the host rock. For example 
with velocity contrasts as great as 4. 6 km /s and 
6. 1 km/ s the detection sensitivity is 53 microsec/m. 
Effects of weathering, variations in porosity and 
fracture conditions must be taken into consideration 
before this detection sensitivity can be realized, or 
the method may b e used to study the latter effects for 
their own value. 

B. The Refraction method; the distances from the 
sources and/or the receivers to an interface over 
which the seismic velocity increases are interpreted 



from associated delay times. Under favourable con
ditions this method may be applied in any of the four 
ways involving boreholes and surface to define the 
size, shape and location of orebodies. Each prospect 
must be tested for feasibility as mineralized zones may 
exhibit a higher, lower, or the same seismic velocity 
compared with that of the host rocks. Effects of 
weathered zones at the sources and receivers must be 
considered. The most useful application of the refrac
tion method may be in measuring depths to bedrock 
or definition of the areal extent of a mineralized zone 
under overburden. The method is most definitive for 
large velocity contrasts involving massive orebodies. 

C. The Reflection method: the distances from 
points of measurements (sources and receivers) to an 
interface over which there is a change in acoustic 
impedance (acoustic impedance of a material is the 
product of its seismic velocity and density) are 
interpreted from the travel times of reflected sound 
waves. In many practical cases, for example that of 
a metallic sulphide in metasedimentary or volcanic host 
rocks, the density contrast between the mineral and 
host rocks contributes to a large acoustic impedance 
contrast even though seismic velocities may not differ 
greatly for the two materials . Hence the r eflection 
method may be used in any of the borehole-surface con
figurations for detecting orebodies displaced from the 
borehole (or surface). Fault zones, fractures and 
veins may also be located by the method. The frequency 
content of the sound source markedly affects detection 
sensitivity and resolution. Field procedures must 
determine the optimum working frequency. 

Seismic methods are not well established for mineral 
exploration. A great deal of investigation is required 
to determine appropriate procedures and apparatus . 
Much can be done in this regard from the ground surface 
before large expenditures are considered for sophisticated 
borehole equipment. Efforts should be intensified to 
explore the capabilities of both the purely seismic 
methods and the hybrid piezoelectric and seismoelectric 
methods. In any of the seismic methods signal amplitude 
variations may also prove to be of diagnostic value in 
determining changes in mineralization. 
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3. ELECTRICAL BOREHOLE METHODS APPLIED TO METALLIC MINERAL PROSPECTING 

A. V. Dyck 

INTRODUCTION 

A number of electrical methods have been applied 
to the problem of geophysical prospecting for metallic 
minerals in boreholes. In these applications, the bore
hole not only allows the measuring equipment to 
approach the orebody more closely but also affords the 
opportunity to escape overburden effects which so often 
plague surface electrical methods of prospecting. Most 
available publications describe successful case histories 
dealing with unique applications of a particular method; 
however, several papers also deal with the techniques 
of borehole surveying which may have general applica
tion. For the purposes of this discussion the electrical 
methods are broken into three subgroups: resistivity 
and spontaneous polarization, induced polarization, 
and electromagnetic methods. 

RESISTIVITY AND SPONTANEOUS 
POLARIZATION METHODS 

Resistivity and spontaneous polarization CSP) 
measurements are commonly applied techniques in the 
well-logging industry and there are numerous papers 
on the subject (see bibliography) which are concerned 
with the techniques for the determination of rock 
properties in the vicinity of the drillhole. In fact, 
there are several papers describing investigations which 
may find application to mineral prospecting in drillholes. 

Roy and Dhar (1971) have determined the radius of 
investigation in D. C. resistivity logging by considering 
cylindrical shells of ground concentric with the 
resistivity probe. The radius of investigation is defined 
as the radius of the cylindrical ground shell which 
makes the largest positive contribution to the signal 
received in a homogeneous ground. It is defined in 
relation to the separation L of the two farthest active 
(moving) electrodes. On this basis the normal array 
(pole-pole) has the largest radius of investigation (0. 6 L) 
followed by the lateral array (pole-dipole) (0. 4 L) and 
the Schlumberger and Wenner arrays (0. 2 L). 

Buckner (1954) has considered the effects of a thin 
bed of different resistivity inside a homogenous 
isotropic medium and computed logs for two- and three
electrode devices passing through the media when the 
thin bed is more resistive than the host, but the expres
sion may also be used if the bed is less resistive. 

The time-domain response of wires grounded in a 
homogeneous medium is of interest in electrical 
resistivity logging whenever a commutated direct 
current is used. Wait (1953) has derived expressions 
which may be used to compute the response of a drill
hole array to the sudden application of current. The 
response of an equispaced three-electrode array was 
graphically presented in the paper. 

Monoelectrode and guard electrode resistance 
measurements are commonly employed by the well
logging industry in lithological mapping. The applica
tion of these devices to mineral prospecting in drill
holes has been investigated by Bower (1968). The 
principle of the guard electrode (see for example, 
Guyod, 1951; Dakhov, 196~) differs from the mono
electrode only in the current distribution. Both are 
essentially total resistance measurements and therefore 
are, to some degree, dependent on varying contact 
resistances. At three different test sites in Quebec 
however, Bower (1968), found that either method was 
useful in locating sulphide zones intersected by the 
drillhole. He was also able to demonstrate an empirical 
relationship between continuity of the sulphide zone 
and ratio of background to conductor resistance in the 
case of the monoelectrode or ratio of background to 
depression current in the case of the focussed electrode. 

The advantages of employing an underground 
electrode in D. C. resistivity work are shown in two 
papers. Alfano (1962) considered the difficulty, in 
electrical sounding, of determining the resistivity and 
thickness of the second layer if the top layer is, by 
comparison, either very conductive or very resistive. 
He demonstrated that, in the case of a very resistive 
surface layer, the problem may be overcome by injecting 
current directly into the second layer by means of an 
electrode placed very near the bottom of the surface 
layer. It is then necessary to perform the sounding by 
moving the potential electrodes only, the other current 
electrode being at infinity. An additional benefit of 
this technique is that a smaller maximum electrode 
spacing is needed to complete the sounding diagram 
than in the case of a sounding with all electrodes on the 
surface. The problem is not so easily solved for a 
conductive surface layer because it still gathers most 
of the current unless the electrode is buried much 
deeper. 

Snyder and Merkel (1973) have considered the 
resistivity and IP response of a buried current electrode 
for the purposes of sounding horizontal layers as well 
as outlining buried three-dimensional targets. The 
other current electrode is removed to infinity and 
potentials are measured with a surface dipole. The 
layered models are suitable for computing the response 
of stratiform-type deposits, particularly in cases where 
a conductive overburden is shielding a more resistive, 
deeper IP target. The buried electrode has particular 
appeal when there are practical limits to the electrode 
separation. A survey of surface dipole measurements 
directed radially outward from the current pole is 
useful in determining direction and offset of a three
dimensional target and hence can be used to outline 
deep orebodies. It was observed that a current 
electrode buried near a target can more than double 
the response of the body. The IP response is enhanced 
particularly if the body is more resistive than the 
surrounding rock. 
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Clark and Salt (1951) used the method of images 
to derive an expression for the potential near a con
ducting sphere placed in a more resistive medium. In 
tne technique outlined, one current electrode and a 
potential dipole are employed in the drillhole in a fixed
or expanding- separation mode. The other current 
electrode is placed at the surface in several positions 
which are away from but symmetric with respect to the 
drillhole. Any differences introduced into the bore
hole profile by change in azimuth of the surface current 
electrode is due to conductivity inhomogeneities in the 
rock surrounding the hole. Comparison of the two 
modes of movement of the downhole electrodes can 
separate the effects of bodies near to and distant from 
the hole. The technique was successfully demonstrated 
in a field test on the property of Lake Dufault Mines 
Limited, Quebec. 

A method of determining orebody size by drillhole 
electrical prospecting has been outlined by Seigel (1952). 
The theoretical model considered was a flat - lying oblate 
spheroid. Resistivity curves were prepared for the 
normal (pole-pole) array and the equispaced pole-
dipole array. Current distribution in the spheroid is 
axially-symmetric so no directional information is 
available. It is possible to make an estimate (within 
a factor of 2) of the ellipticity of the spheroid and hence 
decide if the encountered mineralization is a localized 
deposit or the fringe of a larger one. 

Clark (1956) considered a similar problem for an 
elongated body which was represented by a prolate 
spheroid whose major axis lies away from the intersecting 
borehole. In this method one of the current electrodes 
lies in the intersection, the other essentially at infinity, 
while the potential dipole moves along the hole. It was 
shown that the calculated resistivity values are fairly 
uniform up to a distance from the current electrode 
which is equal to the distance the body extends away 
from the hole. From that point on the resistivities 
increase rapidly. The relationship was illustrated by 
a field example and was found to be useful in estimating 
the extension of a mineralized zone away from the hole. 

Several case histories involving the application of 
the mise-a-la-masse technique (also referred to as 
applied potential) have been published. The method 
involves direct excitation of an ore zone by means of a 
current electrode making contact with it. The surface 
of the body becomes an equipotential surface and sur
rounding equipotentials are presumably concentric with 
it. The projection of the equipotentials on some plane 
of measurement is then diagnostic of the shape and size 
of the ore zone. The potentials may be mapped at the 
earth's surface or in sets of boreholes. McMurry and 
Hoagland (1956) have applied the method to delineate 
pencil-shaped zones of disseminated sulphides in a 
dolomite host rock at Austinville, Virginia. The 
resistivity contrast between host rock and mineraliza
tion varies from 10: 1 to 100: 1. The ore zones were 
excited by a current pole making contact in a borehole. 
Potentials were measured in a set of boreholes drilled 
in the same plane and could therefore be mapped over 
the plane containing the holes. High ellipticity of the 
equipotentials, i. e. a departure from the circular shape 
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expected for an undisturbed spherical current distribu
tion, was indicative of the presence of elongated 
mineralized zones. Displacement of the maximum 
potential from its expected position was also observed 
to be significant in locating conductive ore zones. The 
interpretation was supported by theoretical calculations 
of the current distribution. 

Parasnis (1967) was also successful in applying 
the mise-a-la-masse technique in surveying a lead
zinc deposit in central Sweden. Geological correlation 
between drillholes which were numerous and closely 
spaced was difficult because of the irregular geometry 
of the deposit. The potential mapping on the surface 
and in boreholes revealed the dip of the ore body, 
established connections between different parts of the 
deposit and showed that it was crescent shaped. A 
more recent paper by Parasnis (1974) presented 
another field example from a zinc-pyrite orebody in 
northern Sweden. This survey was again able to 
demonstrate the continuity between ore sections 
encountered in adjacent holes. Two other ore sections 
were shown to be unrelated. 

Pelton and Hallof (1971) have described a case 
history in which the mise-a-la-masse technique was 
used to outline small pods of high-grade massive sulphide 
mineralization near York Harbour, Newfoundland, in 
which surface exploration methods had been unsuccessful 
due to poor size-to-depth ratio of the targets and wide
spread disseminated mineralization. However, no 
alteration halo exists around the sulphide pods to aid 
in their detection. The technique was first tested 
away from mineralization to verify the spherical 
potential distribution under the prevailing geologic 
and topographic conditions. Subsequent application 
in the mineralized area yielded identical distortions of 
the potential pattern when two intersections in different 
holes were contacted. Thus it was shown that the two 
intersections are joined together and are part of a 
larger ore zone, a fact that was later confirmed by 
extensions to the underground workings. 

An interesting case history described by Morrison 
(1971) concerns the exploration for lead deposits in 
flat-lying sediments in Missouri. The deposits of 
interest are themselves horizontal bodies of disseminated 
galena (2 to 3%) at depths of 700 to 800 feet. The 
preliminary measurements were performed with the 
mise-a-la-masse technique but various practical limita
tions dictated that the bulk of the measurements be 
made using only one borehole at a time. The single
hole method involved placing two points in the bore-
hole on an equipotential surface by suitable arrange
ment of the two surface current electrodes on opposite 
sides of the hole and 1500 to 2000 feet away. In order 
to de-emphasize the stratigraphic effect of an over-
lying conductive shale layer (250 n-m, i. e. 40 times 
more conductive than the host rock of the ore), one of 
the potential electrodes was placed in the shale while 
the positions of the current electrodes were adjusted, 
the other potential electrode being at the bottom of the 
hole. Departures from the equipotential were then 
recorded along the hole by moving the upper electrode. 
The survey was also performed with the current dipole 



in the orthogonal position. The method was found to 
give good directional information to better mineralization 
provided the ore was within 500 feet of the hole. 

The U.S. Geological Survey has been active in geo
physical borehole methods (Zablocki, 1966a) as part of 
investigations into electrical properties of rocks. It 
was found by Zablocki that electrical r esistivity logs 
could be used to distinguish enriched hematite ores from 
noncommercial ores. The combination of resistivity 
and magnetic susceptibility was found to be useful in 
determining the amount of magnetite necessary for a rock 
to appear electrically continuous (Zablocki, 1966a, b). 
For iron-formations of low magnetite content, the 
resistivity was predominantly dependent in the rock 
porosity. However, at higher concentrations of magnetite 
(8-20% by volume, depending on mode of distribution 
of the magnetite) the resistivity was observed to decrease 
sharply. 

The results of experimental spontaneous-polariza
tion (SP) measurements in drillholes for the purposes 
of mineral exploration have been reported by Becker 
and Telford (1965). They point out that the self
potentials associated with sulphide bodies, graphite 
and magnetite can be quite large (up to 1 volt) which 
is much larger than those encountered in sedimentary 
formations (less than 75 mv). A number of model 
studies indicated that in order for a body to produce 
the usual negative, symmetric, surface anomaly, there 
must be current flowing in the surrounding medium 
which leaves the body at depth and returns to it near 
the surface. Therefore the upper portion of the body 
must be negative with respect to the bottom. An example 
of a sulphide model buried at 100 feet showed no 
appreciable surface anomaly but did have a measurable 
self potential in a drillhole which missed the body by a 
comparable distance. It was also indicated that clay 
can be an efficient inhibitor of the SP effect by limiting 
the amount of electrochemical activity at the orebody 
surface and by preventing current flow at the surface. 

The field measurements were made with special 
nonpolarizing electrodes. These were porous pots which 
were allowed to leak so as not to collapse under the 
pressures encountered in the drillhole. The potential 
of this single electrode was measured with respect to a 
fixed porous pot at the surface near the collar. A fixed
separation mode of operation with both electrodes in the 
hole required only that the ends of a copper wire be 
exposed since they were both in the same environment. 

About 60 drillholes were logged near base metal 
deposits . Generally the SP anomalies occurred at 
mineral intersections described in the core logs and some
times at minor mineral bands considered insignificant. 
They were typically negative but, in general, showed 
little correlation between amplitude and grade of mineral
ization. The large potentials are associated with the 
interfaces between barren rock and mineralization. It 
was recommended that, in further work, more chemical 
and electrical measurements be made, for example, pH 
and oxidation potentials. However, the routine applica
tion of the method in exploration work to obtain precise 
information on locations of interfaces, and indications of 
sulphides away from the hole, was strongly recommended. 

Further study of SP effects in drillholes was made 
by Bower (1958). A total of 25 holes on three different 
sites were surveyed using a lead-antimony electrode. 
It was found that the locations of the SP anomalies agree 
very well with the presence of sulphide intersections 
although, again, no correlation with degree of mineral
i zation was evident. The shape of the SP anomaly 
profile was observed to be variable around massive 
sulphide contacts and highly erratic near disseminated 
sulphides. 

B\'llviken e t al. (1973) h ave described an instru
ment developed at the Geological Survey of Norway for 
making in situ measurements of Eh, pH and self
potentials in diamond-drill holes. The instrument has 
been tested to depths of 350 m without damage to the 
glass electrode. A Cu-CuS04 electrode i s u sed for 
measuring SP. Some SP field results from the Joma 
pyrite deposit, Norway, have been presented in a 
s ubsequent paper (Logan and B\'llviken, 197 4). SP 
measurements were made in 14 holes and were found 
to be repeatable to within 1-2 mV. All measurements 
were reduced to a common reference voltage. Two 
types of SP patterns were distinguished. One of these, 
termed 'electronic current potential' has an abruptly 
alternating pattern corresponding to the electromotive 
forces at interfaces of host rock and sulphides and 
indicates that electronic currents pass within the 
sulphides. The 'ionic current potential' pattern 
exhibits a general trend and is a consequence of ionic 
currents in pore water in the host rock outside the ore
body. In most cases in drillholes the two potential 
patterns are easily separated by a simple graphical 
estimation. The observations are best explained by a 
galvanic cell model in which the pore water of the host 
rock constitutes the electrolyte and the upper and 
lower ends of the massive ore are the cathode and anode, 
respectively so that current in the orebody flows 
downwards. Distribution of potentials within the ore
body can then be used to indicate direction toward the 
thickest part of the massive ore. Potentials outside the 
orebody are distributed as by a dipole source and are, 
therefore, useful in estimating the downward extension 
of an orebody and its tonnage. 

These observations are corroborated in the discus
sion on SP measurements in drillholes by Parasnis (1974) 
who presents some empirical rules for estimating depth 
extent of an orebody. For steeply dipping tabular 
bodies the zero potential contour occurs nearer to the 
negative pole (top) and about 1/6 of the way between 
it and the positive pole (bottom). If the top is at 
appreciable depth, this fraction is somewhat larger. 
A field example given in this paper shows how well the 
underground SP pattern is developed, even though it 
has no surface manifestation due to short-circuiting 
by the highly conducting clay overburden. 

INDUCED POLARIZATION 

Several methods of measurement of the induced
polarization effect (IP) in boreholes have been reported 
in the literature. Figure 3. 1 shows some of the 
electrode arrays used. 
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Figure .3. 1: Electrode arrays used for resistivity and IP 
measurements in boreholes. 

Keller (1967) has applied the technique to well 
logging, i. e. in determination of rock properties in the 
vicinity of the borehole. He reported that the conven
tional electrode arrays, such as used in resistivity logs , 
are commonly used for induced-polarization logging also . 
The array employed by Keller had three electrodes in 
the hole. Current was passed between the upper two 
( 4 to 6 feet apart) while potentials were measured at 
the third ( 4 to 8 inches below) relative to a surface 
reference electrode. Measurements were made with 
time-domain equipment. If contact resistances of the 
inhole electrodes were 100 ohms or less, it was found 
that measurements could be made to depths of 2000 feet 
without encountering significant coupling of the current 
and pickup conductors in the cable. The experience 
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gained in logging some two hundred mineral prospecting 
holes indicated that an induced- polarization response 
(integrated transient voltage normalized to the steady
state voltage) was produced by rocks rich in metallic 
minerals. The conclusion reached was that the induced
polarization log may be used to identify sparsely 
mineralized or hydrothermally altered zones which might 
be overlooked in core inspection or to detect sulphide 
concentrations missed because of poor core recovery. 

Two case histories involving borehole induced 
polarization have been reported in the literature. In 
one of these, the method has been successfully applied 
to the search for native copper in the Osceola 
amygdaloidal workings in Michigan (Schillinger, 1964; 
Bacon, 1965). The equipment that was used operated 
in the time domain with a charging period of - 5 sec. 
The transient voltage could be sampled at several delay 
times and the IP susceptibility (ratio of transient samples 
to steady-state voltage i. e. chargeability) determined. 

The electrode array chosen was the lateral (pole
dipole) in which the two potential electrodes (located 
in the hole) were separated from the downhole current 
electrode by 5 feet. The other current electrode was 
placed in a distant drillhole. 

The equipment was used to assist in the exploration 
of the Osceola amygdaloidal footwall zone for pockets 
of ore-grade concentrations of native copper. It was 
found that the improved sampling volume achieved by 
using the induced-polarization technique in the bore
holes allowed the prediction of location and grade of 
the footwall pockets. 

In the other case (Mathisrud and Sumner, 1967), 
the technique was applied in the frequency domain 
(0. 3 and 2. 5 Hz) using the gradient array to the problem 
of locating pencil-shaped orebodies in a complex 
anticlinal structure occurring in Precambrian rocks of 
the Hanes Lake Formation, South Dakota. Current 
electrodes were situated at opposite ends of a drift and 
the potential electrodes inserted in drillholes extending 
outward horizontally. The choice of array was made 
with the aid of some scale-model results which indicated 
a negative PFE effect when a mineralized zone is located 
at the centre of a dipole-dipole array. Subsurface 
contour maps of apparent resistivity and PFE were, in 
general, quite similar. Some of the anomalies correlated 
with known mineralization and others were due to the 
presence of graphite. However, two additional ore
grade zones were located. These were missed in the 
primary exploration based on a 100-foot drilling interval. 

There are also reports in the literature of more 
generalized approaches to the application of induced 
polarization in borehole exploration. These papers 
also described the interpretational aspects involved. 

Wagg and Seigel (1963) described two modes of 
operation which can be employed in detecting and 
locating an orebody from its induced-polarization 
properties. To detect the body at depth and estimate 
its distance from the hole, one current electrode and 
one potential electrode are lowered into the hole, while 
the other two electrodes are located on the surface at 
infinite spacings from the downhole array. This is the 
pole-pole configuration referred to in the well-logging 



industry as the normal array. If a multi conductor 
cable is used , various downhole electrode spacings 
may b e employed, the s hort spacings r efl ecting condi
tions near the hole and the longer spacings sampling 
up to a distan ce approxi mately equ al to the spacing 
used. Measurements were made in the time domain. 
While the authors state that the frequency-domain 
method is equally capable of producing excellent results, 
they prefer the time domain because the system is more 
adaptable to logging i solated drillholes, presumably 
because coupling b etween current and potential con
ductors in the cable is less of a problem. Other 
advantages include inherently greater sensitivity and 
r elative freedom from power line interference. Analysis 
of the downhole measurements gives an estimate of 
chargeability of the orebody and its dist an ce from the 
hole . 

Once these anomalies are obtained, the directional 
mode of s urveying may be employed . Both current 
electrodes are placed at the surface on opposite sides 
away from the drill collar (Figure 3. le). Measurements 
are made while tr ansmitting, in turn , in two directions 
orthogonal to each other . This allows an estimate of 
the azimuth of the ore zone with respect to the drillhole . 

The authors s tate that borehole IP surveys should 
find wide application in the Precambrian Shield since 
steeply-dipping tabular bodies are common. The chief 
advantage over surface exploration is that the large 
dimensions of the body ar e presented to the line of a 
borehole profile. Furthermore , the size of the target 
is often effectively increased by a surrounding zone 
of a lte r ation and disseminated sulphides and hence 
brought closer to the hole. An excellent example i s 
shown of a sulphide ore zone which existed 50-100 feet 
away from the hole . An alteration zone intersected by 
the hole showed up on the short - spacing array. 
Increased r esponse on the longer arrays indicated the 
presence of the main ore zone lying away from the hole. 
The directional survey indicated clearly the azimuth 
of the body. It was concluded that borehole IP surveys 
are useful for the d etection of unknown sulphide 
deposit s from an isolated, barren drillhole and for 
guiding drill outlining programs around a target 
showing high IP r e sponse . The mos t d efinit e r esults 
ar e obtained when the survey hole i s itself completely 
barren but useful information can be gained even if 
low-percentage sulphides are intersected. Steeply 
dipping, water-filled holes in competent rock near 
target s of 1-2 0% by volume disseminated s ulphides give 
the b est results. The much lower relative cost of bore
hole IP surveys relative to the drilling warrants thei r 
serious attention. 

Brant e t al. (1966) were able to define sp ecific 
difficulties peculiar to induced polarization measure
ments in drillholes and also presented solutions to these 
problems. When employing multi- electrode arrays in 
the hole (two- and three-array) , capacitive coupling 
be tween current and potential lines may b e reduced by 
separately shielding the lines from each other. The 
shields must b e rounded near the hole collar at less 
than 1000 ohm , electrode contact resistances should b e 

k ept b elow 10 OOO ohm and, if recording in the time 
domain, a delay of at least 20 ms should be employed. 
Also discussed in this 12aper were exp ressions developed 
by J. R. Wait to ev aluate inductive EM effects for the 
two- and three-arrays. Another problem arises b e cau se 
of resistivity contrasts b etween drillhole fluid and 
the wall rock. Graphical corrections calculated by 
H. 0. Seig·el for these 'masking' effects were p resented 
in the p ap er for two-array measurements of resistivity 
and IP. It was pointed out that the effective hole 
di ameter may be larger than was drilled due to wall
rock invasion. For example, 50 AX holes (1. 9 inches 
in diameter) drilled in gneisses at O'Okiep, South 
Africa had effective hole diameters varying from 6 to 
12 inches. Also recommended was the use of silver
silver chloride screens as downhole potential electrodes. 
Mechanics of setting up the azimuthal array (s imilar 
to Wagg and Seigel, 1963) were also discussed. 

Two field examples were described by Brant e t al. 
(1966). In one hole sulphides were dete cted away from 
the hole with the two-array (spacings of 10, 40 and 
120 feet) and their direction determined by the azimuth 
array . The other hole was used to illustrate corrections 
for the 'masking' effect of the drillhole fluid. 

Hauck (1970) h as described a r econnaissance bore
hole IP and resistivity method called the downhole- r adia l 
method. All measurements are made in the frequency 
domain along surface lines extending radially from the 
drill collar. Three current electrodes are u sed, a 
s urface electrode n ear the collar, a r emote surface 
electrode, and a downhole electrode. Current can b e 
transmitted from any pair of these : downhole-remote 
(D- R) , surface- r emote (S - R), or surface-downhole 
(S-D) (Fig. 3. ld) . 

Resi s tivity modelling was done with a spherical 
body with a r esi s tivity contrast of 1: 13. The exp eri
ments indicated that it is possible to assign a large con
ductive body to a particular quadrant and d emonstrated 
the advantage of using a downhole current electrode. 

Both resistivity and IP modelling were p erformed 
on a fl at-lying tabular body with a PFE of 22 % and a 
metal factor of 28 800 mho / m and r esistivity contrast of 
1: 100 in a b ackground of 75 ohm-m. The various 
observations are repeated here in condensed form : 

1. When the source is s hallow all three dipole 
combinations produce an anomalous response. 

2. The PFE and metal factor anomaly magnitudes 
for the S- R dipole are comparable, the D-R 
PFE anomaly slightly stronger, and the D-R 
metal factor almost double those obtained by 
the conventional dipole-dipole array. 

3. The S-R and S-D r esults are the first to lose 
their di agnostic variations in PFE and metal 
factor as the body assumes greater depths . 

4. The source of the anomaly detected by the 
downhole survey is twice as deep as can be 
detected by the conventional dipole- dipole 
s urface array . 
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5. When the orebody is at a distance from the 
drillhole, the downhole electrode must b e at 
a greater depth than the orebody to produce 
a measurable IP response at the s urface . 

6. When an orebody i s at depth close to the drill
hole the D-R current sources produces, by 
far, the strongest response. The S-D dipole 
may produce a neg·ative PFE when the down
hole electrode is near the orebody. Also the 
D- R response can be used to estimate the far 
edge of the body . 

Field results were also given in the p aper . A zone 
of disseminated sulphides (0. 3 - 0. 4 per cent copper) 
was detected in a Precambri an environment at a depth 
of 1100 feet. Another test performed in a Paleozoic 
environment employed a downhole electrode at a depth 
of 1200 feet where the drill had intersected mineralized 
limestones containing 0. 3 - 0. 4 per cent copper . The 
IP r esults indicate d an an amolous zone at a depth of 
1200 feet extending to 2000 feet away from the hole . 
A porphyry copper deposit was also detected and its 
dip was determined at depths ranging from 750 to 
1750 feet. 

The author pointed out the limitations of the method 
in obtaining data near the drillhole. A technique us ing 
more inhale electrodes is better s uited to this problem. 
He fe lt that the method could be applied equally well 
in the time domain. 

Salt (1966) also performed IP measurements on 
the Lake Dufault Mines Ltd. p roperty in Dufresnoy Tp., 
P . Q. Mechanical problems and p roximity of potential 
and current cables lead to capacitive coupling and s ince 
measurements were made in the frequency domain, 
transmitting electrode and potential probes were 
lowered into sep arate holes. A peak in IP effect was 
observed at an e lectrode depth of 1100 feet, indicating 
the p resence of a minerali zed zone somewhere in the 
vicinity of the two holes . However, no directional 
information about the sulphide zone could b e derived . 

Theoretical calculations of borehole IP response 
have been reported by Merkel and Snyder (1970, 
abstract only). A computer program was written to 
calculate the apparent resistivity and IP effect of two 
spheres of arbitrary p arameters in order to examine 
the effect of a secondar y ore zone on three-array bore
hole electrical measurements . 

Sumner (1965; abstract only) h as reported the 
result s of analog modelling of drillhole resistivity and 
IP . When u sed in conjunction with field results, they 
are u seful in solv ing interpretative problems and in 
gaining worthwhile information about both general and 
p articular situations involving complex three
dimensional potential fi elds. 

A more recent p aper by Sumner (1972) discusses 
and comp ares e lectrode arrays used in IP surveying 
and includes arrays commonly used in drillhole work. 
The table of comparisons i s reproduced here (Table 3. 1). 
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ELECTROMAGNETIC METHODS 

Induction logging h as been routinely applied in the 
well- logging industry and was first considered as a 
method to be used in dry holes for the d etermination of 
resistivity of the rocks in the vicinity of the hole. One 
of the earliest p ap ers on the interpret ation of induction 
logs (Doll, 1949) u sed the 'geometrical factor' concept . 
The s urrounding material was broken into toroidal 
elements for the purposes of the calculation and each 
toroid was considered individually as an inductive loop . 
The resulting in-phase voltage at the receiver coil was 
found to be proportional to the conductivity of the rock . 
This i s a good approximation at low frequencies . 

It s hould be pointed out that the well-logging 
industry r efers to the in- phase and quadrature-phase 
of the induced voltage in the receiver loop relative to 
the tran s mitter current. In mining geophysics the 
u s ual practice is to refer to the phase of the secondary 
magnetic field (or the induced eddy current) which is 
goo different in phase from the voltage induced in the 
receiver and therefore the terminology is interchanged. 
Henceforth in this discussion, in-phase and out-of
phase will refer to the components of the secondary 
induced field as i s u su al in mining geophysics . 

At higher frequencies or conductivity the out-of
phase response i s no longer proportional to conductivity. 
Furthermore there is an appreci able in-phase component 
of induction and the 'geometr ical factor' is no longer 
valid b ecause of the well known 'skin' effect . Solution 
of Maxwell's equations for the problem, published by 
Duesterhoeft (1961), Duesterhoeft e t al. (1961), 
Duesterhoeft and Smith (1962) and Moran and Kunz (1962) 
took into account the 'skin' effect but neglected dis
placement currents. The out-of-phase component 
remained as the response measured. Anderson (1968) 
further extended the analysis to take into account the 
magnetic p ermeability, showing, that for low fr equencies, 
the in-phase component is indep endent of conductivity 
but propor tional to the magn etic permeability of the 
formation. 

Roy and Dhar (1970) investigated the zone of 
influence of a homogen eous g-round on a two-coil induc
tion sy s tem by considering relative contribution to 
s ignal by ground elements t aking account of the skin 
effect . They found that the contributions of the 
concentric-loop element are distributed in space quite 
differently for the real and imaginary components . Also 
the contributions decrease in magnitude and altern ate 
in s ign as one considers zones progressively farther 
from the borehole. As would be exp ected the contribu
tions are fr equency- and conductivity-dependent with 
the exception of that zon e nearest the borehole. This 
s uggests that the addition of focussing coils would b e 
effective in controlling the zone of investigation only to 
the extent of desensitizing the device to the very n ear 
zone (i. e . the borehole fluid). Theoretical considera
tion of a coplanar- (vertical plan e) coil arrangement, 
showed that this configuration is more strongly 
influenced by the near zone than is the coaxial-coil 
system. Fuller and Wait (1973) presented numerical 
results which evaluate the influence of the borehole on 



Table 3. 1 

Comparison of IP Survey Electrode Arrays 

(after Sumner, 1972) 

Advantages Disadvantag es Survey Signal EM Coupling 
Speed to- Noise Rejection 

Parallel Field Arrays Wenner Anomalies symm etrical Requires more wire : larger field 
Synchronous detector possible crew 
Many case hi s tories availab le Poor r esolution Fair Good Fair 

Unfavourable in capacitive coupling 
s ituations 

Schlumberger Symmetri cal array Less hori zontal r esolution 
Synchronous detection possible Unsuitable for hori zontal profiling 
Fewer men required Capacitive coupling poss ible Fair Fair Fair 
Works well in layered earth 
Type curves avail ab le 

Gradient Map interpretation easier Poor r esolution with depth 
Less mas king by conductive Poor in low resistivity areas 
overburden Geometr ic fac tor varies complexly Good Fair Poor 

Pe netration good; safer 
Communications easier 
Can use two or more receivers 
Less topographic effect 
Data easily contoured in plan 
Usefu l where difficulty in making 
good current contacts 

Pote ntial - About- a-Point 
Three-Array Good reconnaissance array Asymmetr i cal 

Fairly good r esolution More wire need ed Fair Good Good 
Pole -Dipole, Collinear Good resolution Asymmetrical 

Good subsurface cover age Asymmetrical Fair Fai r Fair 
Perpendicular Three-Array, Virtually e liminates EM coupling More wire needed Fair to Fair Very Good 
Pole - Dipole, Pole-Pole Poor 

Pole - Pole (Two-Array) Smaller crew needed Susceptible to masking by 
Less wire needed than for conductive over-burden 
some array s Good Fair Poor 

Good pe netration in nonconductive 
overburden 

PDR (Potential Drop Ratio) Se nsitive to lateral variations Complex interp retation 
"Common mode" noise rejection Fair Good Fair 

Dipole Field Array 
Dipole-Dipole Collinear Symmetrical, good resolution Slow unless equipment is portable 

Good pe netration Resis tivity topographic effects Fair Poor Fair 
Less s urvey wire needed Interpretation somew hat involved 

Dipole-Dipole, Parallel Special use for EM coup ling Not used for routine s urveying Poor Poor Fair 
interpretation 

Down- the-Hole Arrays 
Azimuthal Array (One Fair for exploration p u rposes Interpretation complex 
Pote ntial Electrode Down Useful in finding the best search Negative anomalies 
the Hole ) direction Strong geometric effects 

Mainly measures changes in Fair Good Good 
r esistivity 

Radial Array (One Current Good for exp loration purposes Interp retation complex 
Electrode Down the Hole, Useful in finding the b est search Negative anomalies Fair Good Good 
mise- a - la- masse ) direction Not good for obtaining rock 

Hole need not s tay open properties 

In - Hole Arrays 
(More than One Electrode Good for obtaining rock properties Current d ensities may be too large 
in the Hole ) Good for assaying Poss ible capacitive coupling problems Good Fair Good 

Interpretation simple Not designed for exp loration purposes 
Special equipmen t , expensive 
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an induction logger and take into account propagation 
effects which become significant at higher frequencies. 
They concluded that in order for induction logging to 
have practical value for probing at high frequencies, 
the hole must be small enough that waveguide modes 
cannot propagate in it. This condition is met if the hole 
circumference is much less than a wavelength in the 
hole fluid. It is, of course, preferable if the hole is 
filled with a resistive fluid rather than a conductive one. 

Belluigi (1953) has described theoretical outlines 
for the application of the time-domain (Matranslog) 
and the frequency-domain (Phase log) electromagnetic 
methods to borehole surveying (induction logging). 

(0) 

ROTATABLE 
SURFACE 

It\. TRANSMITTER 
~RX 

TX #, (b) 
_______ __, LARGE LOOP 

SURFACE 
TRANSMITTER 

( c) 
DOWN HOLE 
TRANSMITTER 
AND RECENER 

Figure 3. 2: Coil configurations used in EM surveying 
of boreholes. 
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The Telelog method has been described by 
Gabillard et al. (1971) and Bassiouni et al. (1972) as 
an electromagnetic borehole method capable of detecting 
resistive zones at great distances. In this method a 
low-frequency (12. 5 Hz or 3125 Hz) alternating field 
is generated by a transmitter, conductively coupled to 
the ground by means of surface current electrodes 
located on lines extending radially outward from the 
borehole. The vertical component of the electric field 
is detected at various depths in the hole. Theoretical 
calculations and analog tank model measurements were 
performed to determine apparent- resistivity profiles. 
The theoretical analysis was based on DC current flow 
and therefore did not take into account induction effects. 
Even with this approximation of the phenomenon the 
authors felt that a useful understanding was obtained. 
An empirical relationship was found between the near 
edge of a resistive zone at depth and position of a 
minimum in the apparent-resistivity profile. The 
method has been successfully applied in spotting 
resistive zones at great distances and locating the edge 
of a gas field from a development well. 

Figure 3. 2 illustrates three different types of 
systems for the detection of conductive mineralization 
by electromagnetic surveying of boreholes. One of 
these is the subject of a paper by Ward and Harvey (1954). 
A unique tilt-angle method of downhole surveying was 
described in which the configuration is minimum 
coupled. The plane of the transmitting coil contains 
the borehole (i. e. the transmitting dipole is at right 
angles to the hole) and the receiver is in the borehole 
and coaxial with it (see Fig. 3. 2a). In the absence of 
conductive material no voltage is induced in the 
receiver. Any secondary-field component generated 
by anomalous conductive zones and detected at the 
receiver is nulled out by tilting a second transmitter 
(the vernier) whose axis of rotation is also contained 
in the plane of the main transmitter. The degree of 
tilt of the vernier is dependent on the in-phase com
ponent of the secondary field. Any residual voltage 
not cancelled out in the receiver is proportional to the 
quadrature component. It was found that the bottom 
of the vernier always points toward the conductor when 
the receiver is above the conductor and away from it 
when the receiver is below the conductor. A scale
model experiment with a conducting sphere verified 
this result and showed that the 'crossover' occurs 
when the receiver is opposite the centre of the sphere. 
The amount of tilt also depends on proximity, size and 
shape of the ore body. Azimuthal information about the 
location of the orebody may be obtained by repeating 
the process with the plane of the main transmitter rotated 
about the borehole axis until it is at right angles to the 
first position. For convenience in surveying inclined 
boreholes, one of these positions should be in the 
vertical plane. The method was found to be successful 
in accurately locating a sulphide zone from surveying 
two holes near the body. The range of detection of the 
method was estimated to be 400 feet at depths of up to 
3500 feet. 

The vertical-loop EM method described by Salt (1966) 
is almost identical except that only one transmitter is 



employed. This transmitter is allowed to rotate about 
an axis perpendicular to the borehole. The tilt-angle 
measurements are equivalent to those of Ward and 
Harvey (1954) provided that the angle is not great 
enough to appreciably alter the coupling between trans
mitter and orebody. Salt (1966) was able to detect a 
conducting mass and assign it to a particular quadrant. 
Tests in another hole did not yield any reliable direc
tional information. 

Another type of transmitter used in borehole 
surveying is the large, Turam-type loop laid on the 
surface at or near the collar (Fig. 3. 2b). Noakes (1951) 
performed scale model experiments and field trials 
using a large single-frequency, surface transmitter 
and two different downhole receivers both of which 
measured the magnetic component parallel to the hole. 
One was a single-coil field-strength meter, the other 
a two-detector differential configuration. Model work 
with the transmitter centred about the collar of a vertical 
hole showed that the field strength reading produces 
a single peak opposite a flat lying conducting sheet. 
The differential measurement produces a crossover-type 
profile. The differential reading vastly improves detec
tion range for horizontal sheets, rectangular blocks, 
and spheres and also offers better resolution of multiple 
conductors. Thin conducting sheets give the largest 
anomaly when flat lying and no anomaly at all when 
dipping at 90° and lying close to the hole. Azimuth 
experiments with a smaller loop lying in each quadrant 
showed that a conducting sphere gives a much larger 
anomaly when situated directly under the transmitter. 

Field tests were performed with a loop approximately 
1400 feet square transmitting at 1200 Hz at two test sites 
in Quebec. At the MacDonald Mines property the hole 
which was surveyed intersected massive pyrite mineral
ization and the downhole detector was therefore sur
rounded by high conductivity material. The only 
anomaly was due to a non-conductive lamprophyre dyke 
which had been intersected by the hole. At the Waite 
Amulet property a number of anomalies were obtained. 
However all of these were attributed to small occurrences 
of sulphide mineralization at or near the drillhole. The 
drillhole EM surveys showed no evidence of larger con
ductive zones lying away from the hole. 

Salt (1966) also tested a horizontal-loop EM method. 
A large surface transmitting loop was laid just to one 
side of the hole. In-phase and quadrature measurements 
were made in a downhole receiver coaxial with the bore
hole. Better response can be observed when the trans
mitter lies on the same side of the hole as the conductive 
zone, so that it should be possible to determine direction 
to the conductor by employing the transmitter in 
several positions. Field results seemed to indicate that 
a rough estimate could be made. 

A third type of coil configuration employed in bore
hole-EM surveys is the two-coil fixed-separation coaxial 
method with both transmitter and receiver in the hole 
(Fig. 3. 2c). Elliot (1961, 1966) has described such 
a system which operates at a frequency of 1230 Hz. It 
measures the in-phase and quadrature-phase components 
of the secondary fields with a sensitivity of 100 ppm in 

EX holes (diameter 1. 5 in. ) to depths as great as 
2000 feet. Each of the components is measured separately 
using multi-method circuitry. A number of field 
examples presented in the paper demonstrate that the 
system is useful in determining whether or not an inter
section is due only to localized sulphides. Detection 
range for sulphides lying away from the hole was 
estimated to be as large as 200 feet from the hole for 
economically interesting sulphide bodies. 

Smith and Hallof (1971, abstract only) has reported 
the development of a similar system for surveying NX 
boreholes (diameter 3 in. ) to a maximum depth of 
8000 feet. This system measures in-phase and quadrature 
components of the secondary field at frequencies of 
200 Hz and 1200 Hz and with five coil separations 
ranging from 100 to 500 feet. 

Interpretation of the fixed-separation coaxial EM 
method is greatly aided by the use of scale-model results. 
An estimate of the magnitude of the response to be 
expected from sheet-like bodies perpendicular to the 
drillhole can be made from the phasor diagr·am published 
by Brant et al. (1966) for the coaxial, helicopter-borne 
EM system flying over a vertical dyke. It can be seen 
from these curves that, for a system capable of measuring 
a 1 per cent anomaly, the maximum r ange of detection 
is about one-half of the coil separation. Detection 
range would, of course, be improved if the sheet lay 
parallel to the hole. A suite of scale model profiles 
has been collected by Drinkrow (1974, 1975) for planar, 
half-plane, tabular and disc-shaped orebodies which 
were either intersected or missed by the drillhole. 
While magnitude only (no phase information) was 
recorded, the type curves show highly recognizable 
features characteristic of probe-to-orebody geometry. 
Visual interpretation of body size, dip and conductivity 
should be possible with the aid of these curves. 

The VLF method has been applied in boreholes by 
Lesnisse et al. (197 4). The system employs a magnetic 
component reference on surface and a moving magnetic 
component sensor in the borehole and measures phase 
difference and amplitude ratio between the two. It has 
been successfully tested on mining problems using 
two transmitting stations at right angles to each other. 

SUMMARY AND CONCLUSIONS 

It is apparent from the published literature that 
a variety of techniques have already been investigated 
and that these techniques have been applied successfully 
in certain instances. For example, the results of an 
experiment which integrated several methods (Dolan, 
1969, abstract only) will be mentioned briefly here. 
Successful results were obtained in downhole electrical 
prospecting for large low-grade copper deposits. The 
downhole methods used were: DC mise-a-la masse, 
DC resistivity, time-domain IP, spontaneous polariza
tion, and time-domain EM. The surveys detected and 
located a deposit at a depth of 1900 feet which consisted 
of about 600 feet of greater than one per cent copper. 
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Overall, the techniques can be grouped into two 
categories. The first group of techniques are simply 
downhole adaptations of surface methods and are applied 
in the same in line manner as is usual for a surface 
profile. The only difference in procedure is that the 
profile is into the earth. In this configuration all system 
elements are confined to the borehole and the entire 
system has cylindrical symmetry. This type of survey 
is useful for detection purposes but does not give any 
information about the direction to the anomalous zone. 
The zone of exploration is somewhat less than the array 
spacing. 

Directional information is available only if some 
asymmetry is introduced into the configuration. This 
is usually accomplished by placing one or more of the 
system elements on the surface in a location away from 
the drill collar. These methods form the second group. 
For example, the EM transmitter may be a large loop 
laid on the ground with the borehole axis outside of it, 
or the IP current electrodes may be deployed on the 
surface in orthogonal pairs. These systems have quite 
often been successful in estimating the azimuth of an 
orebody away from the borehole. An increased radius 
of exploration is more practically achieved for this type 
of method. 

Further discussion of the relative merits of the two 
classes of systems should include the influence of surface 
interference and effects due to conductive stringers 
intersected by the hole. Wagg and Quinn (1972) indi
cated that an EM system employing a surface transmitter 
is extremely vulnerable to interference from localized 
conductors (usually conductive overburden) near the 
transmitter and that fixed-separation EM systems are 
less susceptible. Furthermore they point out that 
interpretation procedures for the fixed-separation 
system can make better use of parametric scale-modelling 
results. Effects due to unknown deviations of the bore
hole are also minimized. 

It seems that masking of larger, more distant ore
bodies by small stringers intersected by the hole is less 
likely with a surface transmitter since a more uniform 
primary field is set up thus enhancing the secondary 
response of the larger body. However neither approach 
enjoys a clear-cut advantage. 

Ease of survey operations is also a factor. For 
example Wagg and Quinn (1972) are of the opinion that 
IP drillhole work is more complicated than surface work 
both logistically and from an interpretive point of view. 
Fountain (1969) claims that EM drillhole surveys are 
generally more reliable and present fewer problems 
than drillhole IP surveys especially at great depths. 
This, of course, should not be the deciding factor since 
some orebodies will respond to one method and not to 
the other. 

Salt (1966) also tested several methods on the Lake 
Dufault Mines property in Dufresnoy Township, Quebec. 
Details of these surveys (EM, IP and resistivity) have 
already been discussed. He suggested that it is probably 
easier to determine effective range of a particular 
technique using model experiments rather than using 
real orebodies. His chief conclusion was that it would 
be advisable to use each of the three basic techniques 
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(EM, IP and resistivity) as the results of each survey 
should complement one another. 

The literature survey has revealed that borehole 
electrical methods can significantly extend the sampling 
volume of a drillhole and be helpful in detecting unknown 
ore zones, outlining known ones and completing 
systematic investigation of a block of ground. It is 
obvious that there are methods which will work in 
particular areas. Further evaluation of the effects of 
the various system parameters outlined here can be 
properly conducted only by field testing those systems 
currently available. It is essential that the tests with 
each technique be performed systematically in a variety 
of known geological environments. Such a program, 
initiated in 1974, has been undertaken on a cooperative 
basis by the Geological Survey of Canada and several 
members of the Canadian mining industry (Dyck, 1975). 
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4. BOREHOLE GRAVIMETRY 

A. Overton 

INTRODUCTION 

Gravity measurements in mine shafts and boreholes 
have long been recognized as the most effective means 
of determining average rock densities for different 
layers of the crust, and for the earth itself (Airy , 1856; 
Lorenz, 1938; Jung, 1939). Smith (1950) described in 
detail the potential uses of borehole gravity measure
ments, and gave an account of analytical procedures , 
accuracy requirements, and limitations of the method . 
Three applications of borehole gravimetry are generally 
recognized in the literature: 

1. Density control for precise interpretation of 
surface gravity surveys . 

2. Interpretation of seismic data. 

3. Interpretation of borehole geology. 

A fourth application is the estimation of formation porosity 
(McCulloh, 1965). The advantage of borehole gravimetry 
in the interpretation of surface gravity surveys is that 
precise Bouguer corrections are possible using bore-
hole gravity measureme nts, giving rise to more precise 
gravity anomalies which in turn may be accurately 
interpreted using the density-depth function given by 
the measurements . 

Although the literature contains many references 
de scribing the usefulness of borehole gravity measure
ments, development of the precise borehole gravity 
meter has been slow . Dolbear (1959) described problems 
and objectives in the design of the borehole gravity 
meter, and McCulloh (1965) also discussed design 
requirements of a practical meter. Working models have 
evolved into two basically different types, one using an 
astatized balance, and the other a vibrating string 
element. Mcculloh et al. (1967) described the Lacoste 
and Romberg astatized spring type. Howell et al. (1966), 
Oil and Gas Journal (1966), and Goodell and Fay (1964) 
described vibrating string models. The greatest dif
ference in using the two different models appears to be 
in the reading time with 3 to 5 minutes being required 
for the astatized spring models and about 20 minutes 
for the vibrating string models. To date borehole 
gravimetry has not been widely applied (Century 
Geophysical, 1974, pers. comm.), and at least one 
logging company is still in the early stages of develop
ment of their borehole gravimeter (Schlumberger, of 
Canada, pers. comm. ) . One reason for this slow develop
ment may be that the fundamental parameter, the density
depth function, given by the borehole gravimeter finds 
its primary use in surface gravity interpretations. Its 
use therefore depends upon the degree to which surface 
gravity surveys have been used in oil exploration, and 
also the degree to which substitutes may be utilized 
for the density-depth function as from core samples, 
backscattered gamma density logs or densities from 
acoustic logs. 

The alternative density logging devices ar e particularly 
sensitive to borehole conditions such as caving, fractures 
and drilling fluid invasion into the borehole wall, and 
are also ineffective in cased boreholes. The borehole 
gravity meter is much less sensitive to these conditions 
and can be run in cased boreholes, giving bulk density 
estimates for very large rock volumes represented by 
the order of the cube of the chosen sampling interval. 
Smith (1950) and Mcculloh (1965) point out that a 
detailed gravity log, which may be desired for correla
tions with electrical, acoustic, or scattered gamma 
density logs, requiring gravity determinations at six-
foot intervals and density estimates as good as. 05 g/cm3, 
would require a gravity meter precision of . 002 mgal. 
The lower precision of available borehole gravity meters, 
approximately . 01 mgal, therefore precludes detailed 
logging. Moreover, the lengthy reading times require 
that the degree of detail be compromised to produce 
results within the allowable time for the survey. 

High sensitivity borehole gravity su r veys must take 
into account borehole conditions such as caving, variable 
mud cake thickness, casing shoes, and particularly 
drift which requires differential latitude and terrain 
corrections. 

Specifications for two models of recent development 
are given in the following table (Lacoste and Romberg, 
Inc. , 197 4, pers. comm. ) . They are of the astatized 
spring type. 

Prototype Improved 
(USGS) Model 

. oc Operating temperature 100 112 

Reading accuracy mgls. . 01 . 01 

Reading time, minutes 3-5 3-5 

Maximum diameter, inches 5. 5 4. 75 

Gravity range, mgls. 7000 7000 

Required cable (armored) 
conductors 13 7 

Allowable hole deviation, 
degrees 6. 5 10 

Levelling accuracy, seconds 6 6 

Input power required, volts 115AC & 48DC 115 

By comparison published specifications for the 
vibrating string type of gravity meter (Goodall and 
Fay, 1964; Howell et al. , 1966; and Oil and Gas 
Journal, 1966) differ most notably in their reading 
times of about 20 minutes, and costs which are about 
one quarter that for the astatized spring type (Jones, 
1972 quotes $80, OOO for the astatized spring type and 
$18, OOO for the vibrating string type). 
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Gravity meters of both types require large diameter 
boreholes. Development of smaller gravity meters will 
only be stimulated by demand (Lacoste and Romberg, 
Inc., 1974, pers. comm.). 

APPLICATIONS TO MINING PROBLEMS 

Bulk density estimates for volumes approximately 
equal to the cube of the sampling interval may be applied 
toward the location of orebodies which have been missed 
by the borehole. The mean density p between two 
sampling depths separated by h metres with a difference 
in gravity readings g mgal is given by: 

p = 3. 686 - 11. 94 g/h 

In the absence of a directional sense to the density 
determination, positional information requires a pattern 
of determinations in an array of boreholes surrounding 
the orebody. The dense, massive types of orebodies 
lend themselves most readily to detection by borehole 
gravity methods. The detection sensitivity for less 
dense and disseminated ores decreases commensurate 
with the density contrast and volume of the ore compared 
to host rock within the measured volume, and upon the 
instrument sensitivity. 

The accurate determination of Bouguer corrections 
by the borehole gravity method allows maximum utiliza
tion of precise surface gravity surveys in delineating 
ore bodies. 
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5. MAGNETIC DRILLHOLE MEASUREMENTS IN MINERAL EXPLORATION 

P. J. Hood and A. V. Dyck 

In the past determination of magnetic parameters in 
drillholes has been performed either by the measurement 
of magnetic susceptibility of the rocks surrounding the 
drillhole using electromagnetic induction or by measure
ment of the distortion of the earth's magnetic field due 
to susceptibility contrasts and/or remanent magnetism. 

MAGNETIC SUSCEPTIBILITY MEASUREMENTS 

Two types of instrument have been used for making 
susceptibility measurements in boreholes. The well
logging arm of the oil exploration industry has made 
good use of electromagnetic induction to determine 
electrical rock properties of intersected strata (induc
tion logging). This induction tool employs basically a 
transmitting and receiving coil operating in the audio
frequency range. The quadrature component of the 
induced secondary field is taken as a measure of the 
rock conductivity. For low conductivities, the in-phase 
component is controlled entirely by the magnetic sus
ceptibility of the surrounding medium. Theoretical 
aspects of susceptibility measurements by induction 
logging with two-coil instruments have been discussed 
by Kaufman (1966) and Anderson (1968). 

In the single-coil induction tool, on the other hand, 
the self-inductance of the coil is measured with an 
impedance bridge. For example, Eroding et al. (1952) 
employed a single coil induction tool in sedimentary rocks 
where the susceptibility logs were found to have "con
siderable lithological character". 

Application of susceptibility logging to mineral 
exploration has been discussed by Zablocki (1966a, b) . 
Using an induction logging device similar to that of 
Eroding et al. (1952), Zablocki measured magnetic sus
ceptibility in holes drilled in iron-formations. The 
s usceptibility logs were found to be of considerable 
v alue in evaluating magnetite content. They also facilitated 
the selection of core samples for assay purposes in cases 
where the visual estimation of the grade was difficult. 
Furthermore the general geological conditions in a drill
hole could be more quickly visualized from a susceptibility 
log than from a detailed core description . 

Zablocki (1974) has reported that the commercial 
instrument which was described by Laurila (1963) is 
used routinely by iron-mining companies in develop
ment programs. This instrument is an air-cored, long, 
narrow, flat-wound coil whose axis is perpendicular to 
the borehole. Self-inductance of the coil is measured at 
a frequency of 1 kHz. Sev eral new coil designs were 
described by Zablocki (1974). These are similar to that 
of Laurila (1963) in that they are rectangular in cross
section. However, instead of being fl at-wound, the 
windings are divided into sections which differ in 
azimuth from each other. The vertical- wire sections 
of the coils subtend an angle of 275° in order to provide 
more magnetic flux coupling to the wall rock. Also the 
operating frequency was lowered to 400 Hz. The probes 

were designed to b e used in blast holes with a diameter 
of 12. 25 inches. Measurement of susceptibility was 
found to b e indicative within a standard error of 1. 2 of 
the weight per cent iron occurring as magnetite in 
experiments performed in the Minntac open-pit t aconite 
mine in Minnesota. The method was considered to be 
useful in establishing cut-off boundaries between ore 
and waste. 

MAGNETIC FIELD MEASUREMENTS 

Eroding et al. (1952) described experiments in 
which the total magnetic field was measured with a 
saturable-core magnetometer. The total field element 
was aligned parallel to the magnetic vector by means 
of two orthogonal sensors and a feedback-servo system. 
The main field was biased out allowing measurements 
to be made with a sensitivity of 1 gamma (1a=1 nanotesla). 
The instrument was used to record total field logs going 
into and through igneous plugs. lt was concluded that 
the total field log raised as many questions as it answered 
and was, therefore, limited in use. 

During more recent years, much development work 
has been undertaken in Scandinavia in the development 
of reliable instrumentation for surveying in slim drill
holes . The outcome of the work carried out in Sweden 
by the Swedish Geological Survey and the Swedish 
Mining Association was the Hetona 3-component flux
gate drillhole magnetometer. Various models of this 
instrument have been described by Zuber (1962), 
Bergdahl (1963) and Hood (1969, 1970). A similar 
instrument has been produced in Finland for use at the 
Otanmaki mine in an approximately parallel develop
ment (see, for example, Levanto, 1959). 

Basically the instrument measures three orthogonal 
components of the total magnetic field, X, Y and Z using 
miniaturized fluxgat e elements and dip of the borehole 
with an inclinometer, all housed in a probe small 
enough to b e used in an EX (36 mm) hole . Measuring 
accuracy is 50 - 150 y and maximum range is ± 300 OOO y. 
The assembly of fluxgates is mounted so that it is free 
to rotate about the axis of the borehole . The direction 
of the borehole and the direction of the gravity vector 
are used as fram es of reference. The X-component is 
parallel to the borehole axis and the other two p er
pendicul ar to it , with the Y-component always horizontal 
(i . e. p erp endicular to gravity) . The Z- component is 
then in the vertical pl ane which contains the borehole. 
Provide d that the azimuth of the borehole is also known 
the orientation of the three elements can be determined. 
If, however, the borehole axis is vertical (or nearly so) 
the p endulum which orients the Y- component is con
strained to move in a horizontal plan e and is, therefore, 
useless. In this case the direction of the X-component 
only can be determined. 

The three-component borehole magnetometer has 
seen extensive use in Scandinavia for iron-ore 
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Figure 5. 1: Components measured by borehole 
magnetometer. 

prospecting. As a result a number of field examples 
and methods of interpretation have been published 
(Levanto, 1959; Paarma and Levanto, 1960; Zuber, 1962; 
Levanto, 1963 and Lantto, 197 3) . 

A simple method for display of borehole magnetic 
data is the vector approach as described by Levanto 
(1959, 1963) and Paarma and Levanto (1960). The con
tribution of the normal field must first be removed and 
then the resultant (R) of the anomalous X and Z components 
is plotted in the vertical section defined by the borehole 
(Fig. 5. 1). The value of the anomalous Y-component 
(which is perpendicular to this plane) is recorded on 
the section as a number. As a first approximation the 
magnetic sources can be considered a simple pole whose 
position can be determined by visualizing the location 
of the magnetic flux lines. As the magnetic measure
ments are strongly affected by magnetic materials near 
the drillhole, it is important to map the field at points 
distant from the ore-bearing zones. The ease of inter
pretation by visual inspection was illustrated by examples 
from the Raajiirvi and Otanmiiki iron mines in Finland. 

A more accurate interpretation of borehole magnetic 
measurements requires better knowledge of the magnetic 
fields created by magnetic deposits of various shapes 
and sizes. Parasnis (1973) has demonstrated the bore
hole magnetic profile to be expected when the hole 
passes near or through a spherical magnetic zone of 
homogeneous composition. The anomalous field inside 
the sphere is constant and opposite in direction to the 
magnetizing field. A set of formulae has been presented 
by Zuber (1962) for the shape and magnitude of the 
fields due to poles, dipoles, spherical and plate-like 
orebodies. This method is sufficient in most cases for 
the purpose of determining position and approximate 
size of a single magnetic body. In cases where more 
than one orebody is involved, Zuber proposed that the 
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potential calculation method be used. The magnetic 
potential at a given point, x , in the hole is: 

V = - f ~ · dx which can be determined graphically. 
0 

Calculation of V in several boreholes relative to a com
mon reference point permits the construction of a 
potential contour map, the form of which indicates the 
position and shape of the magnetic zone. Several 
examples were presented by Zuber to illustrate the 
success of his methods in magnetic ore prospecting. 

Lantto (1973) has presented a general interpretation 
procedure called the characteristic curve method. This 
method is based on the characteristic points of a profile 
where either the horizontal or vertical field components 
are zero. Standard curves given in the paper are for 
models which can be represented by two parallel infinite 
line poles (long tabular bodies) or a dipole (rod-shaped 
bodies). The standard curves were applied to determining 
the depth of the bottom of an iron-ore deposit at the 
Otanmaki mine in Finland using characteristic points 
located on the surface and in two boreholes. 

Levanto (1963) has discussed the errors inherent to 
borehole magnetic measurements. These errors are 
due to uncertainty in the direction of the hole, misalign
ment of the probe in the hole, and orientation error of 
the sensing elements. In Scandinavia the measurement 
error is 50 y I degree of azimuth error and 150 y I degree 
of dip angle error. As a result an accuracy of 500 -
1000 y is a realistic estimate to be expected under 
normal conditions. The reading accuracy of the instru
ment should therefore be about 100 - 200 y. Anomalies 
below 300 - 500 y are best measured using single
element instruments. 

SUMMARY AND CONCLUSIONS 

There is no doubt that borehole measurements of 
magnetic susceptibility by induction logging and of the 
total magnetic field by three-component magnetometers 
are useful in iron-ore prospecting. 

Susceptibility measurements have proven to be 
useful in determining the amount of iron present in the 
vicinity of the drillhole in the form of magnetite. The 
larger volume sampled by an in situ bulk measurement 
is preferable to the volume of core usually measured 
in the laboratory. 

Magnetic field intensities measured in boreholes 
are useful in the direct detection of iron-ore deposits. 

In this application anomalous magnetic fields are 
often of the order of several thousand Y and occasionally 
as large as the earth's normal field even at points away 
from the ore body. In the search for ore deposits of 
base metals other than iron, i. e. sulphide deposits, 
success of the magnetic method in boreholes would 
usually depend on the presence of pyrrhotite. It is 
difficult to predict the size of anomaly to be expected 
due to a pyrrhotite source and how this anomaly would 
compare in magnitude to the noise inherent in measure
ment as well as the "geological" noise of undesirable 



magnetic sources. The only known application of bore
hole magnetic vector mapping near a sulphide body 
(pyrite-pyrrhotite composition) did not yield any con
clusive information apparently due to the lack of sus
ceptibility contra st between the deposit and the host 
rock (Malmqvist, 1958). A test program such as that 
undertaken by Dyck (1975) would be most h elpful in 
asse ssing the me thod in the sulphide exploration 
environment under a v ari ety of conditions. 
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6. NUCLEAR TECHNIQUES FOR BOREHOLE LOGGING IN MINERAL EXPLORATION 

P. G. Killeen 

INTRODUCTION 

Nuclear borehole logging techniques have been used 
in coal, potash and uranium exploration programs as 
well as in petroleum exploration. However, their 
application to base metal exploration can be considered 
to be still in the experimental stage. This is partially 
due to the fact that it is only in the last few years that 
the field of electronics has developed to the point where 
the necessary miniaturization of electronic equipment to 
fit mineral exploration boreholes could be achieved. 
In addition, several advances in physics have been made, 
such as the development of the Californium-252 neutron 
source and the high resolution Ge (Li) gamma-ray 
detector. Also the background for neutron-activation 
analysis has been firmly established, and its capability 
of determining concentrations of selected elements such 
as copper, silver or gold, is directly applicable to 
mineral exploration. 

This review, therefore, will cover the more firmly 
established nuclear techniques, which may have applica
tion to base metal borehole logging, in addition to 
nuclear techniques which have definite mineral explora
tion applications but which are presently under develop
ment or in experimental stages. 

Nuclear borehole logging techniques may be con
sidered to be either passive or active. In the former, 
the natural radiation in the hole is measured by an 
appropriate detector while in the latter, both a radio
active source and a detector are placed in the borehole. 
The radiation which reaches the detector from the source 
is modified by the physical properties of the rock, and 
the radiation detected can be translated into a measure 
of rock density, moisture content, etc. 

In either case, the effective radius of investigation 
is proportional to the mean path length of the radiations 
involved. 

As a rule of thumb, 90 per cent of the natural gamma 
rays come from within a 9-inch radius of the detector 
(Gregory and Horwood, 1961). The mean path of 
neutrons from commonly available sources is 8 to 
24 inches depending on porosity and H20 content of the 
rock Pirson, 1963). Thus the volume of rock being 
sampled is increased by at least an order of magnitude 
over core samples, and a sample which is more truly 
representative of the rock through which the borehole 
penetrates is assured. 

A. PASSIVE SYSTEMS 

The gamma (y) log 

The gamma log is a measurement of the intensity of 
the total natural gamma radiation of rocks, emitted by the 
Uranium and Thorium decay series and by Potassium-40. 
The y-rays are most commonly detected by a scintillation 

counter using a sodium iodide (Na! (Tl)) crystal 
detector. The gamma log, introduced in 1939, was one 
of the first nuclear techniques developed for lithological 
correlation. It was of great interest to the oil industry 
because cased holes could be logged since the gamma
rays could penetrate the casing. 

A large volume of data has accumulated during oil 
exploration concerning the natural gamma radiation of 
rocks such as shale, sandstone and limestone. This 
information has been of tremendous use in lithologic 
correlation and for interpretation of geological structure. 

Unfortunately a relatively small amount of data is 
available on the natural gamma radiation of rocks of 
interest to mineral exploration such as rhyolites, 
andesites, greenstones and igneous and metamorphic 
rocks in general. There is a need to obtain such a data 
base on which to build methods of interpretation of 
gamma- logs for mining geophysics. 

The natural gamma log has been used extensively 
in uranium exploration. Scott et al. (1961) described 
a method for determining the grade and thickness of 
mineralized zones penetrated by a borehole, using 
gamma-ray logs. Scott (1963) presented a method of 
computer analysis of gamma-ray logs for uranium 
exploration. Several other papers on logging and inter
pretation in uranium prospecting are those by Dodd (1966), 
Dodd et al. (1967), Hawkins and Gearhart (1968) and 
Sprecher and Ryback (1974). More recently Dodd (1974) 
estimated that in 197 3, drilling in the United States for 
uranium exploration amounted to about 16 million feet 
and most of that was logged using the natural gamma log. 

A somewhat different drillhole probe based on the 
geiger counter, and presently in use at Eldorado 
Nuclear's uranium mine in northern Saskatchewan, 
has been described by Peebles (1969). The natural 
gamma-log has also been used to evaluate potash 
deposits in Saskatchewan (Edwards et al., 1967; 
Costello and Norquay, 1967). 

The gamma-ray spectral log 

In certain types of uranium deposits, the variability 
of thorium concentration reduces the value of the 
natural gamma log, and a technique that can distinguish 
the difference between gamma-rays from thorium and 
uranium is needed. Also the problem of radioactive 
disequilibrium in some deposits will require a more 
sophisticated logging technique. 

The gamma-ray spectral log is a measurement of 
the natural gamma radiation of rocks, with the added 
capability of energy discrimination. The thorium, 
uranium and potassium components of the natural radia
tion can be determined because of their characteristic 
gamma-ray energies . The results from the log are 
obtained by using a gamma-ray spectrometer, and 
therefore the Th, U, K, U/Th, U/K and Th/K measure
ments are available for borehole lithology determinations 
and correlation. 
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Lock and Hoyer (1971) discussed the technique of 
natural gamma-ray spectral logging and some of its 
applications. Rhodes and Mott (1966) in a more theoretical 
paper, computed factors required to take into account 
the effects of properties of the borehole itself such as 
diameter, mud density and casing, on gamma-ray 
spectral logs. Dodd and Eschliman (1972) reviewed the 
possibilities for determining the state of radiometric 
equilibrium of uranium using the gamma-ray spectral log. 

In addition to the obvious application to uranium 
and potash exploration, there appears to be a high 
potential for base metal exploration. The relationship 
between petrology and Th/U ratios in granitic rocks 
has been investigated (Whitfield et al. , 1959), and 
Moxham et al. (1965) reported on gamma-ray spec
trometer studies of hydrothermally altered rocks. 
Bennett (1971) reported on the relation between the 
radioelements and hydrothermal mineralization. More 
recently Davis and Guilbert (1973) reported on the dis
tribution of Th, U and K in porphyry copper deposits. 
There is the possibility of measuring significant changes 
in Th and U distributions as haloes around mineral 
deposits (Gross, 1952; Mero, 1960). Wright et al. (1960) 
reported on the association of uranium with pyrite, 
sphalerite and galena, and Rekharsky (1959) and 
Melnikov and Berzina (1974) found molybdenite to be 
associated with increased uranium. Further investiga
tions are needed to more closely define the relationship 
between Th, U and K distributions and deposits of base 
metals. 

The gamma-ray spectral technique of measurement 
also forms the basis of the activation logs (Caldwell 
et al. , 1963) which are discussed later in this report. 

B. ACTIVE SYSTEMS 

Active logging systems involve the use of a source 
of radiation. These may be in the form of a radioactive 
source produced artificially in a nuclear reactor and 
sold commercially, or in the form of an electronic source 
such as an X-ray tube or neutron generator. The latter 
sources have the advantage that they can be turned off 
when not in use, but the disadvantage of being rather 
bulky for small boreholes. The detected radiation can 
be of two types : (1) the original source radiation 
which has been modified by the physical properties of 
the rock through which it travelled, or (2) a secondary 
radiation emitted from the rock after excitation by the 
primary source radiation. 

The gamma-gamma log (y-y) 

The gamma-gamma log is a measurement of the 
density of the rock in the borehole wall, obtained by 
detecting gamma rays from a radioactive source after 
they have undergone scattering in the region between 
the source and detector. 

It is also known as the scattered y-ray log, the 
formation density log (FDL) or the density log. Two 
radioactive sources commonly used are Cobalt-60 
(1. 17 and 1. 33 Mev y-rays), and Cesium-137 (0. 66 Mev 
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y - rays). The source is collimated and shielded 
from the detector to prevent radiation from reaching 
the detector directly. 

Figure 6. 1 shows the path through the rock from 
the source to the detector taken by the Compton-scattered 
gamma rays (after Tittman and Wahl, 1965). With a 
suitable source and detector the only rock property 
affecting the detector response is the density of electrons 
which cause the Compton scattering. The bulk density 
of the rock can then be calculated. When properly 
calibrated the density log can also be a direct measure 
of porosity (Pirson, 1963). A method which will com
pensate for effects of mud cake or wall rugosity has 
been described by Wahl et al. (1964). The compensa
tion is computed from the measurement made by two 
detectors, one close to the source, which is primarily 
affected by the mud cake, and one farther from the 
source which is affected by both the rock and the mud 
cake. A diagram of a compensated density log tool 
(dual-spacing log) after Cameron and Clayton (1971) is 
also shown in Figure 6. 1. Density measurements can 
be made to within an accuracy of ± 1 or 2 per cent. 

The selective gamma-gamma log 

This measurement technique is similar to the gamma
ray spectral log except that a gamma source is used 
instead of natural gamma rays. At energies below about 
0. 2 Mev, the photoelectric effect becomes more important 
than the Compton effect, and the detector response is 
not a simple function of the bulk density as in the gamma
gamma density log. The chemical composition of the 
rock has a large influence on the resulting gamma-ray 
distribution at low energies and leads to the possibility 
of determining the heavy element concentration and 
chemical composition of the rock with the y-y log. This 
selective y-y log has a great potential for base metal 
borehole logging, but is presently not developed to an 
advanced stage. Czubek (1966) discussed the possibilities 
of selective y-y logging in mining. Czubek (1971) 
summarized the Russian and European work in this 
field and indicated that the method can be used to 
evaluate coal, Zn, Pb, Fe, Hg, Cu and Mn content. 
The technique has also been applied to evaluation of 
uranium concentrations in boreholes (Czubek and 
Dumesnil, 1969). Simon (1969) described the use of 
y-y logging in the determination of tin concentrations 
in Czechoslovakia. He indicated accurate analyses 
could be produced for monometallic deposits, and 
qualitative ore-indications for polymetallic ore. 

This appears to be a method with high potential 
and warrants investigation by the mining industry. 

The neutron log 

The several types of neutron logs are measurements 
of rock properties made by utilizing neutron sources. 
The basic principle of the neutron log is that the 
neutrons emitted by the source are slowed down and 
scattered by collisions with atomic nuclei. The 
maximum energy loss in a collision occurs when the 
target nucleus has a mass similar to the neutron. Thus 
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Figure 6. 1: Gamma-gamma (y, y) probe A (left) showing 
the scattering of gamma rays in the borehole 
wall between the source (S) and detector (D). 
Probe B (right) is a compensated gamma
gamma logging tool with two detectors: Dt 
(short spacing) and Dz (long spacing). 

the hydrogen atom has the greatest effect in slowing 
down the neutrons to thermal energies after which 
they are soon captured. The neutron log has been 
often referred to as the hydrogen log. The elements B, 
Hg, Mn and Cd have high absorption cross-sections and 
may also be measured in this way. Upon capture of a 
neutron the excited target nucleus emits a gamma-ray. 
There are three possible measurements that can be 
made: a) the fast neutrons using a short source-detector 
spacing (n, n epithermal); b) the slow neutrons using 
a long source-detector spacing (n, n thermal); c) the 
capture gamma-rays (n, y or prompt y). 

The detector response in all three cases is propor
tional to the hydrogen content of the rock, usually in 
the form of water in pores, and is therefore a measure 
of porosity. The source detector spacings vary between 
one and two feet and logging probe diameters of under 
two inches are available. Generally the measurement 
of -capture gamma-rays is made at a long spacing so that 

a high hydrogen content will cause most of the captures 
to occur close to the source, and a low hydrogen content 
allows captures to take place farther from the source, 
i. e. nearer the gamma-ray detector. Thus there is an 
inverse relationship between the gamma-ray detector 
response and the hydrogen content. 

It should also be mentioned that an ordinary gamma
ray log should be run in conjunction with the (n-y) log, 
to enable the natural gamma radiation background to be 
subtracted from the neutron-induced gamma radiation. 
In an effort to eliminate or minimize effects of borehole 
conditions, several variations exist in the measurement 
techniques for (n-y) logging. The borehole probe can 
have dual-spaced detectors, and be either centred in 
the hole or pressed against the sidewall. The SNP probe 
(sidewall neutron porosity) is an example of the latter . 

A variation on the (n-y) log is possible if a 
spectrometer is included such that the energy of the 
capture y-rays (or prompt y) is measured. This has 
been done to produce a "chlorine log" wherein char
acteristic y-rays of chlorine are measured (Dewan et al., 
1960). In principle this technique can b e extended to 
determine the elemental composition of ores, although 
the difficulties involved are considerable. The applica
tion of this method to Ni in laterites and porphyry Cu 
is being studied by several groups including Scintrex 
Ltd. (Nargolwalla, 1973) and the U.S. Geological Survey 
(Senftle et al., 1971). 

The neutron y-ray spectral method appears to 
be a promising field for further investigation since there 
are several advantages to the measurement of these 
prompt or capture y- rays. Many of the y-ray energies 
are high (above 3 Mev) and therefore the effective 
radius of penetration or sampling volume is large. 
Borehole effects are therefore minimized, and the natural 
radiation background is negligible since it is of lower 
energy. It is also possible to measure the energies of 
activation y-rays emitted by the decaying unstable 
isotope produced by the capture of the neutrons. These 
y-rays are emitted after a short time which is the half
life of the particular isotope involved, and they have 
energies characteristic of the emitting element. The 
disadvantage is that the energy is usually less than 
3 Mev, so the natural background radiation may produce 
interference, and the effective radius of penetration is 
smaller than for most prompt or capture ry-rays. The 
measu]'.'ement of these activation y-rays however has 
been very highly developed in the laboratory environ
ment, and a great deal of literature is available on 
the various energies and half-lives of the different 
activated elements. 

A third type of y-ray besides the capture (prompt) 
and activation y-rays exists. These are y-rays 
produced during the slowing down of the neutrons by 
inelastic scattering (n, ny). During inelastic scattering 
the nucleus of the atom involved in the collision becomes 
excited and a y-ray with a characteristic energy is 
emitted. The nuclear data presently available on the 
various energies is rather limited. These y-rays are 
emitted early in the life of the neutron, which leads to 
the requirement of timed measurements. However, this 
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is only possible with a pulsed neutron source which 
can be shut off intermittently. Therefore isotopic neutron 
sources cannot be used for these timed measurements. 

The above mentioned neutron logging techniques 
may be termed "conventional" as opposed to the pulsed
neutron techniques to b e described below . 

The introduction of the pulsed-neutron generator, 
an electronic device, made it possible to make any of 
the above measurements at specific times after the 
pulse or burst of neutrons is over. Thus the y-rays 
from inelastic s cattering (n, ny) could be measured 
during the first 50 µ seconds, then several neutron 
counting measurements could be made to determine the 
shape of the decay curve of the neutrons (i. e. the die
away curve), and similarly for the capture y-rays 
which would die away with a half-life dependent on 
the hydrogen content of the rock, and finally the half
life of the activation y-rays could be determined by 
making several successive measurements of y-ray 
counts at specific energies. An analogy in base metal 
exploration geophysics is the airborne Input system 
which makes several measurements of a decay curve 
after the primary electromagnetic field is turned off. 

NEUTRON SOURCE 

*< n, nylN) 

( n FAST' YACT) 

(n,ycsl 

(nTH,yACT) 

FAST NEUTRONS 
y-RAYS FROM INELASTIC SCATTERING 
CHARACTERISTIC ENERGIES 
FAST NEUTRON CAPTURED 

CAPTURE GAMMA RAY EMITTED 

NEUTRONS LOSE ENERGY 
BECOME EPITHERMAL NEUTRONS 

NEUTRONS LOSE MORE ENERGY 
BECOME THERMAL NEUTRONS 

NEUTRONS CAPTURED BY TARGET NUCLEI 

NEUTRON FLUX DECREASED 

CAPTURE GAMMA-RAYS EMITTED 
FROM TARGETS 

~ CAPTURE GAMMA·RAY HAS ENERGY 
~- ·•

7 CHARACTERISTIC OF TARGET 

1112 TARGET NUCLEUS UNSTABLE, EMITS 
~ ACTIVATION y-RAY AFTER HALF LIFE I V2 

*REQUIRES A NEUTRON GENERATOR 

Figure 6. 2: Neutron logging methods summarized by 
illustration of possible events during about 
1000 microseconds in the life of a neutron 
(IN = Inelastic, ACT = Activation, 
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EPI = Epithermal, TH =Thermal, D =Die away, 
C =Capture, CS =Capture Spectrometry). 

The effects of borehole fluids and casing can be 
eliminated by these timed measurements since the half
life of the neutrons in the borehole and casing is 
different from the surrounding rock. If measurements 
are taken 500 µ s after the pulse, the results are entirely 
dependent on the rock properties as interactions in 
the borehole are over by that time. The several variants 
of times and types of measurements have been called 
Neutron Lifetime Log (MLL) and Thermal-neutron 
Decay Time Log (TDT). 

Figure 6. 2 summarizes the neutron logs. 
It should be noted that there is some confusion in 

the literature concerning the use of the word 'prompt' 
to describe y-rays. It is generally used to refer to a 
capture y-ray as the radiation is prompt radiation as 
opposed to the later activation y - ray from the same 
atom. The confusion arises in describing the y-rays 
emitted by atoms during an inelastic collision with a 
neutron. Such y-rays are truly 'prompt' also, and not 
the delayed result of radioactive decay. 

The possibilities for application of pulsed neutron 
logging to borehole mineral exploration are considerable. 

Cyclic activation has also been made possible with 
the development of pulsed neutron generators. In this 
case the activity of a very short-lived activation product 
can be measured at the appropriate time after each of 
several neutron pulses, yielding a much higher count 
rate than if only one measurement were made. This 
should make it possible to do continuous activation 
borehole logging by measuring very short-lived 
activities. Small-diameter neutron-lifetime tools have 
been developed for use in 2 1/8 and 1 11/16-inch tubing 
(Caldwell et al. , 1969). 

Gamma-ray nuclear resonance 

This is a relatively new element analysis technique 
at present in the experimental stage, Sowerby (1971), 
Sowerby and Ellis (1973). 

Basically the technique involves the use of a radio
active gamma-ray source to bombard the rock which 
then re-emits gamma rays of the same energy if condi
tions are right for nuclear resonance. The "right con
dition" occurs when the energy of the incident gamma 
ray is exactly that which can excite a stable nucleus of 
an element. This energy is different for different 
elements. At present the best means of producing the 
correct energy of incident gamma ray is to use a radio
active isotope that decays via the excited state of the 
element to be analyzed. This source requirement puts 
a limitation on the number of elements which can be 
determined with the technique. Sowerby and Ellis (1973) 
listed the elements most suited to analysis by gamma
ray resonance scattering. They include Cu, Ni, Cr, 
Hg, W, Ti, Li, V, Ge, As, Cd, Cs and Tl. For certain 
specific elements such as Cu or Ni, this technique may 
prove to be more favourable than neutron activation 
methods. 



Photoneutron activation 

A high energy y-ray can eject a neutron from the 
nucleus in a (y, n) reaction. This has been used in the 
construction of a beryllium detector. Czubek (1971) 
described the Russian application of this technique to 
logging of 3 types of beryllium deposits. To the author's 
knowledge no other borehole tests of (y, n) equipment 
have been reported although its surface use was 
described by Bisby (1959). 

X-ray fluorescence 

The X-ray fluorescence drillhole probe has been 
described by Rhodes et al. (1969) and by Clayton (1969, 
1971). The technique uses an isotopic source of y-rays 
to irradiate the borehole wall which in turn emits 
X-rays with energies characteristic of the elements in 
the rock. The technique can still be considered in the 
experimental stages as far as exploration borehole 
logging is concerned although several thousand feet 
of AX (1 7/8 inch) and BX (2 3/8 inch) test holes have 
been logged using a 1 3/4 inch diameter probe. The 
advantages of the technique are that it is applicable to 
a wide variety of elements, the sensitivity is high and 
the technique of XRF is well documented. The main 
~isadvantage appears to be the fact that the low energies 
involved permit only a very small radius of penetration 
(in effect a "surface" analysis for elements below z = 40 
in the periodic table) and the borehole conditions have 
a large effect on the results. The low energies detected 
also require a relatively thin window over the detector, 
which is vulnerable under borehole conditions. It has 
been suggested that its main application may be in 
development drilling to locate ore-grade cutoff. 

NEUTRON SOURCES (Isotopic) 

There are four commonly used radioactive sources 
available in addition to the isotope Californium-252 
which is presently available only in limited quantities. 
One curie of Californium-252 yields 4. 4 x 109 neutrons 
per second by spontaneous fission with an effective 
half-life of 2. 65 years. Keys and Boulogne (1969) 
described its use in well logging. 

Advantage - high neutron yield, small size 
Disadvantage - expensive, limited availability 

- moderately short half-life 

The other sources utilize an (a, n) reaction to 
produce neutrons e. g. an alpha-particle source 
bombards the element Beryllium which then emits neutrons. 

1. Radium-Beryllium (1 curie yields 1. 5 x 10 
7 

n/ sec) 

Advantage - half-life is long (1620 years) 
and therefore needs no 
recalibration with time 

Disadvantage - emits y-rays as well as neutrons 
and these may cause interference 
in measurements. 

2. Polonium-Beryllium (1 curie yields 3. Ox 106 n/sec) 

Advantage - no y-rays emitted 
Disadvantage - short half-life of 140 days and 

therefore requires frequent 
recalibration. 

3. Plutonium-Beryllium (1 curie yields 2. Ox 10
6 

n/sec) 

Advantage - no y-rays 
- half-life = 89 years 

Disadvantage - expensive. 

4. Americium-Beryllium (1 curie yields 2. Ox 10
6 

n/sec) 

Advantage - half-life = 458 years 
Disadvantage - relatively large volume compared 

to the other sources. 

CALIBRATION 

As nuclear logging for oil exploration increased, 
it became necessary to establish a common base on 
which to calibrate the various proliferating arrays of 
logging equipment. This standardization would permit 
correlation and comparison of data from one logging 
service company to another and from instrument to 
instrument. It would also present the possibility of 
developing a more quantitative measurement capability. 

In 1956 the American Petroleum Institute appointed 
a committee to develop the required standardization. 

By 1959 a standard calibration system had been 
developed, and two calibration pits had been con
structed at the University of Houston (Belknap, 1963). 

Calibration for lithological correlation purposes 

The API Gamma-Ray Unit 

This unit is defined as 1/200 of the difference in 
log deflection between zones of high and low radiation 
in the gamma-ray calibration pit at the University of 
Houston. The 24-foot-deep pit contains three zones 
of homogeneous radioactivity concrete, four feet in 
diameter and eight feet thick. The high activity centre 
zone contains 13 ppm U, 24 ppm Th, and 4 per cent K. 
The level of radioactivity is then about twice that of 
an average shale. 

The API Neutron Unit 

This unit is defined as 1/ 1000 of the difference 
between instrument zero and the log deflection opposite 
a 6-foot zone of Indiana limestone in the neutron calibra
tion pit at the University of Houston. The 24-foot-deep 
neutron test pit consists of four zones as follows: six 
feet of water, 6 feet of limestone (Carthage Marble) of 
1. 9 per cent porosity, 6 feet of Indiana limestone of 
19 per cent porosity, and 6 feet of Austin limestone of 
26 per cent porosity. 

By 1963, most of the logging companies had 
voluntarily converted to the API standards, realizing 
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it was in their best interests to do so. The API units 
were defined fifteen years ago primarily for standardiza
tion and correlation purposes . In the light of advances 
made in nuclear techniques and instrumentation it is 
perhaps time to define some new units for nuclear 
logging which would b e more amenable to quantitative 
interpretation. 

SECONDARY CALIBRATION STANDARDS 

In addition to these downhole calibration facilities, 
a number of portable log calibration facilities are in use. 
These secondary standards usually consist of reference 
sources placed at a fi xed distance from the detector. 
They can provide a check on the primary calibration 
of logging equipment. Various secondary and tertiary 
calibration standards for logging equipment have been 
described by Bosworth (1972). 

Calibration for Uranium exploration purposes 

Similarly, there was a need for calibrating logging 
equipment for uranium exploration. About 16 million 
feet of borehole logging was carried out in the United 
States alone in 1973 for uranium exploration purposes. 
The USAEC established test pits for calibration purposes 
at various centres. (Grand Junction, Colorado; Casper, 
Wyoming; Grants, New Mexico and George West, Texas). 
The model hole facilities at Grand Junction are rather 
elaborate compared to the other test pit facilities. They 
include test holes for determination of hole size - water 
factors and casing factors in addition to grade-thickness 
factors. 

Typical grades used in the test holes range from 
about 0. 2 per cent U 30s to 2. 0 per cent U 30s, with 
thickness ranging from 0. 5 feet to about 4 feet. The 
use of these pits for uranium exploration grade-thickness 
determinations has been described by Scott et al. (1961) 
and Scott (196 3). A method of utilizing results obtained 
in two test pit s for calibration purposes, which improves 
the accuracy of the calibration, has been described by 
Crew and Berkoff (1969). 

At present no test holes for uranium logging 
purposes exist in Canada. With the increasing demand 
for uranium and the likelihood of consequent logging 
programs, such calibration facilities should be con
sidered an important development towards aiding 
uranium exploration. 

Calibration for base metal exploration purposes 

In order to facilitate the development and use of 
nuclear techniques for borehole logging with respect 
to mineral exploration, a series of model boreholes 
similar to those described above should be constructed. 

These model holes would have to be designed to 
provide the proper testing ground and calibration 
standards required to make gamma-ray, neutron, 
X-ray and other nuclear measurements on massive and 
disseminated sulphides, and other common base metal 
ore-forming minerals. They would also have to contain 
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Figure 6. 3: Eleven nuclear techniques 
applicable to mineral exploration, 
and the forty-six e lements which 
they can b e used to de tect. 



zones of background rock types such as greenstone in 
which the ore-forming minerals occur. The distribu
tion of the model test holes could follow a similar pattern 
to that of the USAEC test holes for uranium exploration. 
An elaborate set of holes for measuring many variables 
could be established at some main location such as 
Ottawa, and a smaller number of model holes could be 
located near areas of active base metal exploration such 
as Timmins, Ontario; Chibougamou, Quebec; Bathurst, 
New Brunswick; Thompson, Manitoba and in the 
Highland Valley of British Columbia. 

At present the only known Canadian model test 
hole facilities for nuclear techniques related to base 
metal exploration are those of Scintrex Ltd. in Toronto. 

DISCUSSION 

In summary, there are several nuclear methods 
directly applicable to mining exploration, and several 
with great potential if further developed. Figure 6. 3 
indicates the elements reported in the literature as 
being detectable by nuclear techniques, many of which 
can and have been adapted for borehole logging. It 
appears that the most recent and most highly developed 
nuclear logging techniques for mining exploration have 
been developed in Russia and Europe. Unfortunately 
much of the work is not translated into English, and 
is therefore available only with some difficulty. The 
development of borehole geochemical logging (or in 
situ multi-element analysis with continuous logging) 
is a definite future possibility. The available literature 
on borehole logging has been primarily concerned with 
sedimentary rock such as sandstone, shales, limestones 
and dolomite, having low concentrations of the heavy 
elements, high porosity, and many other rock properties 
which are entirely different in "hard rock" logging. 
The physical foundations for the measurement techniques 
have been laid, but there is a dearth of knowledge on 
the subject of logging in hard rock. Simple things such 
as the natural y-ray flux in base metal exploration 
boreholes are still a matter of conjecture based on 
surface measurements. It might be very worthwhile 
to establish a data base even at the expense of drilling 
some larger diameter holes, to evaluate existing 
nuclear logging equipment in the hardrock environ
ment. These holes would also be useful in evaluation 
of other borehole-geophysics techniques such as the 
electrical methods. 
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APPENDIX 

The following list of nuclear borehole equipment is primarily designed to 
include those with the greatest possibility of being useful in mining geophysics. 
The information was compiled mainly from replies to enquiries sent to companies 
listed in the annual Geophysical Equipment and Services Directory published 
by the Society of Exploration Geophysicists. 

It is hoped that at the time of writing at least the list will give a fairly 
complete and representative idea of the present state-of-the-art equipment and 
services available for nuclear borehole logging which are applicable to mineral 
exploration. The author apologizes for any possible omissions. 

(1) ABEM, Geosearch Consultants, Suite 1114, 
100 University Avenue, Toronto, Ontario, 
M5J 1V6 

- gamma spectral log 

- gamma-gamma log 

- depth to 1000 m 

- detector l" diam x 0. 5 to 2. 0 inches length 
Na! (Tl) 

- probe diameter 43 mm 

- also semiconductor detector, 20-60 cc Ge (Li) 
with 20 times the resolution of a Na! (T 1) 

(2) AUSTRAL EXPLORATION SERVICES, Box 16, 
Clarence Gardens, Edwardstown SA 5039, 
Australia 

- gamma spectral log 

- depth to 600 m 

(3) B. P. B. INDUSTRIES LTD., East Leake, 
Nr. Loughborough, Leicestershire, England 

- slimline tools operate in holes to H" diameter 

- depths to 6000 feet 

- gamma ray probe H" 0. D. 

- neutron probe H" 0. D. by 6 feet long 

- offer complete service, including interpretation 

- experience logging coal, potash, uranium, 
iron, evaporites and salt 

(4) DATA PROBE LOGGING LTD., 3133 Doverville 
Crescent S. E., Calgary, Alberta 

- tools to run in size (AX) hole, depths 3000 feet 
plus 

- natural gamma combined with single point 
resistivity 

- y-y density and single point resistivity 

- neutron 

(5) DRESSER ATLAS, P. 0. Box 1407, Houston, Texas 
77001, U.S. A. 

- NLL 1 11/16" 0. D. by 22 feet (55 pounds weight) 

- gamma ray 1 11/16" 0. D. by 18 feet (50 pounds) 

(6) EKCO Borehole Logger (X. R. F.) available 
through INSTRONICS TECHNO-PRODUCTS LTD. , 
Stittsville, Ontario 

- primarily for use in mines 

- depth (length) to 50 feet 

- probe head mounted in flexible hose 

- probe/hose diameter 1!" 

- recommend 2" diameter holes 

- experience in tin mines in Cornwall, England 

- can be set up to analyze for various elements 
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(7) EXPLORANIUM LIMITED, 436 Limestone Crescent, 
Downsview, Ontario 

- 3 channel portable y-ray spectrometer for 
logging 

- probe H" 0. D. by 57" (or larger size) 

- scintillation crystal i" x 3" = 1. 32 in 3. 

(8) GEARHART- OWEN INDUSTRIES INC., P. 0. 
Box 1939, Fort Worth, Texas 76101, U.S. A. 

- y-ray tool 111/16" diameter with i" x 1" NaI(Tl) 
crystal also 7/8" x 4" crystal available also 
1 3/8" x 18" geiger detector available 

- other diameter tools 7 /8 11 , 1", 1 3/8" and larger 

- dual detectors and combination tools available 

- neutron tool 1 7I16" diameter (also 1 11/ 16" and 
larger) 

- tool lengths about 10 feet, weight about 40 lb 

- WIDCO Model 1200 portable logger (165 lbs) 
has a y-ray tool 2" diameter by 37" long 

(9) HALLIBURTON SERVICES LTD. (WELEX), 
275 Bentall Bldg. , 44 - 7th Avenue S. W., 
Calgary, Alberta 

- y-ray and neutron tool combined 1 5/8" 0. D. 
by 20 feet (80 pounds) 

- y-ray tool 1 5/811 0. D. and 1. 66" by 13 feet 
(weight 50 pounds) 

(10) MOUNT SOPRIS INSTRUMENT CO. , Box 449, 
Delta, Colorado 81415, U.S. A. 
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- gamma log probe diameter 36 mm combined 
with electrical logs 

- two detector gamma combined with electrical 
logs (42 mm) 

- automatic dead-time correction circuitry 

- depth to 1000 m 

(11) SCHLUMBERGER LTD., 1250 Elveden House , 
Calgary, Alberta 

- neutron logging tools 1 11/16" diameter 

- CNL dual spacing, thermal neutron d etector 

- GNT detects high energy capture gamma rays 
and thermal neutrons 

- y-ray log 

- TDT pulsed neutron, several y-ray measure-
ments after each pulse 

(12) SCINTREX LTD., 222 Snidercroft Road, 
Concord, Ontario 

- y-ray spectral logging, to depths over 
600 meters 

- GSD-3 probe, i " x 2" crystal = 0. 88 in 
3 

(13) SYSTEMS DEVELOPMENT INCORPORATED, 
1700 Surveyor Blvd. , Carrollton, Texas 75006, 
U.S.A. 

- combination tool called ACCUR-LOG 

- probe 1 5/8" 0. D. by 55" long 

- y-ray detector 7/8" x 11/4" NaI(Tl) 

- combined with S. P. and single point resistivity 



7. DIRECTIONAL SURVEYING OF BOREHOLES 

A. V. Dyck 

Boreholes usually deflect to a greater or lesser 
extent away from the direction in which they are started. 
This can occur b ecause the drill string is quite flexible 
over a distance which is very large compared to its 
diameter. Defl ection is caused by the angle of the drill 
bit r elative to the dip angle of the rocks being penetrated, 
the extent to which there is lay ering in the rock, and 
the extent to which layers differ in hardness. It then 
becomes important to determine the dip and orientation 
of the hole at any point along its length. There are 
sever al r easons why this is neces sary. For example, 
it may b e d esirable to straighten the hole by inserting 
wedge s s ince excess curvature causes large frictional 
forc es on the drill rods; also, unknown deviations from 
the d esired direction can lead to uncertainties in the 
interpretation of the geology. Our interests fall into the 
latter category in that proper interpretation of borehole 
geophysical surveys requires knowledge of the geometry 
of the hole . 

Measurement of the dip and orientation of the hole 
must be made r elative to some r efer ence direction. 
Commonly u s ed references are: 1) the earth's magnetic 
field, 2) the direction of the forc e of gravity, and 
3) the direction d etermined by gyroscopic rotation. 
The magnetic field direction is not a convenient reference 
to use wher e magnetic rock form ations cause local 
distortions of the field. The vertical as defined by 
gravity has b een used as a reference by several different 
types of instruments . The oldest of these is probably 
the fluid-operated device which records the horizontal 
perman ently by means of acid etching. Another method 
of obtaining a permanent recording is to photograph 
the position of a pendulum at various locations in the 
hole . The disadvantage of either type of instrument is 
that the r ecord does not become available until the 
device is withdrawn from the hole. Furthermore only 
the dip of the hole is determined, but not its orientation. 
Krebs (1964) d escribed an instrument which uses a 
pendulum to measure dip of the hole and a compass to 
measure the direction. The two measurements are 
r ecorded photographically at intervals down the hole 
by means of a timed, multiple-exposure system. Another 
instrume nt (Holm, 1964) employs a similar pendulum
compass arrangement but their positions are measured 
by electrical means and can therefore be recorded 
remotely at the surface. The diameter of this instrument 
is 35 mm and is capable of surveying to a depth of about 
600 m. 

Another type of device measures both dip and 
orientation by means of a single pendulum (Roxstrom, 
1959; Holz, 1961). This instrument must be lowered 
into the hole by means of a torsionally rigid rod so that 
its azimuth with respect to the borehole axis can be con
trolled from the surface. The pendulum is constrained 
to move in a plane which contains the borehole axis. 
When this plane coincides with the vertical the pendulum 
either swings free or exerts a maximum force on a com
pensating mechanism whose output is recorded electrically 

at the surface. At this point the pendulum indicates 
the dip of the hole and the azimuth of the torsionally 
rigid rod projecting from the hole at the surface gives 
an indication of the orientation of the hole. The 
Craelius EM borehole dip indicator (Roxstrom, 1959) 
is suitable for surveying an EX hole to a depth of 300 m 
and can determine dip to within ± 0. 2° and orientation 
to within ± 2°. 

More recent developments in borehole surveying 
employ a gyroscopic r eference. The dip and orientation 
of the probe are determined r elative to a gyroscopically 
stabilized platform and monitored at the surface. Any 
drift which may occur in the instrument can be com
p ensated by making spot checks while withdrawing the 
instrument from the hole. Some of the models available 
are sufficiently small to survey EX holes. 

It is also possible to measure accumulated dip and 
orientation of a drillhole relative to its direction at the 
collar. A device which accomplishes this is the 
REFLEX-FOTOBOR (Hood, 1975). Dip and orientation 
are determined by measuring the bending of a long 
(12 m) flexible probe as it passes along the hole . The 
amount of flexing as indicated by the positions of three 
rings r elative to the optical axis and the vertical as 
indicated by a bubble are recorded simultaneously by 
photographic means. The path of a hole may be 
determined with an accuracy of 0. 1 per cent. Since 
there are no delicate moving parts, the instrument is 
much more robust than other types. Holes with a 
minimum diameter of 46 mm have been surveyed to 
depths as great as 1325 m. 

In any program of geophysical exploration from 
boreholes it would be wise to include a directional 
survey. For example, in Sweden, small diameter (EX) 
drillholes have been known to deviate as much as 
100 m over a 200 m length (Holm, 1964). A rapid, 
accurate survey of a borehole drilled in a mining 
environment, where there are likely to be magnetic 
sources, is probably most easily achieved with either 
a gyroscopic instrument or one of the flexing-rod type. 
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8. TEMPERATURE MEASUREMENT IN BOREHOLES FOR THE MINING INDUSTRY 

A. M. Jessop and A. S. Judge 

TEMPERATURE MEASUREMENTS 

There are two quite different styles in the measure
ment of temperature in boreholes. One of these is 
employed regularly by the oil and gas industry and is 
readily available as a logging service. These logs are 
run shortly after the end of drilling; the temperatures 
recorded are of low accuracy and are representative 
of no more than the mud in the well. However, the log 
is continuous and the variations of temperature within 
the hole yield much valuable information to drilling 
engineers. The second style is used by geophysicists, 
in slim holes as well as in large wells, and provides 
a series of spot readings to a high accuracy. In order 
that the readings should reflect the true undisturbed 
temperature of the rock, it is necessary for some time 
to elapse between drilling and measuring. The high 
accuracy of these measurements is particularly useful 
in the delineation of permafrost boundaries. The 
remainder of this section will deal with the second style 
only. 

Most of the temperature measurements in boreholes 
in the last century and the first half of this century 
were made by means of glass thermometers. Since a 
thermometer must be recovered for each reading, this 
was a very tedious process. Several other kinds of 
sensors have been tried, but only the thermistor has 
become popular as a high-resolution borehole thermometer. 
The main requirements of a borehole thermometer are: 
a fast response, and accuracy to 10 mK; in-place 
reading; simple calibration and associated instrumenta
tion; and a portable and rugged nature. All temperature 
sensors lack one or more of these attributes except the 
thermistor but even that requires careful calibration and 
a detailed analysis of the results for the best precision. 
The thermistor has become the standard sensing element 
for precise measurement of temperature in boreholes. 

The thermistor is used as an electrical resistance 
thermometer. It has a nominal resistance, normally 
specified at 25°c, of anything between a few hundred 
and a few million ohms. The temperature coefficient of 
resistance is negative and is about 4 per cent per degree. 
Early thermistors gave some trouble with calibration 
drift, but this problem is now very rare. The most con
venient thermistors are encapsulated in a glass envelope, 
which is about 12 mm long and about 2 mm wide at the 
end containing the thermistor. 

Thermistors must be calibrated before use, preferably 
against a good platinum thermometer system. A series 
of temperature-resistance pairs is produced for each 
thermistor. For an accuracy of 10 mK at all temperatures, 
an interval of no more than 5 K between calibration 
temperatures is permissible. The relation between 
resistance R and absolute temperature T is usually 
represented by: 

R = A exp (BI (T + C)) 

The parameters A, B and C are supposedly constant, 

but in practice they are slightly temperature-dependent. 
Analysis of the results of calibration is best done by 
computer, and read-out tables may be prepared. If 
an accuracy of 0. 1 K is acceptable, thermistors can be 
bought ready-calibrated and matched, and the process 
of calibration can be avoided. 

In use, the thermistor usually forms one arm of a 
Wheatstone bridge, but whatever measuring circuit 
is used, there will be an electric current through the 
thermistor. This electric current generates heat 
through normal resistive dissipation, and the thermistor 
is warmed by the act of measurement. The extent to 
which warming occurs is described by the 'dissipation 
constant' of the thermistor, and is usually expressed 
in mW /K, or the amount of power that will produce a 
temperature rise of 1 K when the thermistor is sur
rounded by still air. In practice the situation of 
the thermistor is always more favourable than suspen
sion in still air. A current meter is used as a null
detector in the bridge, and the bridge voltage must be 
sufficiently high to provide sufficient current. Since 
the voltage required is proportional to the resistance 
of the bridge, the power dissipated is also proportional 
to the resistance, and so a low resistance thermistor is 
favoured. 

For the purpose of borehole logging the thermistor 
is attached to the end of a long cable, and so two long 
leads are included in the arm of the bridge. The 
resistance of the leads can amount to a few hundred 
ohms, and this must be subtracted from the measured 
resistance before the calculation of temperature. 
Leakage resistance between the wires of the cable can 
also occur. The resistance of the leads varies during 
the course of logging, owing to changes of temperature 
of the cable, and these changes can be monitored by 
means of a short-circuit loop. Errors from resistance 
in the leads can be kept to acceptable levels by keeping 
the thermistor resistance high compared with the cable 
resistance, but low compared with the leakage resistance 
of the cable. In use, the resistance of the thermistor 
is derived from the equation: 

2 
R = R - R + R /R 

m s m o 

where R = measured resistance of thermistor and 
m cable (usually 5 k rl to 25 kn) 

R = resistance of short-circuit loop of leads 
s (a few hundred ohms) 

R =open-circuit resistance of leads (should 
0 exceed 100 MS1) 

The resistance chosen for the thermistor is a com
promise between these different restrictions and it is 
usually possible to achieve 0. 01 K accuracy with little 
difficulty. 

There are two different ways of using thermistors 
in the field. One is to install several thermistors into 
a multi-conductor cable, and to leave the cable in a 

55 



borehole. The second involves the use of a single 
thermistor in a probe on the end of a three- or four
conductor cable, which may be low er ed to a series of 
positions within a borehole. Thes e two methods each 
have their own advantages and disadvantages. The 
multi-thermistor cable is useful in a hole where there 
is a risk of blockage, since once it is installed it can 
remain in place . It also yields good data on the change 
of temperature at the measuring points. It can be read 
quickly and easily, and the r eader need only transport 
his bridge to the site. On the other h and, the measuring 
points must be decided in advance, and are then per
man ently fixed . Also a new cable must be made for each 
hole thereby increasing the work load. Furthermore it 
has b een found by experience that an unarmoured cable 
will not survive in a large-diameter mud-filled cased 
hole freezing in permafrost. The single thermistor 
method has the advantages that one cable may be used 
many times at different locations, the thermistor may be 
recalibrated, and there is complete flexibility in the 
choice of measurement interv als. The disadvantages 
ar e the risk of holes becoming blocked, and the inability 
to r e turn the thermistor to exactly the same points in 
the hole. The extra equipment to transport is not very 
important since a 1000 m cable weighs only about 10 kg. 

The single-thermistor configuration is usually 
favoured over the multi-thermistor cable. The thermistor 
is usually connected to the cable by a plug, to ensure 
ease of interchange and removal for r ecalibration, and 
is inserted into a thin tube that projects below the 
bottom of a pressure-tight probe, to ensure good contact 
with unstirred water. A film of oil gives good contact 
between the thermistor and the enclosing tube. The 
adjustment to the new temperature and the dissipation 
of the thermal mass of the probe are achieved within 
about one minute, which is about the time required to 
make a reading. Measurements are always made when 
the probe is on the downward journey, since the move
ment of probe and cable stir the fluid in the hole , and 
r eliable results can only be achieved before this occurs. 

A set of equipment is shown in Figure 8. 1. The 
equipment as illustrated, can be carried by one man, 
and can be used to depths of about lOOOm. At greater 
depths a stronger and heavier cable is required, and 
a power driven winch becomes necessary. The pressures 
encountered by the probe are also greater, and a better 
seal b etween the probe and cable is needed. Neverthe
less, the majority of measurements in slim holes are at 
d epths less than 1000 m, and it is only occasionally that 
equipment in excess of that shown is needed. 

APPLICATIONS 

The above section has described the technology of 
temperature measurement in some detail. A bibliography 
on thermistors, their application and suitable measuring 
circuits for them, is given in Bibliography I. The questions 
to ask at this stage concern the practical value of 
measuring underground temperatures and determining 
local and regional heat flux . The earliest observations 
on the earth's internal temperature were made in the 
underground mines of Europe. Robert Boyle in 1671 
summarized an account by Morinus "who above forty-
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five y ears ago, visited the deep Hungari an - mines .. · · , 
and takes notice .... that when they had descended 
about 80 fathoms b eneath the surface of the earth, he 
b egan to feel a breath of an almos t luke-warm air ; 
which warmth increased upon him, as he descended 
lower" . Such observation s sparked some of the earliest 
speculations on the n ature and origin of the earth and 
which led to the h eat flow s tudies conducted today. 
Boyle concluded from some of these early observations 
that; "For it seems probab le to me, that in these yet 
inpenetrated Bowells of the Earth, there are great 
store-houses of either actual Fires, or places con
siderably Hot, or , (in some Regions) of both; from 
which Reconditories (if I may so call them) or magazines 
of hypogeall h eat , that quality is communicated, 
especially by Subterran eall Channells, Clefts, Fibres 
or other Conveyan ces, to the less deep p art s of the 
Earth, either by a propagation of heat through the 
substance of the interposed p art of the Soil (as when 
the upper part of an Oven is remisly heated by the same 
Agents that produce an intense heat in the Cavity,) or 
by a more easy diffusion of the Fire or heat through the 
above mentioned Conveyances as may b e exemplified 
by the pipes that convey heat in some Chymicall 
s tructures: Or else, (which is perhaps that mos t 
usuall way , ) by sending upw ard shot mineral Exhalations 
and Steams" . 

As mines were pushed deeper considerable problems 
arose with the problems of h eat and v entilation and the 
most important practical use of r ock temperatures has 
b een in ventilation design in mines (Cleland, 1933) . 
Measured temperature gradients across Canada vary 
from s0 c km-I to as high as 80°C km- 1 leading to 
underground temperatures across Canada which may be 
as low as -11°c in the far north to as high as 100°c in 
western Canada within the top kilometre of the earth' s 
crust. Bibliography II is a bibliography of published 
underground temperature measurements across Canada 
which used together with the prediction techniques 
suggested by Judge (1973) should provide useful base 
data for such problems. Other environmental mining 
problems partially thermal in origin have arisen as 
mining development is pushed north into the p ermafrost 
regions of Canada. The presence or absence of frozen 
ground is important in the design of open pit walls and 
in setting explosive charges. At Schefferville, within 
the discontinuous zone of p ermafrost, subsurface 
temperatures are used as a tool to map the distribution 
of permafrost (Nicholson and Granberg, 1973; Nicholson 
and Thom, 1973). Within the continuous zon e the 
presence of permafrost can b e b en efici al provided its 
integrity is maintained, particularly in rocks with high 
permeability when unfrozen, such as occur at the 
Polaris Mine on Little Cornwallis Island in the Canadian 
Arctic (Judge, in prep. ) . This requires special 
ventilation design for underground operations, in 
which a b alance must be achieved between environmental 
and human concerns. The rate of penetration into the 
rock walls of the thermal disturbance due to ventilation 
effects can be determined using the method proposed 
by Jaeger and Le Marne (1963). Similarly, if under 
ground vertilation temperatures are maintained above 
o0

c in a permafrost area, the rate of penetration of 



Figure 8. 1. Temperature measurement equipment. 

thaw into the rock wall can als o b e assessed. 
Temperature measurements, coupled with isotope 

studies, of water in fracture zones within the mine may 
assist in locating fracture sy stems and their r elation
s hip to each other and to the surface (B eck and 
Neophytou, 1968) , and may thus be of use in "dewatering" 
mines and in locating oxidizing sulphides. 

A rather different application is to use temperature 
observations as a prospecting tool to locate new ore
bodies. Several pap ers have attempted to correlate 
underground temperatures with mineral bodies e. g . 
Stainer (1923), Lovering (1948), Lazar (1963) . Such 
identifications can b e caused by relatively few 
mechanisms: i) heat refraction as a result of the thermal 
conductivity contrast between the ore and the surrounding 
rocks; ii) local heat gen eration contrasts resulting from 
abnormally high levels of uranium, thorium and potassium 
in the ore zone (this of course may constitute the ore ) 
or from the oxidation of sulphides; iii) recent intrusion 
of felsic volcanics with which the ore is associated; 
iv) ore-associate d fracture zones along which water is 
moving at a different te mperature to normal rock 
tempe rature at that location . 

Temperature anomalies associa ted with these 
mechani s ms may v ary by several orders of magnitude 
but gen erally the largest will b e associated with water 
movements, young intrusives or oxidizing sulphides . 
Anomalies associated with radioactive heat generation 

0 
from an orebody could approach 1 C whereas those 
associated with heat r efr action in the vicinity of large 
sulphide bodies are unlikely to exceed 0. 2°c. 

Examples of related work which may b e of value in 
assessing such prospects are Blackwell and Baag (1973), 
Emmons (1915), Irvine (1970), J aeger (1964), Lewis 
(1969), Lovering (1935, 1948, 1955), McBirney (1963) , 
Sass e t al. (1968), Simmons (1961 , 1967) , Van Ors trand 
(1932, 1934). The r apid penetration of ventilation 
effects in an underground drift or stope must be taken 
into account in attempting to analyze such results 
(Jae ger and Le Marne , 1963) . 

Bibliography III lists a selection of papers considered 
of value for mineral prospecting, both surface and 
underground, by geothermal methods. 

Recent regional studies of heat flow are starting to 
outline the thermal structure of the continents and 
hence provide an insight into the location of mining belts 
(Birch e t al. , 1968; Roy et al. , 1968; Blackwell, 1971) . 
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9. BOREHOLE GEOPHYSICAL METHODS IN PERMAFROST 

J. A. Hunter 

METHODS 

Very little work has been done with borehole geo
physical methods in permafrost conditions. The studies 
done to date have been oriented towards investigating 
the engineering properties of soils and rocks as an aid 
to road and pipeline construction and mining of frozen 
ore. 

Wyder et al. (1973) applied geophysical techniques 
in boreholes near Tuktoyaktuk, N. W. T. to determine 
whether they could be used to 1) detect the presence 
of massive ground ice bodies, 2) to identify frozen 
surficial deposits, 3) to determine the ice content of 
frozen materials. Sondes used were neutron thermal 
neutron, decentralized gamma-gamma, caliper, and 
natural gamma. In addition, uphole and wavefront 
s eismic methods were applied. Both logging and seismic 
methods were successful in mapping large ice bodies 
and major changes in lithology. 

Uphole seismic techniques have b een used by 
Kurfurst et al. (1974) to map the boundary between 
frozen and thawed surficial materials in areas of thermal 
disturbance of permafrost. Hunter (1974) has applied 
seismic uphole techniques to mapping of thermal 
anomalies in iron-formation at Schefferville, Quebec. 
Although the results are not conclusive, there are 
indications that temperature anomalies result in seismic 
velocity anomalies which are larger than those 
associated with lithology changes. 

Recent publications from the U.S. S. R. contain 
papers on borehole techniques in permafrost. Akimov 
(1973) has used electrical seismic, nuclear and 
thermometric techniques to obtain physico-mechanical 
properties of frozen soils. Strength and deformational 
properties, ice content, lithology and temperature 
variations have been measured. Zykov and Baulin 
(1973) have used ultra sonic logging to measure 
longitudinal and Rayleigh waves in dry boreholes and 
have correlated these values with changes in porosity, 
lithology and temperature. Irbe (1973) has used 
mechanical logging, caliper, natural radioactivity, 
acoustic logging, natural field potentials, and temperature 
measurements in West Siberia to map the upper and 
lower boundaries of permafrost and to map the occurrence 
of taliks (unfrozen) zones. 
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