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Abstract

One of the most significant advances in uranium exploration in recent years has been the
development of gamma ray spectrometric techniques. A brief review of the planning and stages of a
uranium exploration program using gamma ray spectrometry, and disposition of costs is given as a
background to the more technical considerations.

To obtain the fullest advantage of the use of a gamma ray spectrometer for uranium exploration
the factors influencing gamma ray measurements must be understood. This paper reviews and
discusses such factors as radioactive disequilibrium in the uranium decay series and its ramifications;
geometry of the measurements; counting statistics and their effect on accuracy of results and required
counting times; background radiation; and calibration of all types of gamma ray spectrometers,
including information on calibration facilities.

Reviews and discussions of procedures, including examples of various types of results,
presentation formats, and interpretations are given, for gamma ray spectrometric surveys in airborne,
surface, underwater and borehole environments.

Résumé

Un des progrés les plus importants dans l'exploration de l'uranium des derniéres années a été la
mise au point de techniques de spectrométrie a rayons gamma. Une analyse succincte de la
planification et des étapes d'un programme dexploration de l'uranium utilisant la spectrométrie a
rayons gamma, et la ventilation des céuts sont données comme point de départ pour une analyse des
considérations techniques en cause.

Il faut bien comprendre les facteurs influant sur les mesures faites aux rayons gamma, afin
d'obtenir les meilleurs résultats de l'emploi du spectrometre’a rayons gamma pour l'exploration de
l'uranium. Ce rapport analyse les facteurs comme le déséquilibre dans la famille radioactive de
l'uranium et ses ramifications; la géométrie des mesures; les statistiques des calculs et leur effet sur la
précision des résultats et sur les temps de calcul; la radiation de fond et U'étalonnage de tous les genres
de spectrometres a rayons gamma, y compris l'information sur les installations d'étalonnage.

Le texte procede a l'analyse de marche a suivre, y compris des exemples de divers types de
résultats, de modeles de présentation et des interprétations, pour les levés spectrométriques’a rayons
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gamma effectués par voie d'air, en surface, sous l'eau et dans les sondages.

INTRODUCTION

Gamma ray spectrometric surveys of all types form
only part of a complex series of interrelated investigations
which are referred to as 'uranium exploration'. Before the
application and interpretation of gamma ray spectrometry
can be discussed, some of the stages of exploration should be
considered in order to appreciate where each type of survey
may be utilized most profitably.

Exploration Stages

The International Atomic Energy Agency in a report of
a panel (IAEA, 1973a) summarized diagrammatically the
various exploration methods and programs leading to the
discovery of uranium. Stage ! includes the selection of the
region based on geologic considerations, and the collection of
all available data such as regional geological maps, air
photos, and topographic maps. Other considerations in the
preliminary decision making of stagel are whether the
surface exposure is large or small, and whether a multi-
element exploration program requiring a geochemical survey
is desired. If the surface exposure is large and uranium is the
only target, a radiometric survey is warranted as a first step.
Stage I, the progressive reduction of search areas, may be
based on either a geochemical or radiometric approach. I[f
the ground accessibility is poor or the area large, an airborne
survey may be the best approach for this stage. The
progressive reduction of search areas based on airborne

radiometric surveys is shown in Figure 10C.1 (IAEA, 1973a).
This figure indicates the input to the decision making process
which results in the selection of an appropriate type of
airborne radiometric survey. The method selected may vary
from detailed total count (scintillometer) surveys flown over
small areas with closely spaced flight lines, to large scale,
reconnaissance, high-sensitivity gamma ray spectrometric
surveys flown with widely spaced flight lines to provide
regional coverage. The desired result of the survey is usually
the identification of some form of anomaly or anomalous area
which must then be further evaluated. This leads to the
surface surveys and ground investigations of stage IIl. The
ground investigations to evaluate these anomalous areas are
summarized in Figure 10C.2 (after IAEA, 1973a). Again
depending on the size of the area and ease of access, the
appropriate type of vehicle-borne gamma ray surveys or foot
traverses may be chasen. The final stage of evaluation
includes sampling, trenching, drilling, and borehole gamma
ray logging.

Other such "stages" in the exploration for minerals of
various types have been proposed (e.g. Holmes, 1978), and
they all vary in detail. However, the various stages
mentioned above relate specifically to uranium exploration.
The application and interpretation of the various types of
gamma ray surveys (both total count and spectrometric) are
interrelated. For example a discussion of the problem of
'geometry' with respect to surface gamma ray spectrometric
measurements is also instructive for those interested in



Table 10C.1
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Cost comparisons for various radiometric exploration surveys, on both a distance and time basis.
Actual costs have increased through inflation but the data are still a good indication of relative costs. (Data from IAEA, 1973b)

Instrument Cost and Cost Per Unit Distance

And Area Covered

Distance or Area Covered
Per Unit Time

Normal Normal Normal Normal Total Cost of an Effective
Low High _ow High Average Minimum Coverage of Area:
Program Comments
GM: $200 GM: $600
Ground surveys by| Instrument Scint: $355 Scint: $1400 — — $3000 for instruments| 100 gm-cm rock and
portable GM and plus labour and soil. 1-5 m each
scintillation km $5/km $10/km 5 km/d 10 km/d transportation. side of traverse line.
counters km? $50/km? $400/km? 0.25 km?/d i km?/d Minimum program:
10-20/km?
Gross-count Instrument $4000 $8000 — — $10 DOC for instru- 100 gm-cm rock and
(total-count) ments. Minimum soil. 5-10 m each
carborne surveys km $0.50/km $3.00/km 50 km/d 300 km/d program: 3000- side of traverse line.
km? $5.00/km? $30.00/km? 5 km?/d 30 km?/d 5000 km or 500-
1000 km?
Grass-count Instrument $12 000 $60 000 — — $50 00D 150-m-wide belt.
(total-count)
airborne surveys km $3.00/km $6.00/km 600 km/d 1200 km/d
Portable and Instrument $3000 $15 000 — - $8000 for instru- 5-10 m each side of
carborne gamma- . ments and one station.
ray spectrometer Pom_t . . . . . month operation
surveys Stations $3.00/station  $6.00/station | 10 min/station 20 min/station
Airborne gamma- | Instrument $30 000 $400 000 — -— $200 oo 150-m-wide belt.
ray spectrom- km $7.50/km $25.00/km 600 km/d 1200 km/d
eter surveys
Radon measure- Instrument $1500 $6000 — — $3000 for equipment | 1 m diameter-often
; 2 .
ment Surveys in - oo bles $1.00/sample  $15.00/sample | 10-20 100-300 $300-$350/km less in clay or wet
soil and sub-soil samples/d samples/d soil. Upward diffu-
ples P sion of radon in soil
probably limited to
5-10 m.
Exploration Depth and close or
drilling (including wide coverage of
logging) areas depending on
hole spacing.
(a) Rotary Metres $1.50/m $6.00/m 150 m/d 300 m/d $50 000
(b) Diamond Metres $15.00/m $60.00/m 7.5 m/d 25 m/d $100 000
drill (8-h

shift)
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Figure 10C.1. The selection of an airborne radiometric
survey for a uranium exploration program. This leads to
identification of anomalous areas to be followed up by
detailed investigation (after IAEA, 1973a).

either airborne or subsurface gamma ray spectrometry. The
following is intended to tie together most of the present
state-of-the-art information regarding the application and
interpretation of gamma ray spectrometric methods in
uranium exploration.

Exploration Costs

One additional consideration in the application of any of
these methods is cost. The ideal sequence of radiometric
exploration techniques may prove toc be very costly, and a
compromise must be reached in order to balance the size of
the area to be searched against the thoroughness of the
search. Since costs fluctuate widely from area to area, and
with time, it is impossible to associate concrete cost figures
with any given method. A useful compromise is the data
presented in Table 10C.1, modified after a table given by the
IAEA (1973b). The figures refer to average costs in 1972,
primarily in North America. However inflation has increased
these figures by about 75 per cent. It is the relative costs
that are useful here, allowing cost per unit distance (or area)
covered, and distance (or area) covered per unit time to be
compared, for the various techniques. Low and high values
are presented to account for variations in location and other
conditions. Costs for radon measurements in soil are included
because such surveys are also radiometric. A good breakdown
of uranium exploration costs for several different areas has
been given by Barnes (1972). His examples of the distribution
of uranium exploration expenditures demonstrate some of the
modifying factors and also indicate the percentage of the
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Figure 10C.2. The selection of a radiometric ground
follow-up technique for detailed investigation of anomalous
areas (after IAEA, 197 3a).

total exploration budget taken up by geophysics and
geochemistry.  This percentage increases as exploration
moves to more remote areas with poor accessibility.

Prologue

The foregoing brief description of costs and stages in a
uranium exploration program provides the background
necessary to determine the sequence of different types of
radiometric surveys for a successful search. The following
five sections cover the application and interpretation of
gamma ray spectrometric methods.

The common constraints and parameters for each
technique are discussed in the next section. These include
consideration of radioactive disequilibrium, geometry of the
measurements, counting statistics, background, calibration
and the parameters affecting calibration, and a description of
existing calibration facilities.

The last four sections are specifically directed at
reviews of the application and interpretation of: 1) airborne
gamma ray spectrometric surveys; 2)surface gamma ray
spectrometric surveys ' including portable {(man carried)
spectrometric surveys, carborne surveys, and snowmobile
surveys; 3) underwater gamma ray spectrometric surveys, and
finally 4)borehole gamma ray spectrometric logging. In
these last four sections those problems which are unique to
the survey mode, vehicle, environment or instrument of each
type of gamma ray spectrometric survey are reviewed. This
method of organization of the material should present the
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reader with a relatively efficient means of obtaining an
overview of the state of the art in the application and
interpretation of any given gamma ray spectrometric survey
method for uranium exploration.

FACTORS INFLUENCING GAMMA RAY SPECTROMETRIC
MEASUREMENTS IN URANIUM EXPLORATION

Introduction

It is difficult to rmake meaningful gamma ray
spectrometric measurements, much less interpret them,
without a thorough understanding of the factors which affect
the measurements. Many of these influencing factors have
been investigated in detail whereas others require additional
évaluation. The meaning of 'radioactive equilibrium' and its
jmportance as a basic assumption of gamma ray spectrometry
will be described first. This is followed by discussion of the
subject of geometry of the measurements; the effective
sample volume; counting statistics; dead time and sum peaks;
and background radiation. Calibration of gamma ray
spectrometric equipment is described in detail including a
review of the "why, how, when, and where" of calibration.
References to the available literature regarding the design
and construction of calibration facilities are included.

Radioactive Equilibrium

Radioactive equilibrium or - disequilibrium is an
important consideration in all gamma ray spectrometric
measurements, Gamma ray spectrometry can be used to
determine the concentrations of uranium, thorium, and
potassium in a rock because gamma rays of specific energies
are associated with each radioelement. By locking at peaks
in the energy spectrum of gamma rays being emitted by the
source, the radioelement content of the source can be
inferred. . The method involves the counting of gamma ray
photons with specified energies, most conveniently thase
emitted by daughter products, bismuth-214 in the 238U decay
series and thallium-208 in the 232Th  decay series (see
Figure 10C.3). The gamma ray count rate can then be related
to the amount of parent, by assuming there is a direct
relation between the amount of daughter and parent. This
assumption is valid when the radioactive decay series is in a
state of secular equilibrium.

A radioactive decay series such as that of 238U is said
to be in a state of secular equilibrium when the number of
atoms of each daughter being produced in the series is equal
to the number of atoms of that daughter being lost by
radioactive decay.

The rate of loss by decay is proportional to the amount
of radioelement present, for example:
dN,
dt

where N; = the amount of element 1 and A; = the decay
constant for the element 1.

= -xNy (1)

In a radioactive decay series, N, is decaying into N, at
the above rate while at the same time N2 is decaying with
the decay constant Az into N3 and so on. If the parent has a
relatively long half life, after a long period of time the
amount of any given daughter becomes constant. The rate of
production from its parent is equal to its rate of decay. The
series is then in a state of secular equilibrium.

For a radioactive decay series, secular equilibrium
implies that

A1N1 = AoN;p = A3N3 = ceerevennens A ‘N (2)
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Figure 10C.3.  Theoretical energy spectrum of principal

gamma rays emitted by the 2>®U decay series (top) and by
the 232Th decay series (bottom).

When this condition is obtained it is possible to determine the
amount of the parent of the decay series by measuring the
radioactivity from any daughter element.

The question then is whether the assumption of secular
equilibrium, required for analysis by gamma ray
spectrometric techniques, is valid for the geologic material
being analyzed for its uranium content.

If one or more of the daughter products is being lost by
any process other than radioactive decay, or if the parent was
not deposited too long ago, equation (2) is not satisfied. Since
each daughter product is an element with its own character-
istic physical and chemical properties it may behave
differently within a given environment. For example, in
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the 2380 decay series into groups of isotopes, with respect to
their state of radioactive equilibrium (after Rosholt, 1959).

the 238U decay system there is a gas, radon-222, with a
3.85 day half life. The solubilities of radium, uranium and
thorium differ, and preferential leaching of elements may
occur. One of the most complete references on this subject
is by Rosholt (1959) who subdivided the uranium decay series
into five separate groups, as shown in Figure 10C.4. The
elements within each group tend to remain in equilibrium
with the parent of the group, although the parent of the group
may not itself be in equilibrium with the parent of the decay
series, 238y,

How long does it take for secular equilibrium to become
established? This is dependent on the half life of the longest-
lived daughter in the decay chain below the parent. For
example if uranium in solution moves into a chemically
reducing environment such as a swamp and accumulates in
substantial amounts over a short time, it will be relatively
undetectable by gamma ray counting for considerable time.
The daughter products must be given time to build up into
their equilibrium proportions. If it is assumed (and it
reasonably can be) that U isotopes travel in approximately
equilibrium proportions then the length of time is controlled
by the 23°Th with a half life of 80 000 years. The daughters
below 2%°Th have shorter half lives, and will remain in
equilibrium with the 23°Th as it builds up from decay of
the 2**U. Fifty per cent of the equilibrium amount
of 2%°Th will be attained in 80 000 years. Another half life
will contribute 1/4 of the equilibrium amount, making a total
of 75 per cent. A third half life contributes 1/8 for a total of
87.5 per cent and so on. This is illustrated in Figure 10C.5.

other daughter isotopes. High resolution solid state detectors
make it possible to separate and measure gamma ray peaks
which are indistinguishable using sodium iodide or other
scintillators. In this way daughter isotopes higher in the
decay series can be utilized (see e.g. Tanner et al., 1977a).

Another example of the need to know the length of time
to reach equilibrium is the case of rock samples which are
crushed for analysis by laboratory gamma ray spectroemetry.
The crushing operation releases radon and the sample must be
placed in a sealed container and allowed to return to
equilibrium. In this case it is the radon group as shown in
Figure 10C.4 which is out of equilibrium with the rest of the
decay series. The 2'°Pb (half life = 22 years) below the radon
group will not be affected by the missing radon if only a short
time elapses before the sample is sealed. Again, in about
seven half lives of the longest lived member of the radon
group (3.85 days; 22%Rn) equilibrium will be re-established,
i.e. in less than 28 days. In practice it is highly unlikely that
all the radon in the sample was lost during crushing. Thus
equilibrium could be established in 5 or 6 half lives, or even
less. One method to determine this is to analyze the sample,
wait a week or so, and re-analyze the sample. If the gamma
ray spectrometric analysis is higher the second time,
equilibrium was not established at the time of the first
analysis. In fact with appropriate calculations, from two such
analyses, the final analysis at 100 per cent equilibrium could
be computed, without actually waiting for the full 28 days.
These calculations were described in detail by Scott and
Dodd (1960).

The thorium decay series can generally be assumed to
be in radioactive equilibrium. The longest lived daughter in
the thorium series is 228Ra with a half life of 6.7 years.
Seven half lives, totaling less than 50 years, is a geologic
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'instant!, and any redistribution of thorium would be followed
by a relatively rapid re-establishment of secular equilibrium.
Thus in practically all geological samples the amount of
parent 2327h can be computed by measuring the 2.62 MeV
gamma ray activity of the daughter 2°®T1.

In conventional gamma ray spectrometry, the actual
elements being measured are 21%gj and ?°°TI. If results are
expressed in terms of count rates, then it is sometimes the
practice to label them as the 2'*Bi and 2°®Tl cps. This latter
terminology has been used in radiometric results of the U.S.
NURE program. However it is preferable that the results are
expressed in terms of equivalent uranium and equivalent
tharium concentrations, respectively (IAEA, 1976). For this
reason determinations of U and Th by gamma ray
spectrometry are denoted by a prefixed 'e' (e.g. eU, eTh, and
the U/Th ratio becomes the eU/eTh ratio).

Radioactive disequilibrium is accepted as the general
case in roll front or sandstone-type uranium deposits. The
reason is that uranium is mobile within the sandstone and
daughter product formation lags behind. This leads to a
distribution of radioelements wherein the daughter products
(e.g. 2'*Bi) are left behind, creating a daughter-excess or
parent-deficiency state, with strong gamma ray activity,
while at some nearby location there is a (relatively) weakly
radioactive uraniferous zone with a daughter-deficiency. For
most other rocks, not a great deal is known about the state of
radioactive equilibrium in general, although studies of
specific areas have been done (e.g. Richardson, 1964).
Disequilibrium investigations of the Elliot Lake uranium
mining area by Ostrihansky (1976) showed that disequilibrium
can occur on a small scale along joints or fractures. Killeen
and Carmichael (1976) pointed out that the problem of
radiocactive disequilibrium is minimized by large sample
volumes. Whereas a hand specimen taken from an outcrop
might show radioactive disequilibrium, an in situ assay by
portable gamma ray spectrometer on the same outcrop
comprises such a large sample it may be effectively in
equilibrium. i.e. the parents and daughters may have moved
apart on the scale of a hand specimen, but not on the scale of
a cubic metre of rock. Similarly both parent and daughter
nuclides, even il separated on a small scale, could be included
in the large surface area "seen" by an airborne gamma ray
spectrometer making it more likely that the equilibrium
assumption is valid.

Geometry of the Radiometric Measurement

Since the amount of radiation which can be detected is
related to the size and shape of the radiometric source as
well as its intensity, the so-called "geometry" must be taken
into consideration. Generally the angular measurement or
solid angle which the source subtends at the detector is used
as a reference, where 47 steradians is equivalent to complete
enclosure of the detector by the source. For example, in a
laboratory the radiation may be collimated by lead bricks or
other absorbers such that the source only subtends an angle of
a few degrees at the detector. A detecctor placed above an
infinite' planar source, would be an example of 21 geometry.
Some considerations of geometry of measurements were
discussed by Gregory and Horwood (1961, 1963) with respect
to laboratory measurements.

The calibration of any gamma ray spectrometer is for a
specific geometry. For this reason it is important to know
the geometry of the measurements. A hand specimen of
1 per cent U3zQg ore will produce a much lower count rate
than a rock outcrop averaging 1 per cent U3Og, even if the
detector is located at the same distance away from the
source. Therefore, to make some sense out of recorded count
rates, the geometry of the measurement must be noted. A
few examples are given below to illustrate situations in which

the geometry of a measurement can change to produce a
false anomaly, or to mask a real anomaly.

Surface Measurements — 2m Geometry

Generally radiometric measurements made above the
surface of the earth by either hand-held portable gamma ray
detectors, vehicle-mounted detectors, or airborne detectors
are considered to be measurements in a 21 geometry. The
instruments should be calibrated on flat calibration sources of
effectively infinite diameter, such as the concrete pads
discussed in the section on calibration facilities. A
measurement made in a trench or near a cliff effectively
changes the geometry such that the calibration factors are
invalid. A correction factor may be applied if the geometry
is measurable, however this is most often not the case.

Consider the portable gamma ray spectrometer field
measurements made with the geometry shown in
Figure 10C.6a. Assuming the spectrometer was calibrated in
27 geometry, the results will be valid and an in situ assay of
the surface can be calculated from the measured count rates.
In Figure 10C.6b, the detector is located near a cliff face of
the same material. This 37 geometry would produce a count
rate 50 per cent higher than the 2m geometry because of the
additional radiation "seen" by the detector. Doig (1968)
reported measuring the expected 50 per cent increase in
count rate in moving the detector from a 27 (flat) to 3w (cliff)
geometry. Wormold and Clayton (1976) have carried out an
extensive study of the effects of geometry on measurements
by a portable gamma ray spectrometer, with a view to
applying corrections for measurable geometries differing
from the calibration geometry. One such situation occurs
when making measurements along the benches of an open-pit
mine. Here the geometry is fairly well known. A worse case
is shown in Figure 10C.6c where the detector is placed in a
trench or gqully and the geometry is approaching 4. The
geometry shown in figure 10C.6b or c can occur during a
carborne survey, if the vehicle passes through a road cut.
Figure 10C.6d shows a fourth geometrical configuration of
less than 27 steradians such as that found in measurements

a

e

2w

|

a) 2w geometry
b) 3mgeometry

¢) approximately 4n geometry
d) less than 21 geometry

Figure 10C.6.  Four different source-detector geometries
encountered in surface gamma ray @ spectrometric
measurements in the field.
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a) NORMAL COUNT RATE b) HIGH COUNT RATE

d) HIGH COUNT RATE

¢) LOW COUNT RATE

Figure 10C.7. The effect of source geometry and height
upon count-rate for airborne gamma ray spectrometric
surveys (after Grasty, 1976a). Note how a topographic
depression can cause either a high count rate as in (b) or a
low count rate as in (c), depending on whether the source-
detector geometry has effectively changed.

made on a hill or ridge. False anomalies may be recorded if
the operator does not make a note of the changes in geometry
which cause increased count rates. A qood gperator can save
considerable time and expense in later follow-up
investigations if proper field notes are kept.

A solution to problems caused by geometry is the use of
a lead shield to control the geometry. Mahdavi (1964)
described the use of shielding to measure radioelement
concentrations in Texas coast beach sands, and L ¢vborg et al.
(1969) employed a lead-shielded deteclor for a gamma ray
spectrometer used for in situ surface analysis of the rough
terrain of the Illimausaq intrusion in Greenland.

Lead shielding to control geometry in a carborne survey
is highly impractical, however it may be used beneath the
detector to shield it from the road bed if the latter is known
to contain non-locally derived material which may be the
main source of radioactivity being detected.

Airborne Measurements — 2w Geometry

Generally speaking there is not much variation from 2w
geometry for an airborne survey of the reconnaissance type
if the terrain is not too rugged. Large fixed-wing aircraft
carrying large detector arrays for reconnaissance work
however are less manoeuverable than the smaller aircraft or
helicopters usually used in detailed follow-up surveys. If the
terrain becomes rugged, maintaining a constant elevation is
difficult and may become impossible with a fixed wing
aircraft. Aircraft elevation corrections may be applied, but
geometry corrections may usually be applied only in a
qualitative sense or at best semi-quantitatively.
Figure 10C.7 (after Grasty, 1976a) illustrates the effect of
source geometry and height upon count rate. As shown in this
figure the aircraft is able to maintain constant elevation (h)
over flat ground (10C.7a) or cver broad topographic changes
(10C.7b), but over sharp hills (10C.7d) or narrow valleys
(10C.7c) the height will be less than h and more than h
respectively (Fig. 10C.7). The height correction factors can
compensate for this, but not for the changes in geometry. In
these last two cases, the geometrical configuration is less
than 2w over hills and greater than 27 in valleys, and
geometry considerations similar to those for portable gamma
ray spectrometer measurements will be applicable.

- : SCINTILLATION
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Figure 10C.8. The sample volume for an in situ assay by

portable gamma ray spectrometer as computed by Lgvborg
et al. (1969). Curved lines represent nearly-hemispherical
shells contributing 10 per cent of the detected gamma
radiation for the case of the 2.62 MeV gamma rays
from the 2°*Th decay series.  (Values computed using
attenuation y = 0.111cm™ ', p = 2.85 g/cm®; iypical of the
Nlimaussaq intrusion in Greenland.)

Borehole Measurements — 4w Geometry

It can easily be seen that the "best" possible geometry
is obtained when the source completely surrounds the
detector, as in the case of a gamma ray probe inside a
borehole. The source effectively surrounds the detector
except for a narrow solid angle above and below it.

In an air-filled borehole, the geometry will still be
4meven if a large cave-in or wash-out is encountered,
because the rock surrounds the detector. However in a
water-filled hole the attenuation of the additional water in
the enlarged portion of the hole must be taken into
consideration. This is discussed in the section on borehole
logging.

The Effective Sample Volume

The size of the sample being analyzed in a field
measurement has been discussed by several authors. Dodd
and Eschiiman (1972) considered the borehole measurement
case for total count logging surveys, Lévborg et al. (1971) did
considerable work with respect to portable gamma ray
spectrometers and Grasty et al. (in press) considered the
sample volume of airborne radiometric measurements.
Several factors can affect the sample volume, such as the
energy of gamma radiation being measured, the density of the
scurce material (rock, overburden etc.), the absorption
coefficient of the material and whether the detector is
maving or stationary. The definition of sample volume is also
important. For example it could be arbitrarily defined as the
valume within which 90 per cent of the detected gamma rays
originated.

The sample volume for an in situ assay by portable
gamma ray spectrometer is shown in Figure 10C.8 (Ldvborg
et al.,, 1969). The sample volume for a total count gamma ray
log is illustrated in Figure 10C.9, where the distribution of
gamma ray sources detected during any given sample interval
is shown. This is intended to demonstrate the difficulty of
defining the sample 'volume'. In addition the volume includes
a cylinder of length L if the detector moves a distance L
during the time of measurement. In an airborne gamma ray
spectrometric survey, the volume of the sample is the
product of the surface area "seen" by the airborne detector,
and the thickness of the scurce material. The sample volume
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Figure 10C.9.
of gamma ray sources detected during any given sample interval At by a detector located in a borehole
penetrating a homogeneous radioactive zone. The difficulty in defining the boundaries of the 'sample
volume' is apparent from this figure (after Conaway and Killeen, 1979).

for an airborne measurement will depend to a large extent on
the height of the aircraft above the ground. This affects the
area of the surface which is analyzed. The area of the
surface has been called the field of view (F.0.V.),
instantaneous field of view (I.F.0.V.), circle of investigation,
and area of influence, by various authors. The size of the
sample area is a moot point at present, and there is some
dispute as to whether the width of the area supplying a given

Sample volume for a total count gamma ray borehole log as shown by the distribution

percentage of the radiation detected can be considered the
same for measurements made with the aircraft moving or
stationary (see Fig. 10C.10, after Grasty et al., in press).
Usually the computations are made on the basis of a
stationary detector at a fixed height (e.q. see Fig.10C.11,
after Duval et al., 1971). Grasty (1979) has also shown that
the diameter of the circular area beneath the aircraft
contributing a given percentage of the gamma radiation
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Area of coverage for an airborne gamma ray spectrometric survey for a stationary

detector and a moving detector at altitudes of 120 m and 25 m (after Grasty et al., 1979). For a given
percentage of infinite source detected, the width of the strip (moving detector) is less than the diameter

of circle (stationary detector).

Calculations of amount of surface area covered for a given airborne

survey, based on the stationary detector model, will produce over-estimates, since the survey is actually

done with a moving detector.

varied with detector size. This is due to the differing
sensitivity of the detectors in different directions, and the
data of Figure 10B.7 in Grasty (1979) show the change in
diameter can be in the order of 10 per cent variation.

The use of the concept of the "field of view" in
computing the percentage coverage of an area in a given
survey is important in choosing the desired flight line spacing
for an airborne survey. Figure 10C.12 shows the thickness of
material penetrated for various gamma ray energies
computed from the mass absorption data given in Table 10B.3
of Grasty (1979). Figure 10C.12b shows the results using a
density p = 2.67 g/cm3 (average rock), Figure 10C.12a shows
a low density case of ¢ = 2.0 g/cm® and Figure 10C.12c, shows
a high density case p = 3.0 g/cm3. From these data an
appreciation of the sample volume (thickness) can be
obtained.

Counting Statistics

One of the factors often quoted as being an important
requirement for a survey is ""good counting statistics”. This is
a rather broad term and will be elaborated upon somewhat
below, but basically it means that the gamma ray count rate,
or total number of gamma rays counted in a given
measurement must be large enough to be considered a
statistically reliable measurement. This is related to the
desired accuracy of a measurement.

Definitions and Effects of Varying Survey Parameters

Radioactive decay is a random process, and one
standard deviation (0) in a counting measurement equals the

T

T

r (IN UNITS OF h)

2h

h (METRES)

Figure 10C.11. The radius of the circle of investigation
versus altitude for a given percentage of infinite source yield
(after Duval et al., 197 1).
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Figure 10C.12.  Attenuation of gamma rays versus
thickness for the three gamma ray energies associated with
K(1.46 MeV), U(1.76 MeV), and Th(2.62 MeV) for three rock
densities (p). Irc ¢ strict sense these curves refer to
collimated beams penetrating rock absorbers. However the
relative effects on sample volume of both energy and rock
density can be appreciated from the figure. (I/IO =
(intensity)/(initial intensity)).

square root of the count (n) obtained. This can then be
expressed as a percentage of the count or percentage error.
One standard deviation is:

o= tv/n (3)

Thus the standard deviation in a measurement where n = 100
counts is *10 counts, or a percentage error of *10%. A
count of 1000.would yield +31.6 counts, about *3% error.

The standard deviation in the counting rate is

RATE = v n/t = /RATE/L (4)

where the counting rate is defined as RATE = n/t.

The error in the final result will be increased when a
number of corrections are applied such as background
subtraction and spectral stripping, each of which includes a
counting measurement with its associated errors.

In subtracting background for example the error in the
net count will be

o 2 2
+ -
+ "NET = R . % (5)
where 0 , = the standard deviation in the RAW count, and o B

= the standarc deviation in the BACKGROUND count.

Errors are always additive, even though the operation is
subtraction of background.

When spectral stripping is Included, the error
calculations are quite ponderous. The following error analysis
is given by Darnley et al. (1969):

"Assuming that all count rates are given in counts per
minute, the standard deviation for the corrected count-rates
are as follows:

1/2
°Th :[NTh + BGDTh] ©)
t .
112
0U :[NU + BGDU + 0?02 :l (7
— U Th
o N BaD ) 1/2
A 2 2 2
K-[tK+ TK+BoTh+Y0U] (8)

where NTh’ N, ., NK are the observed count rates in the Th, U
and K channelIJs respectively and BGD_, , BGD, ,, and BGD

are the background count rates in the same channels, t is the
measuring time for the interval under consideration, T is the

time for which the background was observed. The
corresponding relative standard deviations are given by
o Th/NTh COrT., o U/NU Corr. and o K/NK corr.

where the subscripts refer to the corrected channel count
rates.

As an example of the statistical error which arises from
the count-rates measured and the application of the various
corrections the data obtained from one Elliot Lake test run at
150 m have been used. Mean count-rates obtained by three
12.5em x 12.5 em Nal(Tl) detectors in a 15-sec measuring
period were calculated, background was subtracted and
Compton scattering corrections were made. The 15-sec
counting time at a helicopter speed of 40 km/hr represented a
forward travel of about 170 m. The mean counts per minute
for 15-sec counting intervals are as follows:

1.35-1.58 MeV, "K' window 740 = 11%
1.65-1.88 MeV, "U' windaw 190 * 22%
2.42-2.82 MeV, 'Th' window 230 * 16%
The quoted uncertainty is based on one standard deviation."

To obtain a lower error the count must be increased;
this can be accomplished by: 1) counting for a longer time,
2} increasing the detector size, or 3) moving the detector
closer to the source. These three alternatives are relatively
easy to accomplish in a laboratory, but in the field, changing
these parameters could have far-reaching effects. Increasing
the counting time for a portable (man-carried) gamma ray
spectrometer reduces the number of readings that can be
made each day. In a mobile survey, increasing the counting
time means that each measurement is taken over a longer
distance, and therefore each is representative of a larger
volume of rock. This smoothing effect may not be
acceptable, and the vehicle speed may have to be reduced by
a direct ratio to the increase in sample time. In the case of
an airborne survey, this could reduce the aircraft speed to the
point. where the selection of a rotary wing aircraft is
required, increasing the cost.
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N can be computed from the measured count
n if the dead time T is known, using the
following approximation:

N = n/(1-nT) (10}

Since this carrection is an approximation it
- introduces error when the percentage losses
due to dead time are high (Chase and
Rabinowitz, 1968). Dead time should be
kept at less than 50 per cent in the worst
instance and preferably below 10 per cent,
by suitably adjusting detector sizes, source-
detector spacing, or other variables,

One of the most common methods
’ of measuring dead time is the method of

paired sources. Two sources of activities R
and R are selected such that, individually
counted there are no significant dead time
lasses, but when counted together (R12) the
percentage loss becomes significant. The
dead time has been given by Chase and
Rabinowitz (1968) as fallows:

0 5 \‘0 15 20 25 3‘0 35 40 45 50 55 60
CORRECTED COUNTS/SEC (x 1000) _
. . T = Ri + R2 Rlz (ll)
Figure 10C.13.  Deadtime correction curves are based on equation (10): R
N =n/(1 — nT) (see text). Corrected count rate for any given measured count RIR,

rate can be determined if the appropriate deadtime curve is known. Because the

equation is an approximation, the corrections become increasingly erroneous as

the percentage correction increases.

Alternative (2), increasing the size of an airborne
detector package, may requirc a larger, and consequently
more costly type of aircraft. For a portable or a carborne
survey, this may be a more economical solution. Alternative
(3) moving closer to the source, may be impossible, as in the
case of a carborne survey, or it may involve flying at unsafe
altitudes for airborne surveys. Under alternative (3) the
sample volume will decrease appreciably and it may be
necessary to make more closely spaced measurements for the
same ground coverage. This of course, also represents an
increase in costs.

The relationship between sample time, aircraft speed,
and altitude has been considered by Killeen et al. (1975) and
Killeen et al. (1971). They suggested that once the
exploration target size (or spatial wavelength) is selected, the
aircraft altitude is optimized at twice this wavelength. It is
then possible to choose from several combinations of speed
and sampling time such that:

At = h/av C)]
where
At = sample time in seconds; V = aircraft velocity in
metres/sec.; and h = the previously selected altitude in
metres.

Once this has been done, and the aircraft selected, the
detector size must be chaosen to vyield good counting
statisties.

Dead Time and 'Sum' Peaks

The dead time of a gamma ray spectrometer is
effectively the time taken by the equipment to analyze a
single gamma ray which has been detected; during this period
the equipment is busy and cannot analyze any other gamma
rays. This dead time (sometimes calied resolving time) is
only a {ew microseconds per recorded count, but it becomes
an appreciable percentage of the counting time at high count
rates, and must be taken into consideration. The true count

where R, Rz and Ry2 are activities that
have had the background subtracted. This
equation is also an approximation but is
more convenient to use than the complex
exact equation. Several other approximate relations for
computing dead time have been given by Chase and
Rabinowitz (1968).

Another method of determining the dead time of a
borehale gamma ray logging system has been proposed by
Crew and Berkoff (1970). This technique involves
measurements in the infinitely thick, homogeneous ore zones
in two model holes, which contain uranium ore grades
differing by about a factor of 10 or more. They stated that
the following approximation will yield dead time values
generally within 1 microsecond of the rigorous solution

N G N
T - LOW - "RAT  HIGH 12)
NLow Mt @ - Grat
where
T = apparent dead time in seconds
NLOW = apparent measured peak count, low model
NHIGH = apparent measured peak count, high model
G

RAT = (% eUs0s, low model)/(% elUszOs, high model) i.e.
grade ratio

Having determined the dead time of a system it is
important to know approximately the size of the dead time
correction at various count rates. Using equation (10), the
corrected counts are plotted against the measured counts for
several values of dead time in Figure 10C.13. It can be seen
from the graph that at a dead time of 20 microseconds, for
example, a measured count rate of 25000 cps would be
corrected to 50000 counts or 100 per cent dead time
correction which is unacceptably high. With the same dead
time a correction of 50 per cent occurs at 17 500 eps
measured, corrected to about 26 250 cps. Thus the upper
iimit is about 17 500 cps for a system with 20 microsecond
dead time and, in fact, it would be preferable to choose
equipment which would operate at lower count rates than this
in the radioactive zones of interest in the field.
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Besides dead time an additional consideration at high
count rates is sum peaks or coincidence peaks. These are
especially important in the case of gamma ray spectrometry.
When two gamma rays strike the detector at the same time,
the two scintillations produced are "seen" as one by the
photomultiplier tube and only one gamma ray count is
registered, at an energy approximately equal to the sum of
the energies of the two gamma rays which struck the
detector. This is usually only important for a large detector
with the source very close to it, as in a laboratory gamma ray
spectrometer.

For example the 0.58 MeV and 2.62 MeV gamma rays
from the thorium decay series are both of high intensity and
the sum peak at 3.20MeV becomes significant for
measurements of samples with high thorium concentrations.
Sum peaks can cause gamma rays of low energy to be counted
in higher energy windows of a gamma ray spectrometer,
introducing the possibility of erroneous results.

Background Radiation

The literature describes two values for background: the
"local" background (i.e. the mean count rates), and the "over
water" background. Only the latter permits comparison of
data from different survey areas.

Background radiation is any radiation detected by the
gamma ray spectrometer not originating from the source
which is being analyzed; in this case, the lithosphere (IAEA,
1976). 1In the case of a laboratory it includes radiation
coming from or through the walls, ceiling and floor, and the
lead counting chamber or shield. In the field it includes the
radiation from the vehicle, be it a man carrying the
spectrameter, a truck, or an aircraft. In addition there is a
cosmic ray component (most important for airborne surveys)
and radicactivity in the atmosphere caused by radon and its
daughter products, and products from nuclear fallout. To the
extent possible the background should be minimized. Flight
instrument dials or emergency exit signs etc. in aircraft,
which are luminized with radium, should be replaced or
removed. Similarly radium dial wrist watches should not be
worn by personnel carrying out surface surveys. Calibration
sources should be removed completely or at least shielded if
they must be carried on the survey. Any remaining
background should be measured accurately to enable its
subtraction. The greatest problem of background is the
variable or unknown component. This is primarily caused by
the radioactivity of particles in the air. Grasty (1979)
reviewed this in some detail especially with reference to
airborne gamma ray surveys. The subject of background
radiation in airborne measurements is not included in this
section because it has been discussed in Paper 10B
(Grasty, 1979).

Background Radiation in Surface Measurements

There are several ways in which the background can be
determined for both carborne and portable gamma ray
spectrometers. Ideally, a measurement can be made over
water in the survey area using a boat or by driving the vehicle
onto a bridge (not stone or concrete) over a wide river or onto
the ice of a lake (Bowie et al.,, 1955). This will yield a
background value for the equipment itself, the vehicle,
cosmic rays and radiocactivity in the atmosphere. Bowie et al.
(1955) described a method of determining both the cosmic ray
component and the vehicle component if it is possible to take
readings as follows:

R = 2w reading taken on a road crossing a given rock type
(include vehicle + cosmic ray component)

RT: 47 reading in a tunnel through that same rock type
(includes vehicle compaonent)

R, = 2w reading on lake ice (vehicle + cosmic components
only)

Then the cosmic ray component (C) is:

C = ZRO~R.|_-Rl (13)
If the vehicle and equipment are unchanged during the survey
and periodic background measurements differ, the difference
will be due primarily to fluctuations in the radioactivity of
the air. Background can fluctuate significantly both with
time and location. Changes with time can be observed by
keeping a base-station which is measured every morning and
night during the survey. The base station should give the
same count rate at all times (within counting measurement
errors) except for differences in atmospheric radioactivity or
cosmic radiation. Using a base station also provides a check
on the condition of the instrument and detector and will
permit early detection of electronic problems, a cracked
crystal, or other problems.

Another method to determine the background radiation
level is to extrapolate to zero concentration the count rates
measured on calibration sources such as the ten calibration
pads of the Geological Survey of Canada in Ottawa. The pads
must be considered to be infinite 2m sources, and this will
only hold for detectors placed directly on the pad near the
centre.

Background Radiation in Borehole Measurements

Generally the background radiation in a borehole
gamma ray log is considered to be zero since the detector is
surrounded by the source. Cosmic ray effects are generally
negligible, and the radioactivity of the air has no influence in
a liquid-filled hole and negligible influence in an air-filled
hole due to the small volume of air. Two situations, however,
are possible in which the background becomes significant.
The first occurs when drilling muds rich in potassium
compounds, such as potassium chloride (KCl) and potassium
bicarbonate (KHCO3;) have been used. Cox and Raymer
(1976) discussed the effect of potassium muds on gamma ray
logs and concluded that the contribution of mud radicactivity
to the gamma ray measurement can be large, that the effect
is greater in larger holes than small, and is~directly
proportional to the concentration of the potassium in the
mud. Their correction factors presented in graphical form
for various mud weights are instructive, but unnecessary for
most hard rock mining applications which utilize small
diameter boreholes and water as a drilling fluid.

The second situation in which the background in a
borehole becomes significant occurs when the borehole is
logged after a considerable time has elapsed since drilling. In
this case it is possible that radon will migrate from
radioactive zones into the borehole, creating a broader
anomaly on the gamma ray log than if the hole had been
logged shortly after drilling. This has been reported as a
problem in air-filled model boreholes used for calibration but
the effect can be reduced to an insignificant amount by
keeping water in model holes (IAEA, 1976). The
characteristics of radon emanation and corrections for it,
have been discussed in detail by Scott and Dodd (1960), Austin
(1975) and Barretto (1975).

In the field, it is difficult to know if a radon background
problem exists in a borehole. Tanner et al. (1977b) have
utilized high resolution solid state gerrmanium detectors (both
intrinsic Ge and Ge(Li)) to overcome the problem in areas of
known radioactive disequilibrium. It has also been suggested
by Lyubavin and Orchinnikov (1961) that disequilibrium (e.g.
radon excesses) could be detected by spectral logging
methods. Dodd etal. (1969) indicated that although
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4 for potassium and O to 10 cps for uranium
and thorium (energies not given). Their
1.46 detector was towed along the bottom in an
3 'eel', 7m long by 17 cm diameter which
gouged a trough of semi-circular cross-
section in the lake bottom sediments. This
2 background is the non-anomalous or regional
v)h radioactive component, rather than the
'true' background in the sense of radiation

originating from other than the lake-bottom.
"True" background could be obtained by
suspending the detector half way between
the lake bottom and water surface. Noakes
T T T ! ' et al. (1974a) used a detector censisting of a
sled housing four 75x 75mm Nal(TD)
5 detectors towed along the sea floor
sediments seaward of Amelia Island, Florida,
at a speed of from three to five knots. They
reported background levels on the sea floor
for a two channel spectrometer as 50 to
75 counts per second for channel B (less than
1.0MeV) and 10to 20cps for channel A
) 219 (greater than 1.0MeV). Gaucher et al.
\\\w//\ 2.40 (1974) reported background measurements
ey for sea water which they determined using a

Y 75 x 75 mm. detector on asled. With a 500
U second counting time they obtained counts
of 144, 19, and 27 for their 'K', 'Th' and 'Ra'
windows respectively (energies not given) on
a 100 channel spectrometer. Clayton et al.
(1976) reported approximately 7 counts per
T T T T T T T T T second for background with the probe
surrounded by seawater with a detector of
75 x 125 mm. They give typical count-rates
0.24 for the spectrometer channels (no energies
ﬂ034 058 given) of 1500to 12 000 counts/minute

4 . - (total count), 90 to 300 counts/minute (K),
0.73 091097 10to S0 counts/minute (U), and 7to

30 counts/minute (Th) depending on rock
1,59-1.64 2.62 type.

w \ Calibration
2 Y

™ For any physical measurement toc be
Th W meaningful, the measuring device must be

calibrated with respect to some standard.

This is true whether the measurement
concerns weight measurements with a spring
balance, distance measurements with a
ruler, or radioelement measurements with a

T T T T | T T T T .
100 200 300 400 500 600 700 800 900 1000 gamma ray spectrometer. Confusion can
CHANNELS result when comparing gamma ray counting

Figure 10C.14.  Measured energy spectrum of gamma rays emitted by “°K measurements  made with  different
(top), the **8U decay series (middie), and the 23?Th decay series (bottom). instruments, sometimes even when the
Measurements were made with a 75 x 75 mm Nal(Tl) detector. Energy axis mstrumgzqts are_of the same manufacture.
(horizontal) is approximately 3.0 keV/channel. Locations of commonly used In  addition, dlf.ferevnt instruments  may
windows for gamma ray spectrometry are indicated at 1.46 MeV, 1.76 MeV display the data in different units, such as

1.76

LOG OF COUNTS
N

(?'*Bi) and 2.62 MeV (2°®Tl). Window widths are 200 keV, 200 keV, and 400 keV ﬁg;‘:ttgefg DSZEOQSGFCOOL;”triilfﬁrvofﬂiguteﬁ)gﬁgs
respectively for K, U, and Th (after Killeen and Bristow, 1976). .
i vf f ) (1977) pointed out the advantages of
standardizing radiometric exploration
preliminary investigations confirmed the feasibility of the : measurements,  The International Atomic
idea, the complexity and stability of instrumentation required Energy Agency (IAEA, 1976) formulated recommendations for
at that time (1967) exceeded the state of the art for routine standardizing measurements in uranium exploration by
application. calibration, and presenting results in units of concentration
(e.g. %K, ppm eU, ppm eTh).
Background Radiation in Submarine Measurements The basic equation relating the detected radioactivity to
Background measurements with a 75 x 200 mm Nal(T1) the radioelement concentration in the source of the radiation
detector for underwater gamma ray spectrometry in lake 18
bottoms in Saskatchewan have been reported by Stolz and . . .
Standing (1977) as 100 to 500 cps for total count, 5 to 15 cps Radioelement content = (a constant)(gamma ray intensity)

= (1/sensitivity)(gamma-ray intensity) (14)
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Figure 10C.15.  Schematic representation of the interaction
between the K, U, and Th energy windows indicates the
stripping factors which are used to remove the interference
denoted by the arrows. Commonly used stripping factors are
o, B8, andy. The 'upward' stripping factors a, b, and g are
generally small or zero and are of ten ignored.

The problem of calibration relates to the determination of
this constant which is the "K factor"” or the reciprocal of the
sensitivity. First, however, the gamma ray intensity must be
corrected for background, and for interference from gamma
rays related to radioelements other than the one being
determined.

The gamma rays emitted by the daughter nuclides of
uranium and thorium have been tabulated by Smith and
Wollenberg (1972), and a summary of their table of gamma
ray energies and intensities is given by Grasty (1979). The
principle gamma rays of the uranium and thorium series have
also been tabulated in an appendix of Adams and Lowder
(1964). Most compilations like these are derived from
Lederer and Shirley (1978), Lederer et al. (1968), or Hyde
et al. (1964). The principle gamma rays produce the energy
spectra shown in Figure 10C.3. The potassium spectrum is a
single gamma ray peak at 1.46 MeV. The relative activities
or intensities are those obtained under conditions of radio-
active equilibrium. Disequilibrium may introduce differences
in the relative peak heights depending on whether any given
daughter emitter has been removed or deposited in the
sample.

Due to the inherently imperfect energy measuring
capabilities of scintillation detectors and scattering of
gamma rays and degradation of gamma ray energies in the
source rock, the measured spectra for uranium and thorium
decay series will look more like those shown in Figure 10C.14
(centre) and 10C.14 (bottom) respectively. The measured
potassium  spectrum  will resemble that shown in
Figure 10C.14 (top).

Gamma ray spectra for numerous isotopes useful for
calibration such as Cs-137, Co-60, Y-88 and the uranium and
thorium series have been published (e.g. Heath, 1964;
Crouthamel, 1960; Adams and Dams, 1970).

Figure 10C.14 also indicates commonly chosen K, U,
and Th energy windows for a differential spectrometer.
These are 1.36-1.56 MeV (K window), 1.66-1.86 MeV
(U window), and 2.4-2.8 MeV (Th window). Sometimes the
upper limit of the K window coincides with the lower limit of
the U window, and some workers raise the upper limit of the
U window to 2.4 MeV. For a threshold spectrometer, similar

lower limits would be used for the three windows, and the
upper limit would be at 3.0 MeV or higher. In any case it can
be seen that there is interference between the three spectra;
some gamma rays originating from the Th decay series will be
counted in the U and K windows, some gamma rays
originating from the U decay series will be counted in the K
window and to a small extent in the Th window, and finally
some small portion of the K gamma rays may be counted in
the U window. To determine the "K factor" or sensitivity of
equation (14) for the individual radioelements K, U and Th,
the gamma ray counts due to each individual radioelement
must be determined. This is accomplished by the procedure
known as spectral stripping.

The Stripping Factors

The determination and various definitions of the
stripping factors (often called stripping ratios) have been
discussed in numerous papers (Adams and Fryer, 1964;
Wollenberg and Smith, 1964; Doig, 1968; Killeen and
Carmichael, 1970; Grasty and Darnley, 1971; Grasty, 1976b,
1977a; Killeen and Cameron, 1977; Grasty, 1979).
Figure 10C.15 is a schematic representation of the interplay
between the three radicelement windows K, U, and Th and
identifying the stripping factors, as listed below:

Stripping Factor Used to Strip Off

o Th gamma rays in U window

B Th gamma rays in K window

Y U gamma rays in K window

a U gamma rays in Th window
(usually small)

b K gamma rays in Th window
(zero)

g K gamma rays in U window

(approx. zero)

For many purposes only the first three stripping factors are
used and a, b and g are assumed to be zero. For high uranium
concentrations the upward stripping factor 'a' is necessary. It
has a value of approximately 0.05 (Grasty, 1975), but the
actual value is dependent on factors such as detector size and
resolution, window widths and energy settings.

These stripping factors are determined by making
measurements on calibration sources, as described below in
greater detail. The count rates obtained, and the radio-
elementanalysis (least squares) computer program which
solves for the stripping factors and the sensitivities or
K factors.

These sensitivity factors have units of count rate per
unit of radioelement concentration. The rigorous solution for
the calibration equations is given by Grasty (1979). Since the
simplified solution is used in most cases, the method of
computing radioelement concentrations from gamma ray
counts as set forth by Killeen and Cameron (1977) is
reproduced below.

Assume the counts measured in (cpm) in the  three
spectrometer windows are Kc (potassium), Uc (uranium) and
The (thorium).

A. To calculate eTh in ppm (parts per million)
1. Obtain the net thorium count by subtracting thorium
background from the measured thorium count:

Th net = Thec - Thb (15)

2.0Obtain eTh ppm by dividing the net thorium count by
the thorium sensitivity (Ths)

eTh ppm = (Th net)/Ths (16)
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PRIMARY CALIBRATION: SECONDARY SPECTROMETER MEASUREMENT
FOUNDATION FOR CALIBRATION : TYPE TYPE In 1976, the International Atomic
QUANTITATIVE MEASUREMENTS FACILITIES . Energy Agency recommended a new unit,
REQUIRED the 'ur', or 'unit of radioelement concen-
tration', for total count gamma ray
spectrometer or scintillometer. results
(IAEA, 1976). The unit is described as
e follow;: "A geological source with 1 unit
CALIBRATION of I‘adloel_ement concentration produces
— T the same mst.rume.nt response (e.q. gognt
SPECTROMETER SURFACE rate) as an 1dentllc.al source Co_ntammg
only 1 part per million uranium in radio-
CALIBRATION active equilibrium".
TEST STRIPS
In other words a '"geological
INTERNATIONAL LAB AIRBORNE oL " ' g 9
STANDARDS SPECTROMETER SPECTROMETER ASSAY source", which probably contains some

LARGE
CALTBRATION
PADS

potassium and thorium as well as
uranium, produces a certain instrument

BOREHOLE

response (e.g. count rate). This is

DRILLHOLE expressed in units of the amount of

ASSAY

BOREHOLES

: SPECTROMETER
MODEL )

equivalent uranium which alone would
give the same instrument response. Thus
the use of the 'ur' unit replaces the use
SAMPLE of the term 'equivalent uranium' which

Figure 10C.16.

samples are used to calibrate lab spectrometers.

can then carry out assays in situ.

B. To calculate eU in ppm:
1.Determine the thorium contribution to the uranium
count by multiplying the net thorium count by the
factor a:

(a)(Th net)

2.0btain the net uranium count by subtracting the
‘uranium background and the thorium contribution from
the measured uranium count:

U net = Ue - Ub -(a) (Th net) (17)
3. Obtain eU ppm by dividing the net uranium count by the
uranium sensitivity (Us):
eU ppm = (U net)/Us (18)

C. To calculate potassium in per cent:
1.Determine the thorium contribution to the potassium
count, by multiplying the net thorium count by the
factor B.

(BXTh net)

2.Determine the uranium contribution to the potassium
count, by multiplying the net uranium count by the
factor y.

(Y)(U net)

3.0btain the net potassium count by subtracting the
potassium background and the thorium and uranium
contributions from the measured potassium count:

K net = Ke - Kb -(8)X(Th net) -(y)(U net) (19)

4.0btain the per cent potassium by dividing the net
potassium count by the potassium sensitivity Ks).

%K = (K net)/Ks (20)

Killeen and Cameron (1977) also presented a numerical
example for the case of a portable 4 channel gamma ray
spectrometer with a 75 x 75 mm Nal(T1) detector.

The relationship between primary and secondary calibration
facilities for various types of gamma ray spectrometer. International standard
These in turn analyze
calibration pads and model boreholes which can then be used as secondary
calibration facilities for field spectrometers. The calibrated field spectrometers

ASSaY was used in the above sense in many
early publications on total count radio-
metric work. The present-day usage of
"equivalent uranium" however refers only
to the single element wuranium but
measured indirectly by counting
techniques (see the earlier section on
equilibrium).

Thus, 1 unit of radioelement concentration is equivalent
to 1 part per million uranium in equilibrium, or

Tur=1eU 2D

The use of the ur unit for calibration of total count gamma
ray surveys has been discussed by Grasty (1977b). Any
natural radioelement calibration source can be used to
calibrate in ur units by converting the radioelement
concentrations of the source to ur units with the following
relations:

1% K = 2.6 ur (22)
1ppmU=1.0ur (23)
1 ppm Th = 0.477 ur (24)

These relationships are strictly valid only for measurements
of gamma rays above 0.4 MeV. "A total count scintillation
detector operated with an energy threshold of 0.4 MeV will
enable the determination of radioelement concentration to be
made in ur units almost independently of changing proportions
of the radioelement” (IAEA, 1976).

Calibration Procedures

In this section the procedures for calibration of gamma
ray spectrometer survey equipment are considered. A great
deal of this information originates from unpublished
experience in gamma ray spectrometer surveys, and from
specifications for contracted surveys based on this experience
at the Geological Survey of Canada (Bristow et al., 1977).

Calibration or standardization of gamma ray spectro-
meter equipment depends on some known, primary reference
standard. Secondary calibration standards are then derived
from the primary reference. This connection between
primary and secondary calibration facilities is illustrated in
Figure 10C.16. The types of spectrometer and relationships
of their measurements to the different secondary calibration
facilities are indicated. From the Figure 10C.16 it can be
seen that ultimately all measurements depend on calibration
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field gamma ray spectrometers. The calibration of an
airborne gamma ray spectrometer requires in addition to the
concrete calibration pads, a calibration test strip over which
test flights may be made. The analysis of this test strip is
done partly by in situ assays (or traverses) on a grid with a
calibrated portable (or carborne) gamma ray spectrometer,
and partly by laboratory assay of samples from the test strip.

The questions of when to calibrate, and how often are
also important. Once an instrument is calibrated, it is not
calibrated forever, as its characteristics may change with
time and it should thus be re-calibrated periodically. It is
essential that the user have information about the normal
values of the calibration factors for a given instrument. Any
large changes upon calibration would probably indicate one or
more of the following:

1) a malfunction in the spectrometer,
2) an error in recording the counts,

3) the counting time was too short to provide good counting
statistics,

4) an error in entering the data into the computer (compare
the computer printout of raw data to your original
numbers),

5) calibration just after a rainfall when all the radon
daughters in the air are washed out increasing background
on the pads,

6) drifting of energy windows due to change in temperature
of the detector during calibration,

7) improper setting of the window locations or window
widths,

8) low battery power,
9) cracked crystal in the detector package,
10) improper energy calibration.

Thus, calibration, in addition to permitting quantitative
measurements also maintains a check on the performance of
the system.

Figure 10C.18.  Correction factors for calibrating portable
gamma ray spectrometers on calibration pads of less than
infinite diameter (after Lgvborg et al., 1972). Factors are
for a height H above a pad of 3 m diameter as shown in the
inset.

Temporary calibration facilities can be set up in the
field using the calibrated system. This field calibration
facility (a base station, test road, test strip of land) can be
monitored on a daily basis to ensure the system remains in
calibration.

Calibration of Surface Systems

A surface gamma ray spectrometer system may be
either carried by a vehicle or placed on the ground surface
during the measurement. It is most important to simulate the
field geometry during the calibration. The sample time or
counting time may be as long as required to provide good
counting statistics for the calibration measurement. For a
portable gamma ray spectrometer the measurements are
usually made by placing the detectors directly on the ground
surface. The complete calibration can be carried out by
making measurements on a set of calibration pads such as
those suggested by the IAEA (1976).

If the detector is to be located at a raised elevation
with respect to the ground, such as when mounted on a
backpack or a vehicle, the system should first be calibrated
with the detector on or near the surface of the calibration
pad to ensure that the pad represents an infinite 27 geometry
source. The field measurement, with detector mounted will
be representative of a larger sample volume.

Figure 10C.17 gives the radius of the circle of
investigation for a 75 x 75 mm detector placed at various
heights for thorium series 2.62 MeV gamma rays and several
different percentages of infinite source area. For example
90 per cent of the radiation from an infinite source area is
achieved at a radius of about 5m for a detector in a
backpack carried at 1 m elevation. The 90 per cent radius is
15.8 m for a detector elevation of 3 m, and the 90 per cent
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logging in different diameter boreholes (after Dodd and
Eschliman, 1972). Probe housings of iron (Fe), aluminum (Al)
and stainless steel (SS) produce different gamma ray
attenuations according to the different density of probe shell.

radius is 29 m for a detector at 6 m elevation (These last two
values are not shown in Fig. 10C.17). Similar curves for
larger detectors and higher elevations (for airborne surveys)
have been given by Grasty (1976b) and by Adams and
Clark (1972).

When taking measurements on calibration pads there is
always a possibility of some inhomogeneity in the concrete
mixture, and in the case of a small detector, several
measurements at slightly different locations should be
averaged. These measurements (count rates) are then
combined with the analyses of the calibration pads in a
regression computer program to sclve for the calibration
factors. It may be possible in the case of a carborne survey,
if the detector elevation is not too high, to accomplish the
calibration without removing the detector from the system by
calibrating on a set of large calibration pads. For example if
the detector is about 60 cm above the surface, the pad
diameter should be greater than 7 m. It can be judged from
Figure 10C.17 whether this is feasible for other detector
elevations. Figure 10C.18 (after Lévborg et al., 1972) give
correction factors for calibration made at various heights
above pads. Matolin (1973) described the problems associated
with artificial calibration standards.

Calibration of Airborne Systems

The calibration of an airborne gamma-ray spectrometer
system requires both pads and an airborne test strip. The
aircraft can be towed or taxied under its own power to a set
of concrete calibration pads such as those built by the
Geological Survey of Canada at Ottawa, or those built by the
U.S. Department of Energy at Grand Junction. The gamma
ray spectral measurements made on each pad are combined
by a regression analysis program with the analyses of the
calibration pads, and a set of stripping factors are derived.
The stripping factors, are assumed valid for airborne work,

except for the thorium into uranium stripping factor, &, which .

Casing Thickness, mm

Figure 10C.20. Casing correction factors for gamma ray
logging in different thickness of casing (after Dodd and
Eschliman, 1972).

varies significantly with altitude (Grasty, 1976b). For

example Ldvborg et al. (1978a) have shown that for a
292 x 102 mm (11.5 x 4 inch) airborne detector, the value of o
can increase by aver 16 per cent when moving from elevation
of 0 te 125 m. Under the same circumstances B (thorium into
potassium) and vy (uranium into potassium) increased by 12 per
cent and 8 per cent respectively. These increases are not as
great for larger detectors.

A test strip is necessary for determination of the height
correction parameters. The IAEA (1976) recommends for
example that for surveys to be flown at 120 m, that altitude
tests be flown between 50 and 250 m spanning the range of
normal survey altitudes. Preferably at least five different
altitudes should be tested to derive the height attenuation
parameters.

The sensitivities for an airborne system are obtained
from flights over a radiometric test range or test strip. The
stripped count rates (computed using the stripping factors
obtained on the calibration pads but corrected to survey
altitude using attenuation coefficients derived on the test
strip) are combined with the assay data from the test strip to
provide the sensitivities.

The desired characteristics for a test strip are some-
times difficult to obtain. The IAEA (1976) made the
following recommendations for a test strip:

1) it should be flat (low topographic relief),

2) uniform radioactivity (tested by surface traverses and
sampling),

3) minimum dimensions of 1.0 km x 3.0 km,
4) close to a large body of water for background

measurements,

5) easy repeatable navigability.
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Figure 10C.21. Non-linear increase of indicated ore grade
(computed from count rate) with actual ore grade due to Z
effect at high ore grades (after IAEA, 1976). The filtered
probe 'F', by attenuating all gamma rays of original energies
less than 400 keV produces a linear relation. Note the
departure from linearity starts at about 0.5% UsOs. At
higher grades the count rate (if it includes gamma rays of
energies below 400 keV) will always cause an under estimate
when computing ore grade.

The Breckenridge test strip used by the Geological Survey of
Canada is located on the Ottawa River flood plain which is
flat, and uniform in radioactivity (Charbonneau & Darnley,
1970a; Grasty and Charbonneau, 1974), 7 km long, and close
to the river which is about 1 km wide. A railroad track along
the test strip is a convenient aid to navigation and facilitates
reproducible results. Both the over-railway and over-water
test strips are flown at altitudes of 60, 90, 120, 150, 180,
210 and 240 m.  Typical values for sensitivities, stripping
ratios, and height attenuation coefficients are given by
Grasty (1979) for various detector sizes.

To ensure the continuing calibration of airborne gamma
ray spectrometer during a field survey, the system can be
manitored with a series of tests which are carried out daily to
see that point sources give unchanging results.

Calibration of Borehole Systems

The calibration of gamma ray spectral logging systems
is affected by many parameters, and some of these effects
still remain to be determined. However a great deal of
information is available on total count gamma ray logging,
and calibration for quantitative measurement (Scott et al.,
1961; Scott, 1963; Rhodes and Mott, 1966; Conaway and
Killeen, 1978a).

atomic number (Zeq). The range of Zeq for common rocks is
also indicated (after Dodd and Eschliman, 1972). When Zeq of
a rock increases due to high uranium content, the
photoelectric effect becomes a more dominant reaction at
low energies. This causes a non-linear relation between count
rate and ore grades unless only energies above 0.4 MeV are
considered.

The calibration of a total count gamma-ray logging
system requires the determination of the K-factor (or
sensitivity) which is the constant of proportionality between
the grade thickness product (GxT) of a radicactive zone, and
the area (A) under the curve of the gamma ray log, i.e.

GT = KA (25)
In the case of an 'infinitely' thick homogeneous zone and only

in that case is the grade directly proportional to the peak
height or intensity (I) of the gamma ray log anomaly, i.e.

G = KI (26)

The determination of K is thus simplified by making
measurements in model holes with "infinitely" thick ore zones
(approximately 1 m thick or greater).

A set of appropriate model holes can also be used to
provide water-correction factors, casing correction factors,
and dead time measurements (Dodd and Eschliman, 1972).
For these measurements, model holes of different diameters
and casing or drill pipes of different thicknesses must be
available. A graph of water correction factors for different
borehole diameters is shown in Figure 10C.19 and typical
casing correction factors are shown in Figure 10C.20 for
various thicknesses of casing (after Dodd and Eschliman,
1972). These authors also pointed out the nonlinear response
of total gamma ray intensity caused by the increasing
equivalent atomic number (Zeq) of the rock as the ore grade
increases. This effect is shown in Figure 10C.21. Gamma
rays of low energies are strongly attenuated when the Zeqg
increases above that for common rocks.

An important diagram illustrating the relationship
between equivalent atomic number (Zeq) and gamma ray
energy with respect to the most probable gamma ray
interaction is shown in Figure 10C.22. This figure has been
used in various forms by Evans (1955), Siegbahn (1968), Adams
and Gasparini (1970), and Dodd and Eschliman (1972). It can
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be seen that as Zeq increases, the proportion of photoelectric
effect interactions increases for low energy gamma rays.
However, for gamma rays above about 400 keV there is little
change. Thus there should be a linear relation between
gamma ray count and ore grade when a suitable filter or
shield is used on the detector to eliminate these low-energy
gamma rays. Larger detectors can then be used to increase
the count rate which was diminished by the filter. In gamma
ray spectral logging, a total count channel with a 400 keV low
level threshold will provide count rates which vary nearly
linearly with ore grade. It has been suggested by Czubek
(1968) that this Z effect might be used to advantage by a
gamma ray spectral logging system. He suggested the ratio
of high energy to low energy gamma ray count rates could be
used as a parameter which varies inversely with ore grade
(i.e. Zeqg). The method has been tested to some extent as
mentioned by Dodd and Eschliman (1972), although it has not
become commonly used. This may be partly due to the fact
that radioactive disequilibrium may produce the same effect
as a change in Zeq.

Gamma ray spectral logging systems must be calibrated
in model hcoles containing "ore zones" of thorium, and of
potassium, in addition to the usual uranium ore zone found in
model holes used to calibrate total count logging systems.
The calibration procedure is similar to that described for
calibration of surface systems. A statistically adequate
count rate must be obtained for each ore zone. These count
rates and the radicelement analysis (grade) of the ore zone
material are the input data to a regression analysis computer
program which solves for the values of the sensitivities and
stripping factors as described in earlier sections.

Instead of one K-factor as for the total count gamma
ray log, there are three K-factors which relate to the area
under the curve of the gamma ray log for each radicelement.
Thus:

- 2
GieT = KArineT) @7
GuT = KuAumeT) (28)
CrnT = KrnAThneT) (29)
where the subscripts denote the particular radioelement. The
areas "A " are the areas under the curve of the 'stripped'
gamma ray sp?ectral window logs. For example continuing in

the simplified fashion of the section describing sensitivities
or K-factors for in situ assaying the net counts are:

ATh(NET) = ATh(RAW) ™ Brh (30)
AUNET) = AurRaw) ~ ¢ XArner) T Bu G
ANET) = Akraw) - B XAThveT) ~ Y XAuneT) - Bk G2

where the B.y,s By and By, are the backgrounds (if any).

For the reduction of data from gamma ray logs
recorded in the field, two methods are available. An
iterative technique has been described by Scott (1963) and
Scott et al. (1961), and a deconvolution or inverse filtering
technique has been described by Conaway and Killeen (1978a).
Both techniques require that the shape of the anomaly
produced by an ore zone in a model hole be accurately
determined. This shape defines the response of the gamma
ray logging system and is used as the basis for the iteration or
the inverse filtering (Conaway and Killeen, 1978b;
Czubek, 1971, 1972).

The iterative technique is essentially the fitting of a
synthetic anomaly (based on the system response function) to
the measured anomaly. The synthetic anomaly is made by
summing individual anomalies produced by hypothetical

layers. During each iteration the grades of the hypothetical
layers are adjusted, the synthetic anomaly is recomputed and
its goodness of fit is tested. In the deconvolution technique
an inverse filter is developed which can remove the effects of
the system response. This inverse filter can be used in nearly
real time to produce a deconvolved gamma ray log as
suggested by Killeen et al. (1978) wherein the gamma ray
logscale has been converted to grade, rather than count rate.

Calibration F acilities

Calibration facilities for total count gamma ray logging
were first made available in the USA in the early 1960s, with
an additional model hole each for K, U and Th for gamma ray
spectral logging being built in 1974 (Kpapp and Bush, 1975).
The first large calibration pads for calibrating airborne and
ground gamma ray spectrometer systems were built in
Ottawa in 1968 (Darnley, 1970; Grasty and Darnley, 1971);
five pads were built in Grand Junction, Colorado in 1976
(NURE, 1976). Four calibration pads built specifically for
portable gamma ray spectrometers were constructed at Risd
in Denmark in 1971 (Ldvborg et al., 1972; Ldvborg and
Kirkegaard, 1974; Lgvborg et al., 1978a, b). Radiometric test
ranges (test strips) were established at Breckenridge near
Ottawa in 1970 (Charbonneau and Darnley, 1970a; Grasty and
Charbonneau, 1974), and near Lake Mead, Arizona (NURE,
1976). Extensive calibration facilities for borehole gamma
ray spectral logging (3 radioelements, 9 models, 27 holes), and
for surface portable gamma ray spectrometry (10 pads) were
constructed in Ottawa in 1977 (Killeen, 1978; Killeen and
Conaway, 1978). In addition seven pads were constructed in
Calgary, and 2 model holes in Fredericton. Calibration
facilities in South Africa at Pelindaba have been described by
Toens et al. (1973). Recently a set of five large calibration
pads has been constructed in Iran for airborne gamma ray
spectrometry, and a set of large pads is in preparation in
Brazil. Additional calibration facilities are being constructed
in many countries, as their desirability is being recognized for
uranium exploration programs. Some of the existing facilities
are described in greater detail below.

Canada

Five concrete pads for calibration of airborne gamma
ray spectrometer systems are located at Uplands airport in
Ottawa. They are located adjacent to, and level with, a
concrete parking area. Aircraft may taxi or be towed onto or
off of the slabs. The aircraft must be able to back off each

WOT TO SCALE

Figure 10C.23.  Geological Survey of Canada calibration
pads for airborne gamma ray spectrometric systems at
Ottawa, Ontario (ofter Grasty and Darnley, 1971).
Radioelement concentrations are given in Table 10C.2.
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Table 10C.2

Radioelement concentrations of calibration facilities for
airborne gamma ray spectrometer systems

Location Pad Number K% + lo eU ppm £ lo eTh ppm t 1o
Canada’® 1 1.70 + 0.08 2.4 £ 0.2 8.9 + 0.6
2 2.27 * 0.10 7.3 0.2 12.6 £ 0.7
(Uplands Airport, 3 2.21 £ 0.08 3.0 £ 0.3 26.1 £ 0.9
Ottawa) 4 2.21 £ 0.01 2.9 £ 0.3 40.8 £ 1.9
5 2.33 £ 0.09 11.7 £ 0.3 13.2 £ 0.7
K% * 20 elU ppm £ 2s eTh ppm * 20
United States? 1 1.45 = 0.01 2.2 £ 0.1 6.3 £ 0.1
2 5.14 = 0.09 5.1 + 0.3 8.5 + 0.3
(Walker Field, 3 2.01 = 0.04 5.1 0.2 45.3 = 0.7
Grand Junction) 4 2.03 £ 0.05 30.3 + 1.6 9.2 + 0.3
5 4,11 + 0.06 20.4 £ 1,3 17.5 + 0.3
Iran? 1 2.31 1.80 7.91
2 2.23 18.64 8.79
(Tehran) 3 2.17 2.80 46.0
4 2.30 9.71 19.1
5 2.09 1.93 9.11
Lake Mead Test — 2.5 2.6 11.6
Range* (U.S.A.)
Breckenridge Test — 2.0 0.9 7.7
Range®
(Canada)
lfrom Grasty and Darnley (1971) . *from Foote (1978).
*from Stromswold (1978). *from Grasty and Charbonneau (1974).
*from D. Blohm, pers. comm. (1978).

pad under its own power or be towed onto the concrete apron
to reposition the aircraft on the next pad. The pad
dimensions are 7.6 m x 7.6 m x 46 cm thick and they are
spaced 15.2 m apart. A diagram of their relative locations is

shown in Figure 10C.23. The concentrations of the
radioelements in the calibration pads are given in
Table 10C.2.

The five pads at Uplands Airport, which had also
previously been used for calibration of portable instruments,
have a limited range of radioelement concentrations because
they were designed for calibrating airborne gamma ray
spectrometers with large detector volumes. In 1977, a
calibration facility consisting of ten calibration pads and 9
test columns with 3 model boreholes in each column was
constructed at Bells Corners, approximately 10 km west of
Ottawa. The calibration pads are concrete cylinders, 60 cm
thick by 3 m in diameter, making effectively infinite sources
if the detector of the portable gamma ray spectrometer is
located near the centre of, and within a few centimetres of,
the upper surface of the pad. Three of the pads contain
different potassium concentrations, three contain different
uranium concentrations and three contain different thorium
concentrations. A tenth pad, referred to as the blank pad,
was constructed with no radioelement additives. The
radioelement concentrations in these 10 calibration pads are
given in Table 10C.3.

For calibration of borehole gamma ray spectrometers
under controlled conditions, nine concrete test columns have
been constructed along the wall of an abandoned rock quarry
at the same location (Fig. 10C.24). Each of these columns is
3.9 m in height with a simulated ore zone 1.5m thick
sandwiched between upper and lower barren zones

(Fig. 10C.25). Each test column contains 3 boreholes of
nominal diameters 48 mm (size A), 60 mm (size B), and
75 mm {size N) intersecting the ore zones. Three of the test
columns contain ore zones of different concentrations for
potassium, three for thorium, and three for uranium. The
radioelement concentrations in these 9 ore zones are given in
Table 10C.4.

Seven additional calibration pads for portable gamma
ray spectrometers have been constructed in Calgary with the
same physical dimensions as those at Ottawa. The radio-
element concentrations are given in Table 10C.3. Two model
boreholes constructed in Fredericton have ore zones of
uranium, 1.5 m thick and of approximate grades 100 and
1000 ppm. These may be used to calibrate total count gamma
ray logging equipment. Additional calibration facilities are
planned at other Canadian locations.

The radioelement concentrations measured on the
Breckenridge test range for airborne systems (described
earlier) are given in Table 10C.2.

The U.S.A.

The U.S, Department of Energy has five concrete
calibration pads, each 9.1 m by 12.2m and 46 cm thick,
located at Walker airfield, Grand Junction, Colorado. The
pads are arranged in a line as shown in Figure 10C.26, with a
turn-around at the end of the line of pads making it possible
for an aircraft to taxi in a forward direction from pad to pad
and return. The radioelement concentrations are given in
Table 10C.2.
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Table 10C.3

Radicelement concentrations of calibration facilities for

portable gamma ray spectrometer systems

Additional facilities at other field locations
are planned.

For calibration of portable gamma ray

spectrometers, sets of five calibration pads,

Location Pad Number K % eU ppm eTh ppm 60 cm thick by 1.2m in diameter, are
planned at all sites. The proposed
1 1. _ — composition of the pads is given in
Canada o 9.3 ” ” Table 10C.3.
PK-3-0T 3.0 — - Calibration  facilities at  Grand
PK-4-0T -— 10 - Junction for total count gamma ray logging
Ottawa PU-5-0OT — 45 — include four uranium models, and a water
(Bell's Coarners) PU-6-0OT — 450 - factor model. These models have the
PT-7-OT — - 8 following uranium concentrations: 17 400,
PT-8-OT — -— 60 9075, 3765, 2020 and 2710 ppmeU. For
PT-9-0OT -— -— 300 gamma ray spectral logging, three model
PB-10-0OT 0.2 0.2 1 boreholes with ore zones 1.5 m thick are
available with radicelement concentrations
Canada? PK-1-C 1.4 — — as given in Table 10C.4. In addition, a
PK-2-C 2.4 — - spectral or 'WUT' water-factor model was
pPU-3-C — 30 - recently completed with proposed radio-
Calgary PU-4-C — 300 — element concentrations of 4 per cent K,
PT-5-C — - 45 350 ppm eU, 250 ppm eTh.
PT-6-C — 355 _ _
PB-7-C 0.5 1 2 At the three field locations, there are
two  uranium  model boreholes, with
Denmark® g 1.0 0.8 2.4 additional sets planned at other field
1 7.0 4.2 2.7 locations. The uranium concentrations in
Risd 2 0.8 6.3 151 the existing models are:
3 1.0 1%8. 8. Casper, Wyoming: 16 090 and 2790 ppm eU
South Africa* Uranium - Pad 1 0.29 3731 290 Crants, New Mexico: 14 750 and 2630
Uranium - Pad 2 .33 2078 202 ppm el
Uranium - Pad 3 .29 1255 114 George West, Texas: 14400 and 2290
Uranium - Pad &4 .37 458 44 ppm eU.
Uranium - Pad 5 .33 12 <0.9
Pelindaba Thorium - Pad 1 £1.66 280 12570 The U.S. Department of Energy also plans
Thorium - Pad 2 +1.66 102 3870 additional sgectral logging  calibration
Thorium - Pad 3 +1.66 68 3080 models at all sites.
Potassium Pad 10.1 0.4 0.9 Recently, two new models have been
Mixed Pad +1.2 763 4395 constructed in Grand Junction containing
Background Pad G.33 0.5 0.9 thin dipping ore zones (Fig. 10C.27). The
beds are 5cm thick with ore grade of
South Africal’ Uranium Pad .12 1153 75 1780 ppm el. The models are 1.2 m in
Beaufort West diameter, and the four beds or ore zones are
at angles of 30, 45, 60 and 90 degrees (i.e.
United States® Background 2 5 10 perpendicular) with respect to the borehole.
Potassium 7.8 5 10 ) )
Grand Junction Uranium 2 500 10 Bes@es _the al:{o'vg-mentxoneq man-
and Field Sites Thorium 2 30 700 made callb‘ratlon' facilities, a radiometric
(Proposed) Mix 4 350 250 test range is available for airborne gamma

ray spectrometers. Referred to as the

lfrom preliminary data of Killeen and Conaway (1978).
2trom preliminary data of Richardson and Killeen (1979).
Ldvborg et al. (1978).

Corner and Toens (1979).

Evans (1978).

3trom
“from

Sfrom

"Lake Mead Dynamic Test Range", it is
located about 48 miles due east of
Las Vegas, Nevada. Radioelement
concentrations are given in Table 10C.2. An
additional test range is planned.

Denmark

For calibration of portable (total count) scintillometers,
four circular concrete pads containing uranium ore of
dimensions 43 cm deep by 107 cm diameter are located at
Grand Junction. Uranium grades are 80, 260, 1220, and
2830 ppm eU. In addition, two calibration pads are located at
each of three field locations

Casper, Wyoming (265 and 1250 ppm elJ)
Grants, New Mexico (270 and 1230 ppm eU)
George West, Texas (270 and 1250 ppm eU)

Four concrete calibration pads were

constructed at the Research

Establishment, Risg§,  near Roskilde, with

dimensions 3 m diameter by 0.5 m thick. Their radioelement

concentrations are given in Table 10C.3. The

construction and monitoring of these pads has been
described by Ldvborg et al. (1978a).

Iran

A set of large calibration pads has been constructed in
Iran at an airport in Tehran. These pads are circular with a
30 m diameter, and are spaced approximately 50 m apart in
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Figure 10C.24.
each, penetrating "ore zones". Bells Corners, Ottawa, Ontario (after Killeen, 1978). Three grades for
each radioelement (K, U, and Th) are available as described in the text. Concentrations are given in
Table 10C.4. (GSC 203254-0)

such a fashion as to allow an aircraft to taxi down the row of
pads and back onlo the tarmac. The radioclement concen-
trations of the pads are given in Table 10C.2.

South Africa

Calibration facilities were established at the national
Nuclear Research Centre in Pelindaba in 1972 (Toens et al.,
1973). These facilities now have eleven concrete pads 2 m in
diameter by 0.3 m thick (Corner and Toens, in press) including
five uranium pads, three thorium pads, one potassium pad,
one mixed, and one background pad. The two model boreholes
at the facility also contain single uranium and thorium 'ore’
zones respectively. The models are 2.2 m long with 'ore'
zones 0.95 m thick and a 12 cm diameter borehole. An
additional calibration pad and model borehole were
constructed in the uranium exploration area of the southern
Karoo in Beaufort West. The radioelement concentrations of
all  of these calibration models are given in
Tables 10C.3, 10C.4 (after Corner and Toens, in press). An
8 km long calibration strip for airborne gamma ray
spectrometers is also available, located on Ecca Scries
sediments. Radicelement concentrations in the test strip
average 2.44 ppm U, 3.09 ppm Th and 0.43% K,0 (D. Richards,
pers. comm., 1978).

The use of the model holes was briefly mentioned by
Corner and de Beer (1976).

Other Locations

N2zw calibration pads and model holes are either planned
or already under construction in many parts of the world as
nations implement the recommendations of the IAEA (1976),
(e.g. in Brazil, Spain, Australia). [PPads for calibration of
airborne gamma ray spectrometers have recently been con-
structed in Sweden using assemblies of precast concrete
blocks fitted together to form large pads. Construction of

Geological Survey of Canada concrete test columns containing three model boreholes

madel boreholes is also planned in Sweden (A. Hesselbom,
pers. comm., 1978). A set of four pads, each 8 m square, has
been constructed recently at an airport near Helsinki, IFinland
(Peltoniemi, pers. comm., 1978). Expansion of existing
facilities in Canada and the U.S.A. is either planned or
underway.

Some Recommendations Regarding
Construction of Calibration Facilities

The TIAEA has summarized the main points regarding
construction of calibration facilities in Technical Report
Number 174 (1976). Some data on the details of construction
of the calibration pads in Denmark have been presented by
Ldvborg et al. (1978a, b; 1972). The construction of the large
calibration pads for airborne systems was described by Grasty
and Darnley (1971) for the pads at Ottawa, and by Ward
(1978) for the pads at Grand Junction. A good description of
the construction of the three K, U and Th model holes at
Grand Junction is given by Knapp and Bush (1975). A
description of the detailed construction specifications for the
10 calibration pads and test columns with model holes at
Ottawa has been given by Killeen (1977).

National and International 'Standards'

Recalling Figure 10C.16, it can be seen that all cali-
bration relies on some internationally agreed upon 'standards'.
These are usually specially selected samples prepared in bulk,
analyzed by several methods by several lahoratories, and
distributed by some recognized laboratory which maintains a
large gquantity of the standard for distribution, for a fee. In
the United States and Canada, the samples generally used for
standards are those available from the Standards and
Reference Materials Section, U.S. Department of Energy,
New Brunswick Laboratory, Building D350, 9800 South Cass
Ave., Argonne, Illinois, 60439. These consist of 100 gram
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Table 10C.4

Radioelement concentrations of calibration facilities for
borehole gamma ray spectrometer systems

Borehole elJ eTh
plan Location Model K% ppm ppm
| view CANADA® BK-1-OT 0.7 -
i BK-2-0OT 1.1 - -
H BK-3-OT 3.0 - -
:' Ottawa BU-4-0OT - 15 —
' : (Bell's Corners) BU-5-0OT - 100 -
H | BU-6-0T - 950 -
' I BT-7-OT7 - — 8
i I/work deck BT-8-0OT - - 35
' ) BT-9-OT - - 350
( SOUTH AFRICA? Uranium 0.33 1221 114
£ Pelindaba Thorium 0.51 19 890
o
v SOUTH AFRICA? Uranium 0.22 127 14
Beaufort West
K 3
UNITED STATES K 6.30 2.9 2.5
(Grand Junction) U 0.95 522 18.7
£ T 1.36 26.1 508
0
i Yfrom preliminary values of Killeen and Conaway (1978).
2from Corner and Toens (1979).
-3 Sfrom Mathews et al. (1978).
£ AIRBORNE GAMMA RAY SPECTROMETRIC SURVEYS
o Introduction
The application and interpretation of airborne gamma
N ray spectrometry rests on the foundation laid by earlier
workers in total count scintillometry. Many of the techniques
developed for airborne scintillometer surveys with respect to
£ logistics and planning, data reduction and presentation,
o interpretation and correlation with geology, are applicable to
o airborne gamma ray spectrometer surveys. It is instructive
to read the earlier literature on the subject (see e.g. Stead,
1950; Peirson and Franklin, 1951; Cook, 1952; Cowper, 1954;

Agocs, 1955; Gregory, 1955, 1956, 1960; Bowie et al., 1958;
Moxham, 1958, 1960; Guillou and Schmidt, 1960; Gregory and
Horwood, 1963; Pitkin et al., 1964; Pitkin, 1968).

By 1966 some of the first papers on airborne gamma ray
spectrometric surveying were being published (e.g. Pemberton
and Seigel, 1966; Hartman, 1967) as well as the first
descriptions of the data acquisition systems and processing of
airborne gamma ray spectral survey data (see e.g. Bristow
and Thompson, 1968; Foote, 1969; Grasty, 1972). The many
aspects of data acquisition systems have been reviewed by

Figure 10C.25.  Construction schematic showing one of the
Geological Survey of Canada test columns at Bells Corners,
Ottawa, Ontario (after Killeen and Conaway, 1978).

bottles of crushed uranium ore and are available in con- Bristow (1979) and the theory and operational procedures
centrations of 10 ppm to 4 per cent U. Thorium samples have been reviewed by Grasty (1979) and Breiner et al. (1976).
(monazite sand mixtures) are also available from 10 ppm Th The application and interpretation of airborne gamma ray
to 1 per cent Th. spectrometry requires a background knowledge of these two

aspects of the subject as well as an integrated knowledge of

It is important that the samples be in radiocactive the geology of uranium and thorium.

equilibrium or that the state of disequilibrium be known since
the samples will be used to calibrate a radiometric method of
analysis rather than a chemical method. Another source of Selecting Survey Parameters
standards is the Department of Energy, Mines and Resources,
Canadian Certified Reference Materials Project, Mineral
Sciences Laborateories, CANMET (Canada Centre for Mining
and Energy Technology), 555 Booth St., Ottawa, Ontario,

Airborne gamma ray spectrometric applications to
uranium exploration fall into two main categories: reconnais-
sance surveys and detailed surveys.

K1A 0Gl. Samples available include Beaverlodge, The design of the survey must be aimed at answering
Saskatchewan pitchblende uranium ore in concentrations from the question: "How do the results of such a survey relate to
220 ppm U to about 6 per cent U and Elliot Lake uranium ore potential  uranium  deposits?" The literature on

containing both U and Th up to 1000 ppm. reconnaissance airborne surveys and on detailed surveys is
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Figure 10C.27.  Thin dipping ore zone models for borehole gamma
ray logging at Grand Junction, Colorado (U.S. D.O.E.) (after
_?Q Evans, 1978).
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Figure 10C.26.  Arrangement of U.S. Dept. of Energy (U.S.
D.O.E.) calibration pads at Walker Field, Grand Junction,
Colorado for calibration of airborne gamma ray
spectrometers (after  Ward, 1976). Radioelement
concentrations are given in Table 10C.2.

often intermingled; the latter is frequently a logical followup
to the former. The design of a survey should consider line
spacing, terrain clearance, detector volume, aircraft speed
and sampling time.

A rather general paper on airborne geophysics by Willox
and Tipper (1969) included examples of surveys by gamma ray
spectrometry and Tipper (1969) described the airborne gamma
ray spectrometer system used and the survey operation.
Tipper pointed out that the line spacing (commonly 400 to
800 m) is generally a compromise between cost, the required
detail, and the size of the survey area. The size of
radioactive targets being sought and  the possibility of
subsequent more detailed flying must also be taken:into
account. The ground clearance which is generally between
75 and 150 m should be related to line spacing and aircraft
safety. For detailed surveys the aircraft should be flown at a
constant terrain clearance which is as low as possible.
However, navigation then becomes more difficult, and high
quality aerial photography becomes essential for flight path
recovery.

A comparison of parameters of both a fixed wing and a
helicopter gamma ray spectrometer was given by Darnley
(1970) along with some measurements of the correlation
between ground and airborne measurements.

A paper by Darnley (1972) includes three appendices on:
1. cost effectiveness of airborne radiometric surveys;

2. sample specifications for high sensitivity gamma ray
spectrometer surveys; and

3. common causes of unsatisfactory airborne radiometric
SUrveys.

An early application of Fourier analysis to airborne
gamma ray spectrometric data was given by Killeen et al.
(1971, 1975). They considered the target to cause an anomaly
of a certain spatial 'wavelength', and from the desired target
size derived some relations about the effects of altitude and
sampling rate. Tipper and Lawrence (1972) presented gamma
ray spectrometer profiles across the Nabarlek orebody in
Australia flown at four different altitudes (120 to 300 m) as
examples in a case history.

Calculations of the volume of material viewed by an
airborne gamma ray spectrometer were presented by Duval
et al. (1971) and by Grasty (1976a, b, and Grasty et al., in
press). Figure 10C.11 shows the computed radius of the
circle of investigation plotted as a function of altitude for a
given percentage of infinite source yield, after Duval et al.
(1971). Further work on the same type of computations was
presented by Clark etal. (1972) and by Adams and
Clark (1972).

Bowie (1973) discussed airborne radiometric survey
requirements as well as other surveys in general. Nininger
(1973) in reviewing exploration costs, considered relative
costs of reconnaissance and detailed surveys. An IAEA Panel
(1973a) summarized the application of airborne gamma ray
spectrometer surveys incorporating Bowie's and Nininger's
contributions in the following general statement:

"In practice two rather distinct approaches to airborne
gamma-ray spectrometry have been developed to meet
somewhat different objectives. One method uses a combi-
nation of gross-count and a minimal spectral capability to
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Figure 10C.28.

achieve limited objectives. The other utilizes a high-
sensitivity spectrometric capability to provide a sophisticated
multi-parameter geochemical-statistical evaluation. The
minimum system depends on gross-count for rapid regional
search for anomalies and rudimentary geological mapping;
spectral measurement of anomalies may identify the primary
isotope, U, Th or K. The high-sensitivity spectral method is
used for regional and area geochemical-geological mapping
and to detect and map variations in lithology and anomalous

Comparison of the effect of flight line spacing on contoured eU values from airborne gamma ray
spectrometric data (after Cameron et al., 1976). By appropriately deleting flight lines from a detailed (0.4 km
spacing) survey, line spacings of 0.8 km, 1.2 km, 1.6 km, 2.4 km and 4.0 km are obtained and contoured with a grid
spacing of 0.5 km and a 5 point smooth. A 15 point smooth appears to be optimum to avoid stretching of contours
in the 4.0 km spacing case. The regional eU pattern evident from the 0.4 km spacing data is also readily apparent
in the map produced from data along flight lines with 4 km spacing.

radioelement ratios. Continuous ratio mapping is used to
discover subtle anomalies often not indicated by gamma
intensity alone. Sensitive spectrometry is most efficiently
used to evaluate favourability of broad areas and for
preliminary geological mapping".

Specifications for airborne gamma ray spectrometric
surveys in Finland were arrived at by Ketola et al. (1975) on
the basis of the results of a helicopter-borne test survey.
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Count-rate profiles in the Bancroft area measured by an airborne gamma ray

spectrometer system at 90 m altitude and by a portable gamma ray spectrometer on the ground (after

Darnley and Fleet, 1968).

They concluded that flight speed, altitude and detector
volume were the most essential parameters affecting survey
results. They also considered high quality data processing a
dominant factor in determining the final result.

The effects of flight line spacing on contoured airborne
gamma ray spectrometric data were investigated by Cameron
et al. (1976). Using a survey of the Maont Laurier area with
400 m flight line spacing they sclectively deleted alternate
flight lines to simulale the same area flown with line spacings
of 0.4, 0.8, 1.2, 1.6, 2.4, and 4.0 km. The resulting contour
maps are shown in Figure 10C.28. They repeated this for the
Elliot Lake area obtaining comparisons of flight line spacings
of 0.5, 1.0, 1.5, 2.0, 3.0 and 5.0 km. Data from two
coincident surveys in the Uranium City area with perpen-
dicular flight line directions were also compared. They were
able to demonstrate that surveys with 5 km flight line spacing
were adequate to provide data for contoured regional
radioelement  distribution patterns over the Canadian
Precambrian Shield.

Significance of Airborne Spectrometer Measurements

Darnley and Fleet (1968) described ground and airborne
gamma ray spectrometry measurements over the Bancroft
and Elliot Lake uranium mining areas of the Canadian Shield.
A comparison of count-rate profiles measured at 90 m terrain
clearance and on the ground is shown in Figure 10C.29 for the
Bancroft area. The ground data were obtained from the
integration of measurements within a 150 m radius circle
moved along the flight line. The ground measurements were
made on a grid with 60 m spacing. The airborne measure-
ments were made with three 125 x 125 mm Nal(T1) detectors
in a helicopter flown at about 40 km/h. The similarity
between the profiles is clear, indicating that these airborne
measurements do indeed reflect the radioelement content of
the ground. Darnley and Fleet (1968) presented histograms of
counl-rates obtained over various rock types, pointing out the
potential for airborne gamma ray spectrometry as an aid to
geological mapping. This paper drew attention to the
importance of the ratio of uranium to thorium and uranium to
potassium as indicators of possibly significant uranium
mineralization.
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Figure 10C.30.  Count-rates recorded by a helicopter gamma ray system parked on the ground, 2
portable spectrometers, and a ratemeter, from the onset of a rain shower until 7 hours later (after
Charbonneau and Darnley, 1970b).
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Experiences with helicopter-borne amma ra
p y

equipment were described by Adams (1969). Profiles were
presented for flights across beach sands, and granite jetties in
the water off the Texas coast. A 3.5 m wide jelty was easily
detected at a speed of 60 km/hr, at 15 m above the water
using a 0.5 sec time constant and one 125 x 125 mm Nal(Tl)
detector. However, the apparent width of the jetty deter-
mined {from the anomaly was 58 m. Cook et al. (1971)

presented further results using two 125 x 125 mm Nal(T1)
detectors with the same system.

For interpretation of the data other factors must be
considered such as vegetation cover, percentage outcrop, and
soil thickness and origin. For uncorrected data the variations
in terrain clearance when the aircraft passes over valleys or
hilltops may produce anomalies. Tipper (1969) indicated that
the shape of anomalies on a contour map of total count may
help to determine the contribution of the terrain cffect. He
also recommended that anomalies be interpreted on the basis
of the ratios of the amplitudes in the different channels, and
an understanding of the interference of the uranium, thorium,
and patassium spectra in the energy windows.

Tipper further recommended that a short fixed traverse
be reflown at least twice daily at the chosen survey altitude
to monitor fluctuations in gamma ray attenuation caused by
variations in humidity and soil dampness. These variations

THORIUM

COUNTS

URANIUM

POTASSIUM

18.6 1.8 19.9 4.7

— —

MILES

35 126

+ —t —

Figure 10C.31. Tllustration of the method of determining
the mean count rate levels from gamma ray spectrometric
profiles in the Hardisty Lake area (after Richardson et al.,
1972) (see text).
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A set of cross-country profiles illustrating a belt of anomalous radioactivity 70 km

wide and 480 km long in the Churchill Province of the Canadian Shield (after Richardson et al., 1972).

are most significant if the timing of the survey is not
carefully related to climate. Unless proper corrections are
applied to each profile, spurious linear features parallel to
the flight lines may occur on the resultant contour map.

Some measurements of the effect of rain on
spectrometer measurements were presented by Charbonneau
and Darnley (1970b). They plotted count rate changes with
time during and after a heavy July rainfall which lasted for a
20 minute period. Four instruments were used: a helicopter
spectrometer (parked on the ground), two portable gamma ray
spectrometers, and a scintillometer. Figure 10C.30 shows a
plot of the count rates recorded from the time of start of
rain at 4:30 p.m. until about 7 hours later. The background
radioactivity increased by a factor of 6 to a maximum about
one hour after the rain started and thereafter decreased with
about 30 minute half-life. Thus it is clear that gamma ray
spectrometric surveys should not be carried out during or
shortly after heavy rainstorms. Foote (1964) reported similar
observations.

Flanigan (1972) described results of an airborne gamma-
ray spectrometric survey with two 230 x 75 mm Nal(TD)
detectors in western Saudi Arabia. The area covered was
flown with 1 km flight line spacing, and 90 m terrain
clearance at 160 km/h. Data were recorded on the tape
every 0.5 seconds. The author presented the results in the
form of contoured count rates of the three radioelement
windows and the total count channel. Count rate ranges were
related to rock-type in order to extrapolate lithologies.

An interesting approach to comparison of radioelement
concentrations measured on the ground and by airborne
gamma ray spectrometry was described by Richardson et al.
(1972) for parts of the Canadian Shield. In order to compare
results from 14 000 rock specimen assays to the airborne
data, they determined average count rates along profiles for
each radioelement. The authors described the procedure as
follows: They obtained a visual estimate for each of the
radioelements from appropriate profile cross sections of
different portions of the Shield. They did this by:

(1) neglecting narrow zones of high count rate (which
constitute a small fraction of the distance along the flight
path), (2) ignoring low levels of radioactivity over water and
swampy areas, and (3) visually estimating a mean count rate
level from the upper surface of the profiles. This procedure
is illustrated in Figure 10C.31 which shows thorium, uranium,
and potassium profiles along 130 km of cross country
reconnaissance flight line over the Hardisty Lake area in the
Northwest Territories. Estimated radioelement concen-
trations were obtained by converting weighted averages of
these count rates using the calibration facilities. Using this
method of analysis, and compilation of cross country profiles,
a number of radioactive belts were defined and their
radioelement contents were evaluated. Figure 10C.32
illustrates a set of cross country profiles, and the belt of
anomalous radioactivity (70 km wide, 480 km long) defined by
Richardson et al. (1972). They gave the mean radioelement
content of the belt as 4.8% K, 6.2 ppm elJ, and 31.1 ppm eTh.
This trend runs along the Wollaston Lake Fold Belt and the
parallel gneissic zone to the east. In the same paper,
computer contoured K, U, and Th distribution maps of the
Fort Smith area, Northwest Territories are presented. Corre-
lation with magnetic data in these areas is also discussed in
some detail. The authors suggest that the coincidence of
distinct magnetic properties and radiometric properties in
certain zones of the crust indicate both have been controlled
by the same large scale fundamental processes.

The Canadian Uranium Reconnaissance Program was
described by Darnley et al. (1975) who stated that the overall
objectives.of the program were: "to provide industry with
high quality reconnaissance exploration data to indicate those
areas of the country where there is the greatest probability
of finding new uranium deposits, and to provide government
with nationally systematic data to serve as a base for
uranium resource appraisal'.

The Canadian program involved high sensitivity airborne
gamma ray spectrometry over areas of low relief and
geochemistry in mountainous terrain and in areas with
extensive overburden. The airborne gamma ray spectrometry
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Figure 10C.33.
GSC Skyvan data (after Darnley et al., 1977). Note the broad regional high to the north of the Elliot
Lake uranium mining area. The principal ore deposits adjoin 1 (Quirke, Denison), 2 (Nordic), and 3
(Pronto). The outlined area, and the profile C-D are discussed in the above-mentioned paper.

part of the program was carried out with 5 km flight line
spacing, 135 m terrain clearance, 200 km/h aircraft speed and
50 000 cm® of Nal(T1) detectors. The basis for the program
was given by Darnley et al. (1975) in the following words:

"The program rests tipon the concept that most uranium
deposits occur within or marginal to regions of the crust
containing higher than average amounts of uranium. Uranium
may be found to be weakly concentrated in granitic rocks
especially those late in an orogenic cycle. It may be found
concentrated in high temperature pegmatites or in lower
temperature vein deposits. These are all components of a
primary source area which through erosion and redistribution
can provide the material to form secondary deposits in any
suitable adjacent geochemical trap. The reconnaissance
program is designed primarily to identify all zones of primary
enrichment within the country, and secondly to indicate, if
possible, the limits of areas where secondary processes have
operated. [t is important not to dismiss anomalous areas as
simply being low-grade igneous rocks of no economic

Contoured eU distribution for the Blind River map sheet, Ontario compiled from the

importance. Such areas may have considerable potential as
source areas, and geological knowledge must be brought into
play to dectermine where the eroded material from these
source areas has been deposited. [t is the first objective of
the Uranium Reconnaissance Program to delineate as rapidly
as possible the major areas of uranium enrichment in
Canada".

The concept above was illustrated with survey data
from the Elliot Lake uranium area, the Johan Beetz (Havre
St. Pierre) area of Quebec, the Beaverlodge uranium area of
northern Saskatchewan, the Bancroft uranium area, and the
Mont Laurier area of Quebec (Darnley et al., 1975) and other
areas Darnley et al. (1977). Figure 10C.33, reproduced from
Darnley et al. (1979), is one of these examples showing the
uranium distribution pattern in the Blind River-Elliot Lake
area. This map is described by the authars as showing a
possible source-area to the northwest of the Huronian
sedimentary rocks which contain the uranium deposits of the
Elliot Lake area. [urther descriptions of this particular
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Figure 10C.34. The relation between uranium occurrences
and regional distribution of uranium (after Richardson and
Carson, 1976). Based on airborne gamma ray spectrometric
data, surface concentrations greater than 1 ppm eU have
been contoured and shaded in this compilation from northern
Manitoba, northern Saskatchewan and the Northwest
Territories. Most occurrences lie within or near areas of
regional uranium enrichment.

survey were given by Richardson et al. (1975). Richardson
and Carson (1976) presented a compilation map showing both
the location of known uranium occurrences and areas
determined to have an average surface eU content >1 ppm as
measured by airborne gamma ray spectrometry.
Figure 10C.34 shows the striking relationship between
occurrences and regional enrichment.

Morris (1969) described the use of airborne gamma ray
spectrometers in the search for uranium and gave as
examples spectrometer records obtained at 150 m above
ground with two 150 x 100 mm Nal(T]) detectors flown over
areas in southern England.

Darnley et al. (1969) presented further experimental
results of airborne gamma ray spectrometer tests over the
Canadian Shield, describing a high sensitivity spectrometer
system used by the Geological Survey of Canada. A
comparison of mean count rates for arrays of twelve
230 x 100 mm Nal(Tl) detectors and three 125 x 125 mm
Nal(T1) detectors was presented from flights over the
Bancroft area.

Darnley et al. (1970) presented example profiles for five
different areas of Canada showing variation of total count, K,
eU, eTh, and eU/eTh ratio. An example of the interpretation
of one of these profiles is given in Figure 10C.35. The
authors stated that the figure is a south to north profile from
the Bancroft area. The Grey Hawk uranium property is
marked by the distinct equivalent uranium peak at 17 miles
which is not accompanied by any increase in potassium or
equivalent thorium. About two miles to the north the
Faraday granite area is marked by another equivalent
uranium peak associated with anomalous equivalent thorium
and potassium but no eU/eTh ratio anomaly. Further north
still there is a localized potassium concentration, without a

matching increase in equivalent thorium or uranium. The
eU/eTh ratio in addition to clearly distinguishing the Grey
Hawk uranium occurrences shows two other weak anomalies
which could have been easily overlooked on the equivalent
uranium profile alone.

Darnley (1972) has several illustrations of data that
demonstrate the use of gamma ray spectrometric data. One
of these illustrations, Figure 10C.36, is a profile from the
Uranium City area of Saskatchewan demonstrating how a
significant equivalent uranium anomaly can be lost in a total
count gamma survey because it coincides with low equivalent
thorium and potassium values. The existence of the uranium
anomaly is clearly indicated by the spectrometric data but
not by the integral or total count profile. Figure 10C.37, also
adapted from Darnley (1972), is an illustration from the
Bancroft area of a small uranium occurrence at 19 km which
is readily distinguished by a spectrometric survey, but which
would not be found by a total radiation survey. (These last
two classic examples have also been used by Grasty (1976c) to
illustrate airborne gamma ray spectrometric data.)

Darnley and Grasty (1971) discussed results of surveys
in the Bancroft area in detail, presenting seven contour maps
showing total count, the three radioelements, and their ratios
eU/eTh, eU/K and eTh/K, each superimposed on the geologic
map of the area. The authors concluded that use of the ratio
maps (e.g. eU/K and eUfeTh) can result in an order of
magnitude reduction in the area to be ground searched, as
compared with the total count map. Darnley (1973), in
reviewing developments in airborne gamma ray survey tech-
niques, stated that districts containing uranium mineral-
ization generally fall within or on the margins of regions
containing above-average radioelement abundances. Profiles
from the Elliot Lake area, Mont Laurier area, and Fort Smith
area in Canada were presented to illustrate this point.
Figure 10C.38 is a reproduction of a profile from the Fort
Smith, N.W.T. survey, adapted from Darnley (1973). Note the
broad regional high in the total count channel, predominantly
caused by thorium enrichment as indicated by the equivalent
thorium channel. Uranium anomalies are located on the
margin of the radioactive high as denoted by the equivalent
uranium channel profile and the eU/eTh and eU/K ratios.

A comparison of reconnaissance techniques, made by
Allan and Richardson (1974) for the northwestern Canadian
Shield, concluded that in that area airborne gamma ray
spectrometry and lake-sediment geochemistry can produce
similar regional distribution maps for uranium at a similar
cast. The comparison involved the high sensitivity airborne
system of the Geological Survey of Canada flown at 5 km line
spacing, and lake-sediment sampling by helicopter with one
sample per 25 km?. In 1975, Darnley (1975) presented a short
review of geophysics in uranium exploration, emphasizing
airborne gamma ray spectrometry. The concept of regional
uranium enrichment and its relation to source areas was
discussed. Several examples illustrating how gamma ray
spectrometry can explain the cause of a total count anomaly
were given. Some of these included: a classic profile across
a thorium anomaly caused by the St.Andrews East
carbonatite, a profile across the South March uranium
occurrence near Ottawa, and a profile over a potassium
anomaly.

Data Presentation Techniques

The form of presentation of results was a major
consideration of a paper by Darnley (1972) and several
methods of data presentation were compared. The descrip-
tion of the methods and their advantages and disadvantages
are reproduced below.
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A radiometric profile from south to north across the Greyhawk uranium property in

the Bancroft area; see text (after Darnley et al., 1970).

The output of the first commercially available gamma
ray spectrometers consisted of an analog chart recording with
no corrections whatsoever, making only simple data presen-
tations possible. Contouring was either not attempted or was
limited to thorium only. A common form of data presen-
tation was the use of a symbol superimposed on a flight line
plan to indicate an anomaly exceeding an arbitrary
background value by some given factor. Figure 10C.39 is an
illustration of this type of uranium 'anomaly map'. This type
of presentation although inexpensive is unsatisfactory
according to Darnley from several points of view: (1)it is
somewhat subjective; (2)since there are no Compton
scattering corrections many uranium anomalies could be
caused by high thorium values; (3) the background used is the
average overland radiation level and therefore the infor-
mation which the overland radiation base level can provide
about the general geochemical environment is ignored;
(4) since no terrain clearance correction was applied some
anomalies may be caused by topographic highs.

In Figure 10C.40 the uranium and thorium count rates in
the anomaly peak are shown along-side the uranium and
thorium backgrounds (used in the same sense as the first
example). This improves the amount of information available
on the map.

A further elaboration is to contour thorium content and
add this to the display of anomalies as shown in
Figure 10C.41. Since the thorium count is usually more
reproducible and statistically more significant than the
uranium count it can be used as an aid in interpreting the

geology.

Figure 10C.42 shows another type of data presentation,
a profile map; also called offset profiles. Here the strip
chart data have been plotted on a flight line map alongside
the flight lines. In theory this shows the relationship in
radiometric pattern from line to line and similar features can
be joined. In this particular example, no allowance was made
for the lag in plotted positions due to the time constant
employed in the survey. Thus anomalies on adjoining lines are
laterally displaced relative to one another because adjoining
lines were flown in opposite directions.

Darnley (1972) also pointed out that elaborate presen-
tation of data is not warranted if the counting statistics of
the measurements are inadequate.

Recently, maore effort has been put into displaying the
data in forms which make the interpretation easier. The use
of statistical treatments to enhance the data, filtering,
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Figure 10C.36. A classic example from the Uranium City
area of Saskatchewan demonstrating how a significant eU
anomaly can be lost in a total-count gamma ray survey because
it is coincident with decreased eTh and potassium values (after
Darnley, 1972).

factor analysis, and the use of colour to combine information
from all three radioelements in one map have been demon-
strated and are discussed below.

A standard deviation map has become commonly used
(see for example Geodata International, 1975a, b, ¢) as a form
of data presentation by the U.S. Department of Energy in
their National Uranium Resource FEvaluation (NURE)
program. Richardson and Carson (1976) utilized this type of
presentation to display data from the Athabasca Formation in
northern Saskatchewan which produced a rather uniform level
of radioactivity and which was consequently difficult to
contour. To produce these standard deviation maps (or
anomaly maps) the mean value of equivalent uranium for each
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Figure 10C.37. A small wuranium occurrence in the
Bancroft area (at 19 km) which does not show on the total
count profile, but which is easily seen by a spectrometric
survey (after Darnley, 1972).

flight line was calculated and data points that exceed the
mean by 1, 2, 3 or more standard deviations are indicated by
1, 2, 3 or more stars plotted above the flight line. An
example from Richardson and Carson (1976) (Fig. 10C.43)
shows the geology map for an area and the equivalent
uranium anomaly map. "The maps show prominent anomalies
on several flight lines near the contact between the quartz
monzonitic gneiss (unit 1) and the Virgin River Schist Group
(unit 3a). A few young uranium anomalies also occur on the
southeastern edge of the quartz monzonitic gneiss, near its
contact with biotite-garnet (unit 2) and diorite gneisses and
schists (unit 3)" (Richardson and Carson, 1976). The authors
suggested that these anomalous zones may be geologically
favourable for Key Lake-type uranium deposits.
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Airborne gamma ray spectrometric proflle from the Fort Smith area, Northwest

Territories flown with a high sensitivity system (50 000 cm® NaXTl), after Darnley, 1972). Particularly
interesting is the broad high eTh area of the Fort Smith belt (30 to 60 miles) with a narrow eU anomaly
on the flank (at 60 miles), accentuated by the U/Th and U/K ratios.

In areas of well known geology the mean values for all
data measured over each rock unit may be treated as above
as has been done for the U.S. NURE program (Foote and
Humphrey, 1976; Saunders and Potts, 1976). In this way the
standard deviations correspond to a given rock unit rather
than to the mean values for a given flight line. Potts (1976)
presented a contour map of these standard deviations from
the mean for equivalent uranium, calling it a "significance
factor map". The significance factors are fractional
multiples of the standard deviation above or below the mean,
and can be considered the "degree of rarity” of a measure-
ment. Figures 10C.44 and 10C.45 show the uranium count-
rate contour map and the significance factor contour map of
uranium data for a survey area in South America (after Potts,
1976). The difference between the two maps is surprising,
indicating the area with the greatest number of standard
deviations from the mean value is nearly 10 km from the area
with the highest uranium count rates.

A colour presentation of airborne gamma ray spectro-
metric data (Linden, 1976) shows the gamma radiation related
to K, eU and eTh in the form of coloured columns plotted on
the flight lines. The surveys used a 250 x 125 mm Nal(T1)
detector, flown at 200 m flight line spacing, at a height of
30 m. Digital recording of data occurs every 0.4 seconds,
representing about 40 m of flight line. Every measurement is
taken to represent gamma radiation from an area of
40 m x 200 m, and is depicted on the 1:50 000 map as an area
of 0.8 mm x 4.0 mm. Linden (1976) described the process
further:

"Within this area are plotted three centre-orientated
columns. The lengths of the columns are proportional to the
radiation that relates to each element. Potassium is
represented by yellow, uranium by red and thorium by blue.
Each group of three columns is separated from the next group
by a white field equivalent to the width of one column. There
is sufficient space to specify 20 different levels of radiation
intensity. In areas of abnormally high or low contents of K,
el or eTh it is possible to improve resolution by increasing
the contrast between element intensities".

The three component colour map technique has been
used with success in Sweden for several years, and has been
applied to geclogical mapping as well as uranium exploration.

Tammenmaa et al. (1976) applied digital time series
analysis techniques to airborne gamma ray spectrometric
data to derive suitable filters to improve ground resolution
and reduce distortion of radiometric anomalies.

Gunn (1978) discussed the deconvolution of airborne
gamma ray spectrometric data, and the possibility of utilizing
"downward continuation" as it is often applied to gravity and
magnetic data. Tammenmaa and Grasty (1977) demonstrated
upward and downward continuation of gamma radiation fields.
Richards (1977) also applied digital filtering to airborne
gamma ray spectrometric data to remove statistical noise.

The technique known as factor analysis was applied to
airborne gamma ray spectrometric data by Duval (1976,
1977). Basically the technique can be considered as a method
of sorting the K, eU, and eTh data into groupings with similar
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Ziegler (1976) discussed some
trial applications of geostatistics
to -airborne gamma ray spectro-
metric data. Some of the
techniques tried included lacating
maximum variance segments of the
data, "robusl" techniques, cluster
analysis, discrimination analysis,
and data display by histograms and
three-dimensional maps of
frequency distribution by flight line
for each given geological for-
mation.

Foote (1976) reviewed the
data presentation techniques
currently in use by the U.5. NURE
program including the following
data presentation formats:

"1. Flight line profiles of intensity
of radiation from uranium,
potassium, thorium, and their
ratios.

2. Histograms
distribution.

showing data

3. Radiation data by surface geol-
agic unit.

4. Radiation data by flight line
showing statistical variation
from a mean value.

5. Data by flight line super-
imposed on surface geologic
map."

Several other commercially
used data presentation techniques

<FIDUCIAL POINT

o ANOMALY 1.5-2 BACKGROUND 0 !

© ANOMALY 2-25 BACKGROUND

¢ 23 PEAK WIDTH OF BROAD
ANOMALY

Figure 10C.39.

given factor (after Darnley, 1972).

co-ordinates, where the three co-ordinate axes are K, e, and
eTh. A similar approach was described by Killeen (1976a).
The areas in which the dala fall into groupings with similar
co-ordinates are then coloured or shaded on maps. This
technique has particular potential as a geological mapping
aid. Newton and Slaney (1978} developed a classification
system for airborne gamma ray spectrometric data in a
survey area based on test flight lines which were studied in
detail by photogeology to assign radiometric signatures to
each rock type. Once rock classes were identified they were
used to classify the entire survey area. The authors stated
that zones of anomalously high radicactivity often cross
lithological boundaries and may be considered useful
indicators for uranium exploration. Further results of these
investigations have been presented by Slaney (1978).

HEIGHT

LINE SPACING &4 MILE
\FLIGHT DIRECTION

Data presentation example 1: symbols superimposed on a flight
line map indicating anomalies exceeding some arbitrary background value by some

are described below. The "zoning
technique" first used in 1968 is
described as follows by Hogg (pers.
comm., 1977).

MILES

First, the equivalent thorium,

equivalent uranium and potassium

|50' channels as presented in an analog
airborne record or a computer-
compiled multichannel profile are
analyzed. The boundaries of recog-
nizable changes in signal ampli-
tude, ratio or character are marked
on the profile. These subunits are
described semi-guantitatively by an
alpha-numeric code. K, U and T
refer to the potassium, equivalent
uranium and equivalent thorium
channels, respectively, and the
signal  strength  indicated by
symbals ((+) strong, () average and
(-) weak) which relate to preselected levels (Fig. 10C.46). A
computer/plotter may then be used to produce a profile map
of fully corrected total zount profiles with the zone bound-
aries and related coding annotated (Fig. 10C.47). These maps
may then be coloured usina different intensities for rnint
rate amplitude and a different colour for each radicelement
K, el, and eTh. The advantage of this technique is that all of
the information is presented on one map. The main

qiquvantage, however, is the amount of time involved in the
initial steps of the processing.

Anot.her data presentation method (Hogg, pers. comm., 1977)
consn.sts of a computer line-printer listing of anomalies
meeting specified criteria. Thus far each anomaly, a set of
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Figure 10C.40.
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RADIOACTIVE VALUES AT
ANOMALOUS PEAK.

Data presentation example 2: uranium count-rate in the anomaly peak is given beside

the uranium background, and the thorium count-rate in the anomaly is given beside the thorium

background (after Darnley, 1972).

statistics is printed including flight line number, fidueial
numbers nearest the anomaly, anomaly amplitude, half width
(left), area (left side), half width (right), area (right side),
total half width, total area as shown in Figure 10C.48.
Postscripts 1 and 2 refer to parameters calculated from
stripped, smoothed, altitude-corrected equivalent uranium
profile with subtraction of either: (1) atmospheric back-
ground or (2) local background plus atmaspheric background.
A line printer plot may also be produced to illustrate roughly
the shape of the anomaly. Below the printer plot are given
the count rates and ratios calculated at the uranium anomaly
peak.

A useful anomaly classification technique has been
described by D.B. Morris (pers. comm., 1977). The count
rates in the three radioelement channels are expressed as a
percentage of the count rates in the total count channel by a
normalization process. Then the position of the anomaly is
located on a ternary diagram as shown in Figure 10C.49. The
diagram has 100% K, 100% el, and 100% eTh as the three
points of the triangle. It can be seen that any anomaly can be
located on the diagram by the relative percentage contri-
butions to the total count from channel 2 (K), channel 3 (U)
and channel 4 (Th). The ternary diagram is divided into
9 fields.

An example of the application of this anomaly classi-
fication system is given in the anomaly analyses presented in
Table 10C.5. Three example anomalies have been analyzed
by this process and they fall into fields S, K, and L
respectively.

Locating Favourable Areas for Uranium Exploration

In the past, most interpretation efforts were directed
toward explaining, classifying, and setting priorities on
gamma ray spectrometric anomalies to aid exploration.
However, locating a favourable area in the first place is
another problem. Reconnaissance surveys will outline large
regions with above average radioelement content (geo-
chemical provinces) which may be considered favourable
areas, or in the vicinity of favourable areas (Darnley et al.,
1977). Dodd (1976) described two suggested techniques to
outline favourable areas. One approach consists of first
producing the uranium anomaly map as described earlier, in
terms of positive and negative standard deviations above or
below the mean for each geologic unit. Anomalies were
defined as data points exceeding one standard deviation
either positive or negative. Areas of major and minor
clusters of positive anomalous el records were marked on the
map, followed by the contouring of the ratios of the number
of positive to the number of negative anomalies within each
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Figure 10C.41. Data presentation example 3:

similar to Figure 10C.40 but with eTh content

contoured in the vicinity of the anomalies (after Darnley, 1972).

fifteen minute quadrangle. This procedure was applied to an
area of 37 300 km? in Wyoming. The resultant favourable
areas (Fig. 10C.50) show good correlation with the Gas Hills,
Crooks Gap-Green Mountain, Shirley Basin and Copper
Mountain mining districts.

The second method described by Dodd (1976) is
illustrated in Figure 10C.51. Here average values of the
radioelement concentrations and their ratios are computed
for each flight line in a survey with 8 km line spacing. These
values are plotted as a profile spanning 410 km along the
strike of the Goliad Formation on the Texas Gulf Coast.
There is a regional change of K and eU and all known uranium
occurrences are restricted to the area covered by lines 1
to 31. This area is the region of the Goliad formation
containing the higher mean values on the profile.

Saunders and Potts (1978), attempted to determine a
general "uranium favourability index" by plotting histograms
of various possible indices such as the eU/eTh ratio for about
30 different areas where existing mines and occurrences were
known to be favourable. They concluded that the median
values of aerial gamma ray spectrometer parameters for
geologic map units could be used as a guide to identify

uraniferous provinces, reasoning that where the crustal
abundance of uranium is high it is available to be chemically
concentrated in economic deposits. They further reasoned
that geochemical processes must have concentrated a part of
the uranium in deposits. Removal of uranium from "average"
rocks, separating it from thorium and potassium, results in
low eU/Th and etU/K median values. They found the following
parameters decrease with increasing uranium potential
(where M denotes mean value): M (eU/eTh), M (eU/K),
MeU/MeTh, and MeU/K.

Parameters which generally increase with increasing uranium
potential are: MelJ, MeTh, MK, RSD eU, RSD (eU/eTh), and
RSD (eU/K)

where RSD = relative standard deviation. i.e. (standard
deviation/mean). Saunders and Potts (1978) thus arrived at a
uranium favourability index, U;, given by the equation:

(MeU+MeTh+MK) « RSD eU « RSD(eU/eTH) * RSD(elU/K)

U = M(eU/eTh) * M(eU/K)

(33)
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HEIGHT 150’

Figure 10C.42.

A simpler uranium index which avoids the use of RSD
values was also suggested by Saunders and Potts (1978).
Based on the observation that high mean uranium content
indicates there is sufficient uranium for possible geochemical
concentrating processes to work, and that low mean eU/eTh
and eU/K values indicate these processes took place, they
derived the index Uz:

U2 _ MeU - MeTh » MK (34)
MeU < MeU MeU
MeTh MK

The histogram in Figure 10C.52 illustrates how the
uranium index indicates the high uranium potential of the
Casper and Delta areas, and ranks the favourability of 27
other quadrangles below them. The Casper area contains
three major mining districts, and the Delta area contains one
mine and numerous uranium occurrences.

i MILES

1000, 0 (OFF SCALE 0.S)
PROFILE SCALE

Data presentation example 4: A profile map, or 'offset profiles’. The
radiometric record is plotted beside the flight lines (after Darnley, 1972).

Deriving a uranium
favourability index for a
region is a complex problem.
The parameters reflecting high
favourability for a sandstone-
type deposit such as those
discussed above may not be
applicable to other types of
deposits.

SURFACE GAMMA RAY
SPECTROMETRIC SURVEYS

Introduction

Portable gamma ray
spectrometers are versatile
instruments and have been
used in carborne surveys,
underwater surveys, airborne
surveys and borehole logging.
This section will deal princi-
pally with hand-carried spec-
trometers, i.e. foot-traverse
surveys and detailed ground
investigations of anomalies
detected by other radiometric
surveys, such as airborne or
carborne. A number of instru-
ments are available from
different manufacturers
ranging from simple single-
channel instruments to four-
channel  instruments, with
analog and/or digital outputs,
audible alarms and stabil-
ization. Some instruments can
be programmed to present
results corrected for spectral
scattering and reduced to
counts per second. Count rate
displays are by LED, LCD or
rate-meter needle, and a
variety of detector sizes are
available. The choice of
instrument depends on many
factors such as the skill or
training of the operator, the
objective of the survey, the
locality (desert area, tropical
jungle, cold northern areas),
the cost, and possible future
usage of the instrument. For
example the immediate
requirement may be for a simple model, but if a foreseeable
survey requirement includes analog chart recording then the
instrument chosen should have an analog output. Size and
weight of the instrument or use in aircraft or lab also play an
important role. Many aspects of surface gamma ray
spectrometry such as energy windows, calibration, in situ
assay, sample volume, counting statistics, geometry,
deadtime and background are considered in other sections of
this paper.

Portable Gamma Ray Spectrometers

The earlier reports on the use of portable instruments in
the field were primarily concerned with scintillometers (e.q.
Russell and Scherbatskoy (1951), Graoss (1952), Russell (1955))
or interpretation of laboratory gamma ray spectrometer

measurements of rocks (e.q. Hurley, 1956; Horwood, 1960;
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Comparison of geology map and eU anomaly map for the Nyberg Lakes — Brustad

River area (after Richardson and Carson, 1976). The statistical treatment of the data (described in the
text) produces a map which relates to the geology of the area, whereas the simple eU contour map did

not.

Mero, 1960; Bunker and Bush, 1966). Gregory and Horwood
(1961) carried out some fundamental research on the shape of
gamma ray spectra with variation of source thickness. They
demonstrated the feasibility of field gamma ray spectro-
metry. Adams and Fryer (1964) described the first portable
gamma ray spectrometer in use in the United States, and
Mahdavi (1964) described its application to the study of K, U,
and Th concentrations in beach sands of the Gulf of Mexico
coast. This spectrometer utilized a lead shield for colli-
mation of the gamma rays. In Canada the first portable
gamma ray spectrometer was constructed (Doig, 1964, 1968)
under the auspices of the Geological Survey of Canada.
Killeen (1966) and Killeen and Carmichael (1972) described
the application of that spectrometer to uranium exploration
in the Elliot Lake area. Darnley and Fleet (1968) produced
gamma ray spectrometer maps of test areas at Bancroft and
Elliot Lake. The first commercially available portable
gamma ray spectrometers in Canada were described by
Pemberton (1968). About the same time in the United States,
airborne gamma ray spectrometers, which had been developed
potentially for tracking the effluent of nuclear submarines,
were becoming de-classified by the military. Foote (1969)
reported on both surface and airborne applications of spectro-
metry to mineral exploration. Almost simultaneously with
the development of portable gamma ray spectrometers in
Canada and the U.S.A., Ldvborg et al. (1969) developed a
field portable unit in Denmark. They applied it to exploration
for uranium and thorium deposits of South Greenland. Due to
the rugged terrain a detector with lead collimator was used

to control the geometry. They also described the calibration
procedure, which consisted of comparison of field count rates
to laboratory analyses of samples. Killeen and Carmichael
(1970) described a similar method of calibration  for an
uncollimated portable gamma ray spectrometer. Adams and
Gasparini (1970) reviewed all aspects of gamma ray spectro-
metry in a text book on the subject. Kogan et al. (1969) also
provided extensive mathematical background on the subject.
Miller and Loosemore (1972) described a portable gamma ray
spectrometer with automatic gain stabilization, and more
recently Clayton et al. (1976) described the updated version.
Puibaraud (1972) summarized the generally desirable charac-
teristics for a variety of portable radiometric equipment,
including gamma ray spectrometers.

I_gvborg et al. (1971) presented a detailed description of
their use of the portable gamma ray spectrometer to evaluate
the Ilimaussaq Alkaline intrusion in South Greenland. Making
measurements on grids of 1 m spacing with a collimated
detector, and taking as many as 100 measurements per day, it
was possible to contour the resulting data. The same paper
reported on calibration with a new set of concrete calibration
pads. The computation of the "effective' sample volume was
described. This is different from the 90% source volume
commonly used to define the sample (i.e. the volume from
which 90% of the detected radiation originates). The
"effective" sample volume is defined as the "rock body in
which the variance of a particular radioelement is equal to
the estimation variance of a gamma ray spectrometric
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Figure 10C.44. Uranium count-rate contour map (counts per 2 seconds) for Figure 10C.45.  Significance factor contour map (described in the text) for
the area in South America shown in Figure 10C.45 (after Potts, 1976) based on the area in South America shown in Figure 10C.44 (after Potts, 1976).
airborne gamma ray spectrometry.
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the text (after Hogg, pers. comm., 1977).

The "zoning" technique applied to a section of radiometric total count profile as described in
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boundaries joined (after Hogg, pers. comm., 1977).

The "zoned" map based on total count profiles processed as in Figure 10C.46, with the zone
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Figure 10C.48. A 'printer-plot' anomaly description (see text) used as an aid in clessifying anomalies for
symbol presentation on maps (after Hogg, pers. comm., 1977).

determination of this radioelement" (Ldvborg et al., 1971). Lévborg et al. (1972) described a mathematical

The "effective" sample contributes only about 60 per cent of
the detected gamma rays. They stated that "for an isotropic
detector the volume of the 60% effective sample is about
one-tenth the volume of its 90% counterpart". A good
discussion on accuracy and precision of field gamma ray
spectrometric measurements is given. Ldvborg (1972)
reviewed the applications of gamma ray spectrometry and the
portable spectrometer developed in Denmark was also
described.

approach to the computation of theoretical gamma ray
energy spectra. From this they were able to derive
correction factors to compensate for the finite dimensions of
concrete calibration pads which are assumed to be of infinite
extent (2m geometry) when calibrating a portable spectro-
meter. For example, using their graph of correction factors
(see Fig.10C.18) count rate corrections of +8% in the
2.62 MeV channel, +7% in the 1.76 and 1.46 MeV channels and
+3% in the total count channel would be applied when the
detector is 10 cm above the pads. These studies were
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expanded (Ldvborg et al., 1976) to include airborne spectro-
meters and the effects of sodium iodide's inherent charac-
teristics in geophysical work.

A comprehensive table of gamma ray energies for
the 2%8U, 2%27h, and 2°°U radicactive decay series, compiled
by Smith and Wollenberg (1972),-is a valuable aid to the
interpretation of gamma ray spectra. Ldvborg (1973)
considered the future of gamma ray spectrometry, reviewing
the available equipment, the precision of measurement,
counting statistics and calibration standards. A modeling
study of the response of 75 x 75 mm Nal(Tl) detectors was
done by Ldvborg and Kirkegaard (1974) to improve their
computation of theoretical gamma ray spectra and aid in
interpretation of field recorded spectra.

Sibbald (1975) described in considerable detail the
ground follow-up program to investigate anomalies located by
airborne gamma ray spectrometric surveys in northern
Saskatchewan. Airborne radiometric anomalies were first
marked on airphotos and then outlined on the ground by pace
and compass traversing, with a scintillometer. Readings were
taken continuously at hip level, and in contact with the
surface at interesting locations. Samples were collected, and
the geology was recorded. Of 21 anomalies, five were
selected for more detailed investigation, and an integrated
geological-geophysical-geochemical program was carried out.
On the basis of geology, anomalies were divided into type 1
(relating to granites) and type 2 (relating to granite
pegmatites). Pegmatitic anomalies were investigated in more
detail than granitic anomalies. All outcrops were located and
mapped, and checked with scintillometers in the detailed
investigations. A grid was established at either 7.5 or 15 m
spacings and portable four-channel gamma ray spectrometer
readings were taken at waist height using 10 second counting
intervals. The nature of the terrain was recorded at each
station. The geology was mapped from these grid results
alone in the less detailed investigations. Sibbald (1975)
indicated that type 1 anomalies are commonly well exposed

1o 109°

108°

and occupy high land areas. The anomalies are typically
recorded as spectacular and often broad highs in radiometric
profiles. Type 2 anomalies occur in deeply eroded valleys and
are less well exposed.

Another ground follow-up investigation in northern
Saskatchewan between Wollaston Lake and Reindeer Lake
was described by Munday (1975). The anomalies had been
located by the GSC Skyvan survey flown in 1974 on flight
lines at 1600 m spacing at an altitude of 120 m, and speed of
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Figure 10C.49. Ternary diagram illustrating a process for
classifying airborne gamma ray spectrometric anomalies into
nine different fields (after Morris, pers. comm., 1977).
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Favourable areas for uranium exploration in Wyoming delineated by clusters of positive

anomalies and high values of the contoured ratios of the number of positive to the number of negative

anomalies (after Dodd, 1976).
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Table 10C.5
Example of three anomalies classified as type S, KK, and L
using the fields shown in Figure 10C.49 (after Morris, pers. comm., 1977).
Line 5881
Anomaly Channel 1 Corrected Counts
No. 6 Peak  B/ground Anomaly %
Peak time 6478 Secs U/Th ratio 0.0
1/2 width time 1 6476 Secs Channel 1 200. 124, 76. Th/K ratio 1.9
1/2 width time 2 6482 Secs Channel 2 31. 21. 10. 35 Anomaly type S
Peak Altitude 426 Feet Channel 3 11. 10. 2. 0
Peak raw counts 707. CPS Channel 4 19. 8. 11. 65 Source Th+U/K
Ch 3 peak time 6475 Secs
Anomaly Channel 1 Corrected Counts
No. 7 Peak  [3/ground Anomaly %
Peak Lime 6578 Secs U/Th ratio 3
1/2 width time 1 6575 Secs Channel 1 131. 59. 72. Th/K ratio .9
1/2 width time 2 6605 Secs Channel 2 29. 13. 17. 45 Anomaly type X
Peak Altitude 471 Feet Channel 3 15. 9. 6. 14
Peak raw counts 514. CPS Channel 4 16. 6. 9. 41 Source Mixed (K)
Ch 3 peak time 6580 Secs
Anomaly Channe! 1 Corrected Counts
No. 8 Peak  B/ground Anomaly %
Peak width time 1 6600 Secs U/Th ratio .1
1/2 width time 1 6575 Secs Chanrnel 1 116. 50. 67. Th/K ratio .6
1/2 width time 2 6605 Secs Channel 2 31. 10. 21. 61 Anomaly type L
Peak Altitude 468 Feet Channel 3 13. 9. 4, 4
PPeak raw counts 599. CPS Chanrnel 4 15. 6. 9. 35 Source K+U/Th
Ch 3 peak time 6597 Secs
x o
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Figure 10C.51.  Favourable areas (see text) indicated by high average eU and K values for flight lines
1 to 31 over the Goliad formation of Texas (after Dodd, 1976).
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Figure 10C.52. Histogram of '"uranium favourability indexes" as described in the text (U, values) for whole
quadrangles. A high value indicates high potential for uranium (af ter Saunders and Potts, 1978).
190 km/hr  with 50 000 cm® of Nal(Tl) detector. The —
following priorities were adopted for investigating the N O
anomalies:

Priority 1 Anomaly:
high total count with high eU/eTh ratio

Priority Z Anomaly:
low total count with high el/eTh ratio.

Munday (1975) indicated that areas of abnormal radioactivity
were outlined by traversing in a direction roughly perpen-
dicular to the glacial strike. Traverses were made at 1000 m
spacing with scintillometer readings every 15 m at ground and
waist level. Readings at 7 m and 3.5 m intervals were tested
but the increased detail did not warrant the extra time. Also
they found that waist height readings gave a better indication
of general radioactivity, especially after a 3 point running
average filter was applied to the data. Munday (1975)
described the boulder count technique to determine the shape
of the boulder fan and thus locate the source as follows:

"When anomalies had been delimited, boulder counts
were taken every 150 m along traverse lines. Only boulders
of 25 cm or more, diameter were measured and the scintil-
lometer crystal was centered on the boulder. At least 100
radioactivity readings were established for each station and
plotted as a histogram. Background glacial till yields a log-
normal distribution, but as anomalous populations invade the
system, bimodal distributions appear. Finally, when an
anomalous population dominates the background, a second
log-normal distribution can be plotted with higher mode
value. The anomalous population is readily attributable to a

POULSEN LAKE, MANITOBA

| =2 Scintillometer
® Contour (CpS)....... 250~
Spectrometer and
& sample assaysite ............ .
B - Metres
‘\259 - 0 50 100
NO\QS [ W
I I | i | i |
Figure 10C.53. Contoured scintillometer data, Poulsen

Lake uranium occurrence, Manitoba (after Whitworth et al.,
1977). The anomaly size and shape are typical of a boulder
train, and as such is useful in estimating target size for an
airborne survey.
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evaluated by a combination of in situ assay by portable
gamma ray spectrometer, and laboratory sample
analyses. The scintillometer survey results were
contoured, and the insitu and laboratory assays were
marked on the contour map. The contoured scintillo-
meter data obtained at the Poulsen Lake occurrence
(Whitworth et al., 1977), reproduced in Figure 10C.53,
delineates the shape of a boulder train. In situ spectro-
metric assays at several locations along the boulder train
indicated equivalent uranium concentrations in boulders
of up to 870 ppm, with several discrete groupings of
boulders in the 250 to 500 ppm range.

Otber descriptions of ground follow-up investi-
gations with portable gamma ray spectrometers and

(1977, 1978) and Charbonneau et al. (1975). Charbonneau
et al. (1976) compiled portable gamma ray spectrometer
data consisting of over 2500 in situ assays fram 24 sites
across Canada. These results established two relation-
ships:

/ scintitlometers have been given by Charbonneau and Ford

1. The sympathetic relationship between radioelement
contents of glacial overburden and the underlying
bedrock.

2. The relationship between "average surface" radio-
element concentrations measured by airborne gamma
ray spectrometry, and concentrations measured on
the ground.

Figure 10C.54 is a plot of the mean radioelement
values in outcrop versus the radioelement values in the
associated overburden, for 24 different rock types (after

. Charbonneau et al., 1976). Note that the radicelement
ratios (eU/eTh, eU/K, eTh/K) show relatively little
difference between the overburden and bedrock.
Figure 10C.55 compares ground and airborne measure-
ments of eU and eTh in the Elliot Lake and Mont L aurier
areas. The values along the haorizontal axis are the
contour levels from the airborne spectrometric maps;
values along the vertical axis are averages of ground-
measured concentrations for each of the airborne
contour levels. Radioelement concentrations in glacial
drift measured on the ground are slightly higher than
indicated by contoured radioelement values measurcd by

, the airborne survey in the same area. This is believed to

Figure 10C.54. Mean radioelement values in outcrop versus

radioelement values in the associated overburden for 24 different : | lues _
1976). cancentrations in bedrock measured in situ are consider-

rock types in Canada (after Charbonneau et al.,

Radiocelement ratios in outcrop and overburden cluster about the 1:1
line, whereas the radioelement concentrations in overburden do not

increase in 1:1 with increasing concentration in outcrop.

saurce in the field, and in this area was invariably related to
a pink leucogranite. By systematically mapping the areal
distribution of the anomaly, a fan was established and source
area determined".

Several ground follow-up investigations in northern
Manitoba were described by Soonawala (1977), Garber and
Soonawala (1977), Whitworth et al. (1977), and Smith et al.
(1977). These were investigations of anomalies located by
airborne gamma ray spectrometric surveys of the Canadian
Uranium Reconnaissance Program. The systematic explor-
ation sequence began with a helicopter-borne scintillometer
survey at 250 m flight line spacing, 40 m terrain clearance,
and speed of 110 km/hr. The detector was a 150 x 100 mm
NalI(T1) (1850 cm?®). This was followed by ground scinfillo-
meter surveys (with Nal(Tl) detectors having a volume of
43 cm®) in many cases on grid lines at 50 m spacing with
stations 5 m apart. Anomalies located by this survey were

be the result of the presence of surface waters within
the area of investigation by the airborne system, which
will reduce the measured airborne values. Radioelement

ably higher than corresponding airborne measurements
indicate, and this difference between bedrock and
airborne survey values increases at higher radioelement
concentrations. Similarly, outcrop radiocelement
contents become increasingly greater than the associated
overburden radioelement contents, as the radioelement
concentration increases.

In the areas discussed by Charbonneau et al. (1976) the
airborne survey radioelement contour maps are primarily a
measure of overburden radioelement content, but the air-
borne results do give an indication of the bedrock radio-
element content. For example, an airborne measurement of
3 to 4 ppm el in a drift covered area probably relates to an
overburden content of 4 to 5 ppm elJ, and a concentration of
about 8 to 10 ppm eU in the underlying bedrock. Airborne
contour maps of the radioelement ratios give values that are
similar ta the ratios determined by ground measurements on
overburden and outcrop.

It has been suggested that portable gamma ray spectro-
meter surveys be carried out with solid state detectors rather
than sodium iodide. The main advantage of the solid state
detectors (e.g. lithium drifted germanium (Ge(Li)), or
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15 60 Calibration of Carborne Systems
eUpom eTHppm Calibration of a carborne gamma ray spectrometer
14 PP 56 system has been mentioned earlier in the discussion of
| calibration of surface systems. It is difficult to do
131_ % Eniot Lake bedrock 52 quantitative work with a carborne system since the geometry
_® Mont Laurier 1 48 / generally varies along the road traverses. However, accurate
12~~~o Mont Laurier overburden determmatxon.of the stripping factars on a set of calibration
) / pads makes it possible to produce stripped counts and
1 449 therefore radioclement ratios can be utilized. This is
advantageous because the ratios of Lhe radioelements are not
10 40 seriously affected by geometry changes or changes in
| vegetation or moisture content (Charbonneau et al., 1976).
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Figure 10C.55. Comparison of ground measurements and
airborne measurements by gamma ray spectrometer in the
Elliot Lake and Mont Laurier areas of Canada (after
Charbonneau et al., 1976). Ground measurements are average
values for all ground stations within the contour intervals
indicated on a map from the airborne measurements. The
ground measurements are higher than the corresponding
airborne measurement since the latter is an 'average surface
measurement' and includes water, swamp, outcrop and
overburden.

hyperpure germanium) is energy resolution which permits
distinction between peaks in the gamma ray energy spectrum
which are indistinguishable with sodium iodide detectors. The
main disadvantages of solid state detectors are the require-
ment to operate at liquid nitrogen temperature and the
increased counting time necessitated by the relatively small
detector size. To take advantage of the high resolution, a
multi-channel spectrometer (preferably 4096 channels) is
required. Field spectrometer systems using solid state
detectors have been described by Anspaugh et al. (1972),
Ragaini et al. (1974), Dickson et al. (1976), and Finck et al.
(1976). The high resolution of solid state detectors presents
the possibility of relatively direct determination of uranium
concentration by spectrometry as well as indirectly by
detection of the daughter 21%pj. This has been investigated
by Moxham and Tanner (1977) and their results indicated that
at least a semi-quantitative measure of the state of equili-
brium can be obtained in the field.

Carborne Gamma Ray Spectrometric Surveys

Most of the literature presently available pertaining to
carborne  surveys concern total-count rather than
spectrometric surveys. Many of the principles involved and
the field procedures will be illustrated with examples based
on total-count surveys, but which apply to spectrometric
surveys.

Some consideration has been given to the volume of the
detector and its location in the vehicle by Berbezier et al.
(1958). They also compared different types of detectors
including Geiger-Muller (GM) tubes, sodium iodide crystals,
and plastic scintillators. They found that a volume of 232 cm?®
of Nal(Tl) gave about the same results as 3750 cm® of plastic
.scintillator (tetraphenylbutadiene), but they considered the
higher cost and fragility of Nal(Tl) was a disadvantage.
However they pointed out that Nal(Tl) crystals make it
possible to do gamma ray spectrometry and therefore
determine which radioelements were present in the source.
The GM counters were much less sensitive, produced lower
count rates and consequently required a longer time constant
than the Nal(Tl), making it difficult to detect narrow
anomalous sources. Bowie et al. (1955) also compared GM
counters with a sodium iodide scintillation counter and
Kamiyama et al, (1973) reported on usage of two 75 x 125 mm
detectors by carborne survey teams in Japan.

Nelson (1953) presented a thorough discussion of
carborne radiometric surveying with a GM counter. With
today's more modern electronics and the present availability
of sodium iodide crystals, the other types of detectors
mentioned abave may be considered outmoded. For gamma
ray spectrometry, scintillation crystals are mandatory.
Irrespective of the type of detector, the determination of the
required detector volume will depend on the desired repro-
ducibility of measurement. Nelson (1953) considered an
acceptable standard deviation to be *10%. Recalling the
earlier section on counting statistics, this requires N to be at
least 100 counts in a given counting period. The next
consideration is the minimum target or anomaly width which
it is desired to detect. The anomaly could be considered to
be of a certain 'wavelength' (Killeen et al., 1975). By
sampling theory the minimum wavelength detectable is given
by

A= 2VAt (35)
m

where
V  is the velocity of the vehicle in m/sec.
At is the sampling time in seconds.

Thus, for example, at a speed of 15 km/h (i.e. 4 m/sec) and a
sampling time of 1 second, then A _ = 8 m. Note that this
anomaly of wavelength 8 m would only be sampled twice
when crossing it at a velocity 4 m/sec. To define it more
accurately a larger number of samples, at least four, is
desirable. The important point is that once the target size is
chosen, the speed and sampling time are essentially also
determined. For example, if the target size is 4 m, it is
desirable to make a measurement every metre; with a
velocity of 15 km/hr, then the value of At is 0.25 secands.
This means for a desired 10% standard deviation per
measurement, the count must be 100 counts in 0.25 seconds
or at least 400 counts per second in areas of background
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the material at the roadside and beyond, and
decreases the percentage contribution from
the road itself. Some discussion of the
effective sample volume can be found earlier
in this paper. Figure 10C.17 illustrates the
effect of increasing the height of the
detector in increasing the sample volume and
minimizing road effects. Generally, however,
the detector height is limited by bridges,
tunnels and overhead wires. Goso et al.
(1976) reported a carborne radiometric survey

Figure 10C.56.

(GSC 203254-1)

Figure 10C.57 .

radioactivity. From this information the detector volume can
be determined if the count rate per cubic centimetre of
detector is known approximately for that background radio-
activity from some preliminary measurement.

The detector volume required for a gamma ray spectro-
metric survey would be considerably larger than for a total-
count survey. The IAEA (1973a) stated that "This type of
survey should not be attempted unless a large volume of
crystal can be provided". No specific volume was suggested.

Detector L.ocation and the Sample Volume

The detector should be located as high as possible in the
vehicle. This increases the diameter of the circle of
investigation, and the percentage of radiation contributed by

Carborne gamma ray spectrometric survey installation in
Mexico (Instituto Nacional de Energia Nuclear) with roof mounted detector.

Carborne gamma ray spectrometric survey installation in
Canada (after Killeen et al., 1976); detector mounted inside the vehicle (left),
vortable gamma ray spectrometer and single pen strip chart recorder (right).
‘GSC 202941-E)

in Uraguay in which a 1230 em?® Nal(T1) detec-
tor was mounted in a tower on the vehicle at
an elevation of 3.50 m. The installation of a
1850 cm?® detector on the roof of a 4 wheel
drive jeep used by the Instituto Nacional de
Energia Nuclear (INEN) of Mexico for gamma
ray spectrometric work is shown in
Figure 10C.56. The installation of 4200 cm®
detector inside a four wheel drive vehicle
used for a carborne gamma ray spectrometric
survey on Prince Edward Island, Canada
(Killeen et al.,, 1976) is shown in
Figure 10C.57. Moxham et al. (1965) utilized
a 6800 cm® Nal(Tl) detector on a tripod at
2.5m height to make stationary measure-
ments of gamma ray spectra with a 400
channel analyzer in a panel truck.

The orientation of the detector is not
usually considered, but can be of some
significance, especially if the thickness and
diameter of the detector are very different.
Nelson (1953) considered this problem with
respect to the orientation of GM tubes. He
arranged the detectors so as to present the
largest detector surface area to gamma rays
emitted from roadside rocks. The smallest
area was then oriented to minimize gamma
rays detected from road material below and
cosmic rays above. If a prismatic
(100 x 100 x 400 mm) sodium iodide detector
were to be used for a carborne survey, it
should be oriented with its long axis vertical.

Shielding by the Vehicle

In addition to the abaove considerations,
the shielding effect of the vehicle may be
used to advantage, especially if it is known
that the road material is not locally derived.
In some cases the radioactivity of the road
material presents considerable interference,
especially if the road material changes
frequently, introducing man-made anomalies.
A lead shield beneath the detector may be
necessary in addition to the shielding by the
vehicle (Bowie et al., 1955). In areas of unimproved dirt
roads the vehicle shielding may be a hindrance, and the
detector may be suspended behind the vehicle or over a hole
in the floor. Shideler and Hinze (1971) in a carborne
radiometric survey relating to petroleum exploration of
glaciated regions encased the detectors in "lead containers"
(not described) to minimize the effects of cosmic rays.

Pre-Survey Performance Checks

It is important to run some pre-survey tests under
known conditions in order to be able to recognize anomalies
when traversing new territory. In addition it is instructive to
evaluate the effect of various parameters on the performance
of the carborne system.
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Figure 10C.58. Radioactive zones of 500 and 100 ppm
uranium as a test area for carborne gamma ray survey (after
Nelson, 1953). Traverses in the "near" and "far lane" made
with stationary measurements are shown. A cross-section
A-B of the highway is shown in Figure 10C.59.

A good example of this type of pre-survey performance
study was given by Nelson (1953). For his test area Nelson
chose a road cut which intersected two radioactive zones
containing approximately 500 ppm and 100 ppm uranium
respectively as shown in Figure 10C.58. A series of
stationary total-count measurements were made past the
radioactive zones with the carborne system and these are
plotted for two highway lanes. It can be seen from the
bottom of Figure 10C.58 that both the maximum amplitude of
the anomaly and its sharpness are decreased considerably for
measurements made in the "far lane". Figure 10C.59 (also
from Nelson, 1953) illustrates the effect of vehicle speed on
the maximum amplitude of the anomaly for both the "near
lane" and "far lane". For these tests, an analog ratemeter
with a time constant of 2 seconds was used. Similar graphs
were constructed by Bowie et al. (1955) from data recorded
with a carborne system traversing across an artificial vein
5.6 m long, 0.3 wide, and 0.3 m deep, filled with a homo-
geneous mixture containing 0.5 per cent U3Og. A profile of
stationary measurements made across the vein showed an
interesting unexpected asymmetry in the anomaly, caused by
the detector having more absorbing material near one end
than the other.

Field Procedure

Some of the first considerations in designing a carborne
system are the installation of the survey equipment in the
field vehicle, the source of power for the equipment, and the
desired form of data presentation and hence the recording
method to be used. For long-term surveys it is generally
recommended that the source of power be furnished from the
vehicle power supply (generator or alternator, and battery).
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Figure 10C.59. Effect of vehicle speed on the maximum
amplitude of the anomaly detected both in the "near" and
"far" lane (after Nelson, 1953). The cross-section A-B (top)
shows the source-detector geometry in Figure 10C.58.

This may require replacing the generator and requlator with
equipment which can furnish additional power at low speeds
(Berbezier et al., 1958; Bowie et al., 1955). For shorter term
use, power may be supplied from a spare set of car batteries
which can be recharged daily or as required (Killeen et al.,
19763 Chandra and Leveille, 1977).

The addition of an adjustable threshold audible alarm
has been found useful in many carborne surveys (Nelson, 1953;
Bowie et al., 1955; Berbezier et al., 1958), especially if the
chosen survey procedure is to investigate anomalies as soon
as they are detected, rather than to return later after
inspecting the recordings made during the road traverses.
For this purpose it is useful to have an additional portable
detector available in the vehicle. If the carborne survey is
purely a total-count survey, a portable gamma ray
spectrometer would enable the operator to determine
whether the cause of a given anomaly was uranium, thorium
or potassium by stopping to inspect it.

Killeen et al. (1976) utilized a four-channel portable
gamma ray spectrometer with a single-pen strip chart
recorder. Traversing was carried out while recording the
output of the total-count channel. Anomalies were checked
later by re-traversing while recording the output of the
differential windows on the strip chart. The portable
spectrometer could also be removed from the vehicle and
attached to a 75x 75 mm Nal(Tl) detector for in situ
assaying. Chandra and Leveille (1977) recorded all four
channels of a portable gamma ray spectrometer with a four-
pen recorder in a carborne survey, returning te the
interesting anomalies to inspect them on foot with the same
spectrometer connected to a small detector. They also re-
traversed anomalous sections of road while recording stripped
count rates on the chart.

The methods of recording carborne radiometric data
range from simply indicating anomalies on the road map with
an X as they are spotted, to recording on strip charts
anywhere from one to four channels of information plus
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fiducials or event markers. In any case, all of the roads to be
traversed in the area of the survey are first marked on the
field map. The beginning and end of each traverse are pre-
marked with numbers such that each traverse has its own
characteristic identifying numbers. Some workers prefer to
pre-mark, with numbers on the map, any special land mark
which can be used for navigation and location recovery such
as road crossing or bridges (Killeen et al., 1976). Because
anomalies may be smeared by effects of analog time
constants the direction of the traverse should also be
indicated on the map. Long traverses may be broken into
segments, also with identifying codes (Chandra and Leveilie,
1977). When a strip chart recording is made, event or fiducial
marks are valuable. Thus, when a landmark is passed a
manually operated event marker can be activated or the
operator must make these marks by hand. Some carborne
surveys have been equipped with automatic fiducials which
are activated by an interconnection to the speedometer of
the vehicle (e.g. Berbezier et al., 1958).

As with other gamma ray spectrometers, carborne
systems require proper calibration. Pre-survey calibration
should be carried out with the use of calibration pads as
described above with respect to portable gamma ray
spectrometers Usually a calibration source such as 137¢s or
Th is used for the initial survey calibration. This calibration
ensures that the energy windows chasen to represent K, U,
and Th are in their proper positions. Because of instrument
drift with temperature changes some spectrometric systems
require periodic checking, while others have automatic
stabilization or warning indicators for out-of-calibration
conditions. The calibration source, if carried in the vehicle,
must always be stored in the same location (producing a
constant contribution to the background) and should be
shielded (to reduce the contribution to background). It may
be passible to use the battery of the vehicle as a shield. All
systems should be shock mounted and have thermally
insulated detectors to minimize drift. The thermaostatically
controlled, heated, insulated detector packages often used in
airborne spectrometer systems are usually unnecessary for
carbaorne surveys since frequent calibration checks are easier
to make.

Most gamma ray spectrometer systems in use today
have available a digital readout after a preset counting time,
of the counts accumulated in the four windows (TC, K, U,
Th). This feature is used to calibrate the scales on the strip
chart recorder. The strip chart is allowed to run while the
vehicle is stationary at the beginning of a road traverse, and
counts are accumulated for a preset time. Then the results
are marked on the chart, and used to determine and check the
chart scale factor. This type of check should be carried out
at the beginning and end of each traverse, and also at a base
station occupied at the beginning and end of each day. This
latter check ensures the reproducibility of results, is a check
on background, and indicates instrumental problems. In
addition, background measurements should be made period-
ically over water, if possible, during the survey (see the
earlier section regarding background in surface measure-
ments).

Carborne radiometric surveys have been used to
advantage in France (Berbezier et al., 1958), in West Africa,
South Africa and Norway (Bowie et al., 1955), in the United
States (Nelson, 1953; Shideler and Hinze, 1971), in Canada
(Killeen et al., 1976; Chandra and Levielle, 1977), and in
Japan (Kamiyama et al., 1973). The success of the survey
depends primarily on the nature and extent of the road
network available.

The method of data presentation does not differ greatly
from that used in airborne surveys. Data from each road
traverse may be plotted in the same way as data from a flight
line, as profiles. If road traverses are closely spaced the data

may be contoured. It is therefore instructive when planning a
carborne spectrometric survey to read the more abundant and
generally mare up to date literature on airborne radiometric
surveying.

Snowmobile Surveys

Radiometric surveys over snow can be successful, even
though the snow attenuates gamma radiation emitted by the
underlying rock or overburden. This application is based an
the assumption that the snow cover absorbs most of the
radioactivity emitted from the ground and only very highly
radioactive occurrences would be detected. About 7 cm of
water will attenuate the gamma radiation by 50 per cent.
This could represent from 14 to 70 cm of snow, depending on
its density. Minor changes in radioactivity would be
undetectable beneath the snow-blanket and the method could
be considered as "prospecting for hot spots". In many arcas
the only time of year when there is good accessibility is
during winter when there is snow cover. The target of
uranium rich boulders in glacial terrain seems well suited to
this technique (Ketola and Sarikkola, 1973).

Field Procedure

The snowmabile survey technique has been used with
some degree of success in Scandinavia. The detector
assembly, which is fragile and must not be subjected to rapid
temperature changes, was pre-chilled slowly in a thermo-
statically controlled refrigerator before the survey. Once it
had reached outdoor field survey temperature, the detector
assembly was always left outdoors where the temperature
was relatively constant.

The survey procedure was relatively simple, consisting
of traversing the area with closely spaced parallel lines. The
traverse lines had to be kept close together since attenuation
by snow off to the sides of the traverse line was greater than
directly below the snowmobile. Anomalies were investigated
as they were detected, by stopping and digging a hole in the
snow (R. Sinding-Larsen, pers. comm., 1976). A pole with a
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Figure 10C.60. Comparison of summer and winter total
count ground gamma ray survey over a boulder train in
Finland (after Ketola and Sarikkola, 1973, see text).
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Figure 10C.61.
Saskatchewan (after Stolz and Standing, 1977). Detector dimensions are 75 x 200 mm Nal(Tl) (see text).

flag was erected at the location, and the approximate
location was marked on a field map so that it could be found
again in the spring after the snow melted.

In another type of winter radiometric survey, stationary
measurements are made by pushing the detector into the
snow. An example comparison of summer and winter total
count gamma ray surveys over a boulder train in Finland
carried out by Ketola and Sarikkola (1973) is shown in
Figure 10C.60 to illustrate the validity of winter surveys.
The survey employed a 50 m separation between traverses
and a 10 m spacing between stations. Discrepancies are
explained by two factors:

1. In winter the delector of the scintillometer is pushed into
the snow to the bottom layers while in summer measure-
ments are made at about 0.5 m above the surface (a
geometry problem).

2. Radon gas may be trapped and concentrated below the
impermeable frozen layers of snow producing more anom-
alies (a background problem).

UNDERWATER GAMMA RAY SPECTROMETRIC SURVEYS

Introduction

The earliest underwater gamma ray surveys, using total
count scintillometers, were for applications other than
uranium exploration. For example Summerhayes et al. (1970)
used a conventional Nal(Tl) detector in a sealed container for
stationary sea floor measurements to locate phosphorite by
detecting radiation from its high wuranium content. The
application of radiometric techniques to locating offshore
mineral deposils has increased, and much of the experience
gained is useful for uranium exploration (see for example
Noakes and Harding, 1971; Noakes et al., 1974a, b, 1975).

Offshore Sea-Bottom

One of the first reports of the use of a gamma ray
spectrometer for sea-bottom surveying was given by Bowie
and Clayton (1972). They described a prototype system
consisting of a 75 x 75 mm Nal(Tl) detector mounted in a
stainless steel cylinder 125 mm in diameter, fixed at the end
of a reinforced rubber hose of the same diameter to avoid the
possibility of the probe being caught on the bottom. This
"eel", 25 m in length, was towed on a double armoured coaxial

Diagram of 'eel' assembly used for underwater gamma ray spectrometry in northern

cable at a specd of 3 to 4 knots in up to 200 m water depth.
The system employed a weak link and marker buoy to
facilitate recovery in case of a snag on the bottom. The
spectrometer was a 4 channel portable model. Miller and
Symons (1973) presented total count, eU and eTh profiles,
from a survey with this system off the Yorkshire Coast of
England, showing the correlation with the geology of the
seabed material. Some of the problems they encountered
which could explain some discrepancies in the correlation
were:

a) limited accuracy in position fixing.

b) lack of detailed knowledge of the seabed geological
succession, and

¢) the inconstent geometry of the detector with respect to
the sea floor i.e. the variable depth of furrow cut by the
'‘eel' which could, in fact, be zero sometimes if the 'eel'
left the sea floor.

The latest version of this system with a stabilized
spectrometer was described by Clayton ct al. (1976). The
stainless steel probe contains a 75 x 125 mim Nal(Tl) detector.
The 'eel' is reinforced P.V.C. of diameter 17.5 cm and length
30 m. Tawing speed is normally 4 to 5knots, with a
maximum limit of 7 knots. The system is designed primarily
for geological mapping of the seubed, and gives a spatial
resolution of approximately 25 m at 4 knots with the total
count channel, and 1 km at 4 knots with the K, U, and Th
channels. The data are recorded on paper tape, and
subsequently computer processed to produce contour maps.
The system could be modified for use on smaller vessels for
uranium exploration on lake-beds. Miller et al. (1977)
reported on the use of this equipment for surveys of the
continental shelf.

Gaucher et al. (1974) described a sea-floor system
mounted in a sled. Experiments with two Nal(Tl) detectors
(75 x 75 mm and 150 x 100 mm) towed at 1 knot produced
reasonable results with 500 second counting times for the
smaller detector and 300 seconds for the larger detector.
Results of a survey off the Mediterranean Coast near
Banyuls, at the eastern extension of the Pyrenees mountains
were presented as contour maps of the potassium and thorium
channel count rates which related to the sea-battom
unconsolidated materials.
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Figure 10C.62. Anomaly caused by sand, gravel and
boulders from granite and pegmatite measured in lake bed
gamma ray spectrometry survey in northern Saskatchewan
(after Stolz and Standing, 1977).

Lake-Bottom Surveys

In regions where a significant percentage of the land is
covered by lakes, and if the lakes cover geolagically
favourable areas for uranium exploration, a lake-bottom
gamma ray spectrometer survey may be warranted. Such is
the case in northern Saskatchewan where about 40 per cent of
the land surface is covered by lakes and rivers. The lakes and
rivers are often expressions of fractures, faults and other
lineaments which have potential for uranium mineralization.

Hoeve (1975) and Beck et al. (1977) reported on the 'St.
L.ouis Fault Project', the evaluation of a lake bed gamma ray
survey in the Beaverlodge area. The survey was carried out
in Alces Lake, 40 km northeast of Uranium City. The lake is
situated on the postulated extension of the St. Louis Fault on
which two uranium mines are located. The lake is elongate,
about 8 km long by 0.8 km wide. The field procedure
consisted of collecting lake-bottom samples and making lake-
bottom scintillometer readings at locations about 20 m apart
along grid lines at 200 m spacing. About 80 stations were
sampled per day. The survey was carried out from an
inflatable rubber boat with two canoes lashed alongside
catamaran-style, on which a large wooden deck surface was
constructed. For sample locations, distances were measured
along a nylon rope tied to markers on either shore. The
scintillometer used in this work (Goldak, 1975) comprised a
waterproof detector package which was lowered to the lake-
bottom while the readout electronics remained in the boat.
At each station an echo sounder was used to provide depth
information.

In 1976 the same field method was used in Seahorse
lake, a part of which overlies the Key Lake uranium deposit,
and Prince Lake on the postulated extension of the St. Louis
Fault (Parslow and Stolz, 1976). Grid lines were located
closer together (50 m) than in the Alces lake survey.
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Figure 10C.63. Anomaly caused by radioactive boulders in

lecke bed gamma ray spectrometry survey in northern
Saskatchewan (after Stolz and Standing, 1977).
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In addition to the above-mentioned stationary lake-
bottom measurements, a gamma ray spectral logger, or
continuous measurement system has also been evaluated
(Stolz, 1976). The system included the measurement of
apparent electrical resistivity of the lake-bottom, and a
"scrape" microphone to assure the operator that the probe
was scraping along the bottom. A diagram of the ’'eel’
assembly is shown in Figure 10C.61 (after Stolz and
Standing, 1977).

It is expected that the system can detect differences of
about 10 ppm wuranium. Typical background count rates for
the system have been given in the earlier section on
backgrounds for submarine systems.

Because of attenuation of gamma radiation by the
water, the width of the swath contributing gamma rays to the
detector is quite narrow (e.g. 7 cm of water attenuates 50%
of the gamma radiation). Thus, if the objective is to map
uraniferous boulder trains as in exploration in glaciated
regions, close line spacings are necessary. The gouging of the
trench by the 'eel' increases the count rate by improving the
geometry, but further narrows the width of the effective
coverage thus hindering the detection of boulders. The angle
between the cable and horizontal is kept small (less than 30°;
Stolz, 1976) to prevent the eel from lifting off the bottom.
This means the eel is a long way out and its precise location
is not known. This makes follow-up investigation of the
anomalies quite difficult.

For follow-up of anomalies found with the above
system, hand held underwater single channel spectrometers
containing 75 x 75 mm Nal(Tl) detectors were developed
(Stolz, 1976; Stolz and Drevor, 1977). Counts are displayed
on a four digit LED display and when the count rate exceeds a
preset level, a flashing light turns on.
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Figure 10C.64.

Profile across Seahorse Lake, Saskalchewan

comparing lake sediment sample assays at 20 m intervals with

gamma ray profile (after Stolz and Standing, 1977 ).

The follow-up procedure consisted of prospecting the
bottom in the vicinity of the anomaly with the underwater
spectrometer in total count mode (thresholds at 0.30 MeV to
4.00 MeV). Background readings were typically 100 cps, with
the anomaly in Seahorse Lake, Saskatchewan reading
1100 cps. Stolz (1976) reported that although underwater
visibility was good, when the divers disturbed the bottom
sediment, visibility became poor. The divers could read the
LLED display on the instrument but couldn’t orient themselves.
To avoid the problem and to locate anomalies more exactly,
the anomalies were re-traversed until the count-rate reached
a maximum over the anomaly and the boat was stopped. The
divers then followed the cable down to the detector which
was very close to the source.

Stolz and Drevor (1977) reported on additions and
modifications to the above equipment and procedures. The
major changes included recording all parameters separately
on a six channel recorder, and the addition of an acoustic
navigation system. Stolz and Drevor (1977) reported on the
use of the system in Black lLake and near Brochet Island in
Lake Athabasca. They concluded that the geophysical portion
of the system worked well and several significant radioactive
anomalies were discovered, but no detectable halos were
found around uraniferous boulders. They recommended very
close line spacing (<20 m) to map boulders on lake bottoms.
The acoustic navigation system did not perform well in
shallow, confined inland water. Stolz and Standing (1977)
indicated the effective range of the navigation system is
generally less than 1 km. They also report additions to the
system such as a sub-bottom profiler (seismic) for added
bottom sediment information. Thickness of up to 10 m of
soft sediment on bedrock can be measured.

Figure 10C.62 shows an example from Stolz and
Standing (1977) of the broad low amplitude anomaly
characteristic of sands, gravels, and boulders from
mechanical  weathering of granite and pegmatite.

Radioactive boulders produce short-wavelength, high-
amplitude anomalies as shown in Figure 10C.63 (after Stolz
and Standing, 1977). The lake bottom logger results were in
good agreement with bottom sediment uranium contents. The
agreement between the geochemical and radiometric data is
clearly shown in [Migure 10C.64, a profile across Seahorse
Lake where lake sediments were collected at 20 m intervals.
The authors concluded that underwater radiometric surveying
is both effective and economical for detecting and mapping
radioactive occurrences and boulders. They further indicated
that since the underwater survey requires very close line
spacing it is more suited to detailed surveying of areas with
high potential rather than reconnaissance.

BOREHOLE GAMMA RAY SPECTRAL LOGGING
Introduction

A number of specific borehole logging parameters
common to other types of gamma ray spectrometric surveys
such as the question of geometry, dead time, background,
calibration, the effects of borehole diameter and casing, and
of the equivalent alomic number of the rock have been
covered in earlier sections. Many of the parameters are
energy-dependent, and experimental data are sparse or
unavailable with respect to variation with energy. However,
as in the case of the previously discussed modes of gamma
ray spectral surveying, a great deal can be learncd from the
experience gained in total count gamma ray work.

Previous Reviews

An early review by Russell (1955) included a good
description of gamma ray logging, and discussion of the
effects of some of the logging parameters. An idea of the
potenLial usefulness of gamma ray logging as a lithological
tool can be obtained by observing the mean radioelement
concentrations of a number of different rock types given in
Table 10C.6. With gamma ray spectrometry there is the
additional possibility of determining ranges of radioelement
ratios as identifiers of rock-types. Gamma ray logging
specifically for uranium was reviewed by Stead (1956).
Technical details of the logging equipment in use at that time
were also described.

Beckerley (1960) presented a good review of all nuclear
methods for subsurface prospecting, including the state of the
art on gamma ray spectral logging. The calibration facilities
established by the American Petroleum Institute at the
University of Houston in 1959 were described. The use of
these model holes was intended to improve the inter-
comparison of gamma logs. This would mean that differences
between measurements by different service companies would
be real and not just calibration differences. Gamma ray
spectral logging was described as having great potential. It is
interesting that Beckerley (1960) predicted that the problems
involved with gamma energy detection techniques made it
likely that spectral logging would remain scarce unless there
was a real break-through.

A very well organized review of the application of
nuclear techniques in cil and mineral boreholes was given by
Clayton (1967). Natural gamma and gamma ray spectral
logging were represented by about 35 of the 187 references
given, and therefore the text is heavily weighted towards
neutron and related logging. Dodd et al. (1969) reviewed
borehole logging methods for uranium exploration covering
the principles of calibration and analysis, the effects of many
borehole parameters on the gamma ray log, and presented the
state of the art in gamma ray spectral logging. They stated
that "the advantages of downhole spectral measurements
largely remain to be developed and demonstrated". The use
of the energy region above 1 MeV for spectral logging was
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Table 10C.6
Radicelement concentrations in different classes of rocks®
U (ppm) Th (ppm) K (%)

Rock Class Mean Range Mean Range Mean Range
Acid Extrusives 4.1 0.8 - 16.4 11.9 1.1 - 4l1.0 3.1 1.0 -6.2
Acid Intrusives 4.5 0.1 - 30.0 25.7 0.1 -253.1 3.4 0.1 -7.6
Intermediate Extrusives 1.1 0.2 - 2.6 2.4 0.4 - 6.4 1.1 0.01-2.5
Intermediate Intrusives 3.2 0.1 - 23.4 12.2 0.4 -106.0 2.1 0.1 -6.2
Basic Extrusives 0.8 0.03- 3.3 2.2 0.05- 8.8 0.7 0.06-2.4
Basic Intrusives 0.8 0.01- 5.7 2.3 0.03- 15.0 0.8 0.01-2.6
Ultrabasic 0.3 0 - 1.6 1.4 0o - 7.5 0.3 0 -0.8
Alkali_Feldspathoidal Intermediate 29.7 1.9 -62.0 | 133.9 9.5 -265.0 6.5 2.0 -9.0

Extrusives
Alkall Feldspathoidal Intermediate 55.8 0.3 -720.0 | 132.6 0.4 -880.0 | 4.2 1.0 -9.9
Intrusives

Alkali Feldspathoidal Basic Extrusives 2.4 0.5 - 12.0 8.2 2.1 - 60.0 1.9 0.2 -6.9
Alkali Feldspathoidal Basic Intrusives 2.3 0.4 - 5.4 8.4 2.8 - 19.6 1.8 0.3 -4.8
Chemical Sedimentary Rocks* 3.6 0.03- 26.7 14.9 0.03-132.0 0.6 0.02-8.4
Carbonates 2.0 0.03- 18.0 1.3 0.03- 10.8 0.3 0.01-3.5
Detrital Sedimentary Rocks 4.8 6.1 - 80.0 12.4 0.2 -362.0 1.5 0.01-9.7
Metamorphosed Igneous Rocks 4.0 0.1 -148.5 14.8 0.1 -104.2 2.5 0.1 -6.1
Metamorphosed Sedimentary Rocks 3.0 0.1 - 53.4 12.0 0.1 - 91.4 2.1 0.01-5.3
*Includes carbonates
lcompiled from English language literature by Wollenberg, pers. comm. (1978).

advocated since photopeaks in the lower energy region are
obscured by scattering. The possibility of detecting radio-
active disequilibrium was mentioned, but the required instru-
mental stability was cited as a real problem. Dodd and
Eschliman (1972) expanded on the previous review indicating
that many of the problems of spectral logging had been sclved
by the latest generation of instrumentation, but most of the
review was concerned with total count gamma ray logging.
Czubek et al. (1972) in a review of nuclear techniques in
geophysics in Poland discussed natural gamma ray logging
briefly, especially considering the effect of the equivalent
atomic number of the rock. Scott and Tibbetts (1974)
reviewed borehole logging techniques for mineral deposit
evaluation, in which 67 references in English and 109
references in other languages were cited. The review is
organized according to the different metals (e.g. uranium)
and all the available techniques which can be used to evaluate
the associated mineral deposits for each metal are given.
References to gamma ray logging figure prominently in the
section on uranium evaluation methods.

In. a technical report entitled 'Recommended Instru-
mentation for Uranium and Thorium Exploration' the IAEA
(1974) set forth a list of the advantages of gamma ray logging
methods, along with some of the limitations. Often many of
these are overlooked or disregarded, and proper importance is
not given to gamma ray total count or gamma ray spectral
lagging in an exploration program. For this reason these lists
are reproduced here from the IAEA (1974). The advantages
of total count gamma ray logging include:

"1) High-cost coring can be
expensive non-core drilling.

largely replaced with less

2) Logs provide information lost by poor core recovery.

3) Data can be obtained from holes drilled previously for
other purposes.

4) The volume 'sampled' is generally larger, virtually undis-
turbed and hence more representative than most cores or
cutting samples.

5) Delays and costs of sampling and laboratory analysis are
reduced.

6) The continuous log permits 'resampling' for additional
statistical and economic studies.

7) Logs are objective and unbiased by personal observation
and experience.

8) Logs require minimal space to store the informatiaon."

The TAEA (1974) report goes on to list the limitations of total
count gamma logging in general:

"1) Inability to identify or separately measure the specific
radio-isotopes which are the source(s) of the gamma
radiation. This precludes independent analyses for K, U,
and Th at normal to slightly anomalous concentrations in
the rock.

2) The components of mixed ores of U and Th cannot be

readily evaluated.

3) Disequilibrium within the uranium (and thorium) decay
series may introduce locally significant errors in the

quantitative analysis for U (or Th).
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4) Variation from standard conditions of calibration, e.g.
borehole fluid and diameter, formation moisture and
composition (Z equivalent), casing ete., will influence the
response; additional logs may be required to obtain
reliable correction values'.

The first three of these }imitations may be overcome through
the use of gamma ray spectral logging, although the third
may require the use of solid state detectors. Gamma ray
spectral logging includes all of the advantages of total count
gamma logging and eliminates many of its limitations.

Killeen (1975) reviewed nuclear techniques for borehole
logging in mineral exploration, briefly discussing the 'passive’
systems of gamma ray logging and gamma ray spectral
logging in addition to the 'active' systems which employ
radiation sources for their measurements. Dodd (1976)
discussed gamma ray spectral logging in some detail in a
review of uranium exploration technology. An example was
presented to illustrate the advantage of gamma ray spectral
logging over total count gamma logging in an environment
with significant concentrations of the three radicelements K,
U, and Th. Dodd (1976) stated that experience at the U.S.
Department of Energy (formerly ERDA) indicates that for
reliable counting statistics, detector size and logging speed
must be matched for the concentration levels being
measured. Dodd estimated that about 100 to 200 cm’ of
Nal(T1) could adequately measure typical rock concentrations
(Clarke values) in one minute in a borehole. He suggested
that assaying a sample length (thickness) of 1.5 m was
possible at a logging speed of 1.5 m/min. Smaller detectors
may be used for higher radicelement concentrations (e.g.
500 ppm eU or 1000 ppm eTh). A dual detector probe was
being developed and tested by the U.S. Department of Energy
to cover both high and low radicelement ranges (Dodd, 1976).
In addition to the above mentioned reviews, useful infor-
mation on gamma ray logging applications can be found in
Faul and Tittle (1951) and Fons (1969); the advantages of
digital logging were discussed by Burgen and Evans (1975) and
by Moseley (1976); slim tool systems were described by
Reeves (1976); some of the advantages of correlating gamma
ray log information with data obtained by other logyging
techniques especially in uranium roll front exploration were
discussed by Daniels et al. (1977).

Total Count Gamma Ray Logging

Sometimes referred to as 'gross count' gamma logging,
total count gamma ray logging became firmly established as a
quantitative method of measuring uranium concentrations
with the publication of papcrs by Scott et al. (1961) on
quantitative interpretation of gamma ray logs. Scott and
Dodd (1960) discussed corrections for disequilibrium based on
a knowledge of the ratio of chemical assays to radiometric
assays in the area in question. Scott (1962) described the
computer program 'GAMLOG' developed to carry out the
quantitative interpretation of the gamma ray logs. Pirson
(1963} described the gamma ray log, calibration in API units,
and presented cxample logs. Scott (1963) gave further
information on the use of the 'GAMLOG' program, describing
in detail the iterative process of analyzing the logs. Carlier
(1964) described work in France on quantitative measure-
ments by gamma ray logging, pointing out some of the
problems encountered when other than "text book ore zones"
were evaluated. Dodd (1966) updated the carlier reports,
presenting information for quantifying some of the necessary
correction factors to the gamma ray log. [dwards et al.
(1967) considered the application of gamma ray logging to
quantitative evaluation of potash deposits, in a similar
fashion to the work on evaluation of uranium deposits.

Hawkins and Gearhart (1968, 1969) discussed uranium
prospecting with gamma ray logging, including infermation on
many practical details, often omitted by other authors, such
as logging practices and cable types. Spectral logging was
mentioned briefly, and a gamma ray spectrum from a sample
of monazite thorium sand was shown, as obtained by a
detector with 470 m of standard 4 conductor 5 mm logging
cable. Some practical 'rule-of-thumb’ types of informatiof
were given by Hallenburg (1973) in a discussion of the
interpretation of gamma ray logs. Sprecher and Rybach
(1974) described a total count logging probe (25 mm outside
diameter) designed for slim hole exploration in Switzerland.
A good discussion of the determination of uranium grade in
bareholes in South Africa by gamma ray logging was
presented by Corner and de Beer (1976). Example logs from
numerous boreholes were given, and disequilibrium problems
were discussed. They found that uranium grades could be
calculated to an accuracy of better than 10 per cent since the
equipment was calibrated in the model holes located at
Pelindaba, provided the ore was in equilibrium and thorium-
free.

Corner and de Beer (1976) found disequilibrium was
prevalent in the Karoo, primarily consisting of uranium
depletion relative to its daughter products in the holes which
they logged. This disequilibrium was mostly confined to the
zone above the water table (i.e. in the air filled holes). They
concluded that the high radiometric background levels
observed over extended distances in some boreholes in Karoo-
type occurrences were indicative of radon-gas buildup.
Corner and de Beer (1976) indicated that radiometric
borehole logging, to a great extent, could replace chemical
assays for determining uranium grade for ore-reserve calcul-
ations. However they suggested that chemical checks for
disequilibrium be made.

Pochet (1976) described the present practice in France
for quantitative gamma ray logging. Restricted to very slim
holes, a number of logging tools (probes) with very narrow
diameters have been developed. The standard gamma ray
probe is only 22 mm outside diameter, and contains a GM
(geiger mueller) tube section (two GM tubes 1.5 x 4 cm each)
for high grade ore evaluation, and a scintillation section
(either a 1.2 ecm x 2.5 or 1.2 x 5.0 em Nal(T!) detector). This
solves the problem of a wide range of radioelement concen-
trations, but ambiguity is still present when mixed U and Th
ores are encountered.

Gamma Ray Spectral Logging

The earliest pulse height analyzers utilized in gamma
ray spectral logging tests were of the photographic type, and
were not easily adaptable to quantitative measurements
(Brannon and Osoba, 1956). Caldwell et al. {1963) reported
gamma ray spectral measurements made through 1500 m of
logging cable with a 64 x 64 mm Nal(T1) detector and a pulse
height analyzer of the type in use today. Most of the paper,
however, was devoted to the study of gamma ray spectra
resulting from bombardment of the rock by a neutron source.
Rhodes and Mott (1966) presented a series of curves
computed from theory which were designed to provide
correction factors for gamma ray spectral logs. Carrection
factor curves for a range of gamma ray energies (up to
8 MeV) are given for the effects of casing, mud density,
eccentricity of the detector, bed thickness and borehole
diameter. Much of the data is for oil-well situations (e.qg.
large diameter holes, heavy drilling mud etc.) but some would
be applicable to uranium exploration boreholes. Corrobor-
ation of the theogretical curves by empirical measurements is
also necessary. Czubek (1969) considered the effect of
borehole parameters (size, fluid, casing, etc.) on the spectral
log using a different theory of absorption of gamma rays: the
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Figure 10C.65. A gamma ray spectral log showing a
thorium marker anomaly just below 2620 m not shown on the
total count log (after Lock and Hoyer, 1971).

so-called transmission factor (T). Czubek (1969) claimed this
gave improved results and closer agreement between theory
and experiment than other treatments of the problem.
Czubek and Lenda (1969) considered the problem of the
choice of units in which gamma ray logging measurements
should be expressed by studying gamma ray energy distri-
butions. They concluded that in any case measurements can
only be standardized if the low level discriminator is set at
200 KeV, or for rocks with a high Zeqg (equivalent atomic
number) set at 400 KeV. This agrees with the more recent
discussions concerning the so-called 'ur' unit used for total
count scintillometry. Lock and Hoyer (1971) described a
gamma ray spectral logging system and gave an example
spectrum recorded through 6700 m of cable. They stated that
"experience has shown that the potassium peak is always
strong enough to provide a dependable reference for
monitoring gain during the logging operation". They indicated
that the gamma ray spectral log proved very useful in
recognizing a distinctive thorium-rich bed that was used as a
marker bed, but which did not appear in the total count log.
Figure 10C.65 (after Lock and Hoyer, 1971) illustrates a
gamma ray spectral log, and the thorium marker anomaly just
below 2620 m on the log. (No spectral stripping has been
performed on the logs shown in Figure 10C.65.)

Ldvborg et al. (1972) compared data from a labeoratory
drill-core-scanning gamma ray spectrometer and total count
gamma ray borehole logs. They found consistency between U
and Th contents determined by scanning the drill core, and
the total count gamma ray borehole log, with the exception
of an apparent downward displacement of the gamma-log
peaks by about 1.5 per cent which was attributed to cable
stretching. Gamma ray spectral logging incorporating
stripping was described by Wichmann et al. (1975). The
output of a 512 channel analyzer was fed in groups of
channels to three single channel analyzers with associated

ratemeters. Window energies were 1.37 to 1.55 MeV for
K(*°K), 1.58 to 1.95 MeV for U(2'*Bi), and 2.40 to 2.85 MeV
for Th(?°8T1). One of the main features was the use of a set
of four "calibrators" each consisting of a cylindrical source
constructed of plaster of paris. These contained K, U, Th,
and a mixture of the three. These sources were placed on the
detector by sliding the probe inside a hole along the axis of
the source. They were then used to derive the stripping
factors. The API gamma ray test hole in Houston (4%K,
13 ppm U, 24 ppm Th) was analyzed with this logging system
and very close agreement was reported. The detector size
was unspecified, but the probe dimensions were 92 mm in
diameter by 2.1 m long. Wichmann et al. (1975)
recommended logging speeds of less than about 4 m per
minute. Hassan et al. (1976) referred to the gamma ray
spectral log as the differential gamma ray log. They mention
the problem of low count rates at high gamma ray energies
and suggest several improvements such as increasing detector
size, reducing logging speed, or increasin% the number of
energy windows. They suggested adding the 28Ac  peak at
0.91 MeV and the 2'*Bi peak at 1.12 MeV to improve the Th
and U window count rates respectively. Marett et al. (1976)
attempted to incorporate all the counts from all the windows
(channels of a multi-channel spectrometer) to improve
counting statistics. The standard logging speed was quoted as
4.6 m/min. and the detector was a 5.1 cm diameter by
30.5 cm long Nal(Tl) crystal. A gamma-reference source was
used for stabilization of the gain of the photomultiplier.
Data was transmitted in digital form, multiplexed on a single
conductor. The technique was used in the North Sea to
identify micaceous sandstones, utilizing crossplots of the
radioelements to help in the identification. Some examples
of the use of this system in crystalline Precambrian basement
rocks in northern New Mexico were presented by West and
Laughlin (1976). The authors were able to recognize bioctite-
rich granitic or granodioritic gneiss and felsic dykes.
Fracture zones with increased uranium concentration were
interpreted as either sealed or open depending on whether or
not Th and K peaks in the log were associated with the
U peaks.

The use of portable borehole gamma ray spectral
loggers for uranium exploration was reported briefly by
Killeen (1976b), and in more detail by Killeen and Bristow
(1976). They evaluated two commercially available types of
spectral loggers in boreholes in uranium mining areas.
Results using three different detector sizes were compared.
Probes were slim (outside diameters 32 mm and 38 mm).
Detectors were Nal{(Tl) of dimensions 19 x 51 mm,
19 x 76 mm and 25 x 76 mm. Gamma ray spectra obtained
with the three detectors were presented, both for K, U, and
Th sources, and for in-hole measurements. Some example
gamma ray spectral logs recorded in the same hole (Total
Count, K, U and Th) were given for comparison. Recording
was by single pen analog strip chart. Suggestions for
improvement of ‘portable borehole gamma ray spectral
logging systems were given. Killeen et al. (1978) reported on
an improved portable gamma ray spectral logging system
which incorporated digital recording on cassette tape. This
facilitated data processing by computer. The system was
designed for Canadian uranium exploration conditions where
access to boreholes by vehicles is often extremely difficult.
The entire battery operated system weighed 73 kg including
spectrometer, chart recorder, tape recorder, winch, cable,
probe, and other accessories. The offline processing of data
recorded on cassette tape by this system was accomplished by
a mini-computer as described by Bristow (1977). This 'mini'
was part of a larger truck mounted digital gamma ray
spectral logging system referred to as the Geological Survey
of Canada 'DIGI-PROBE' logger (Killeen et al., 1978). In situ
assaying in the boreholes was also discussed, and a list of
recommendations were given for a new generation of portable
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the same log processed by:
filtering (after Conaway and Killeen, 1978b).

gamma ray spectral logger. The suggested system could
produce a Radiometric Assay log (RA-log) directly in real
time by deconvolving the raw gamma ray logs using a
microprocessor. A detailed description of the deconvolution
technique (also called inverse filtering) was presented by
Conaway and Killeen (1978a). This inverse filtering technique
is based on the determination of the response function of a
gamma ray detector using data obtained in model boreholes
such as those available in Ottawa, Canada or in Grand
Junction, U.5.A. From the measured response an inverse
operator is derived, to be used as a filter on the raw gamma
ray log, removing the deleterious effects of the logging
system response function. The method is illustrated with
numerous theoretical examples of the effects of the
processing technique on thin beds, thick beds, widely
separated and closely spaced beds and a bed with linearly
increasing radioelement contents across its width., An
example of data recorded in a model borehole at the GSC
calibration facilities is also given, processed to produce the
RA-log. Conaway and Killeen (1978b) compared the inverse
filter technique with the iterative technigue that forms the
basis of the GAMLOG computer program (Scott, 1963) which
is commonly used lo process gamma ray logs. They
determined that the iterative technique and the inverse filter
technique approach theoretical equivalence as the number of
iterations increases. Two advantages of the inverse filter
technique are the reduction in computing time (by a factor of
over 20), and the possibility of processing data in real time by
minicomputer or microprocessor with very little core storage
required. Figure 10C.66 illustrates a comparison of a raw
gamma ray log (digitally recorded at Az =10 cm intervals)
and two processed logs, one by iteration and one by inverse
filtering (after Conaway and Killeen, 1978b). The similarity
is evident. With shorter sampling interval improved
resolution is possible. An example comparison similar to the
above, but for Az = 3.3 cm is also shown by Conaway and
Killeen (1978b).  For the shorter sampling interval a
smoothing operator is required by both techniques; GAMLOG
at prescnt has no facility for smoothing.

A detailed description of a truck-mounted borehale
gamma ray spectral logging system developed by the U.S.
Department of Energy was presented by George et al. (1978).
The system includes a dual detector probe (smail Nal(Tl)
= 115 cm?, Jarge Nal(T1) = 500 em?) to cover a wide range of

A comparison of (a) a raw gamma ray log and
(b) iteration, and by (c) inverse

radioelement concentrations. Three single channel analyzers
and a lower level discriminator provide the K, U, Th, and
Total Count outputs. The count rates from each window are
recorded digitally on magnetic tape cartridges, and also
displayed on an analog strip chart. Data are collected on a
depth basis rather than on the more commonly used time
basis. The large detector (5.1 x 25.4 cm) is used except when
count rates coxceed 20 000 cps. The smaller detector
(4.4 x 7.5 cm) is switch selected by the operator in that case.
A stabilization source of Mn-54 is used for each detector,
providing a peak at 835 keV. Typical logging speed is
1.5 m/min. Counts are accumulated for 10 seconds during
each measurement, representing about a 25 cm interval. A
discussion of the calibration of the system, and some example
applications are included in the report. Bristow and Killeen
(1978) also presented a detailed report on the construction
and operation of the G.5.C. DIGI-PROBE logging system,
which records up to 1024 channels of gamma ray spectral
logging data on 9-track tape as often as every 0.25 seconds,
displaying the reduced K, U, and Th and/or any radicelement
ratio data on a 6 pen strip chart recorder via digital to analog
converters. The whaole system is built around a 16-bit
minicomputer operated interactively via a keyboard and a
CRT display with alphanumeric and graphic capabilities.
Commonly the DIGI-PROBE system utilizes slim hole probes
with 25 x 76 mm Csl(Na) or Nal(T]l) detcctors (or smaller)
inside 38 mm outside diameter probes (or smaller), at logging
specds of 0.6 m/min. to 6.0 m/min., recording 256 channels of
data with sample times of 1.0 second to 0.2 seconds
respectively, representing sample intervals of 1 or 2 em.

Gamma Ray Spectral | ogging with Solid Stale Detectors

The main advantage of the solid state detector is its
high energy resolution compared to sodium iodide detectors.
This makes it possible to detect daughter products other than
21%Bi for uranium estimation, thus avoiding the problem
caused by radioactive disequilibrium. The main problem in
the application of solid state detectors such as lithium drifted
germanium (or Ge(Li)) is their low operating temperature of
below minus 150°C. The detector must be cooled by liquid
nitrogen or some other equivalent coolant at all limes, or it is
rendered useless, losing its detection properties. Also large
detectors are difficult to manufacture and are therefare very
costly. Lauber and Landstrom (1972) reported on the use of a
Ge(Li) borehole probe for gamma ray spectral logging in a
uranium mine in Sweden, Their cryostat kept the probe cool
for ten hours under working conditions, after which time the
liquid nitrogen had to be replenished. The natural gamma ray
spectrum recorded in the Ranstad uranium mine was illus-
trated to show the possibilities of the method. This is
reproduced in Figure 10C.67. The counting times however
were fairly long due to the small size of the detector (22 em?)
and the need for a larger number of channels to utilize the
high resolution of the detector. The authors suggested a 4 to
6 channel analyzer with its channels centred on peaks of
interest should be a viable arrangement. Gorbatyuk et al.
(1973) suggested the use of a borehole Ge(Li) detector to
determine the uranium content of ore from the size of the
186 keV gamma ray peak which is a combination of the
185.7 and 186.2 keV gamma rays from 23°U and 22¢Ra respec-
tively. They also tried the 1.001 MeV peak of 23%pa, This is
a low-count peak, but is high energy and relatively free of
interference and is as high as possible in the decay serics.
Boynton (1975) described a simplification of the detector
cooling problem. It consists of using canisters or cartridges
of solid propane 3.7 em diameter by 57 cm long instead of
liquid nitrogen. The solid propane converted to a liquid
during the cooling, without much volume change, unlike the
liquid nitrogen which converts to a gas, increasing in volume
drastically requiring venting to be incorporated in the probe
design. Landstrom (1976) described the interesting
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Figure 10C.67.

GAMMA ENERGY

Ge(Li) spectrum recorded in a borehole in the Ranstad Uranium mine, Sweden. Drill core assay;

400 ppm U, 10 ppm Th, 4% K; counting time: 10 min. (after Lauber and Landstrom, 1972).

possibilities of identifying elements in boreholes by X-ray
fluorescence using natural gamma radiation as the source of
excitation. Evaluation of the source itself must be carried
out by gamma ray spectral logging. Christell et al. (1976)
reviewed nuclear geophysics in Sweden, describing borehole
gamma ray spectral logging measurements with both Nal(Tl)
and Ge(Li) detectors. Senftle et al. (1976) described the use
of intrinsic germanium (also called hyperpure Ge) in borehole
probes used for uranium exploration. The intrinsic Ge has the
advantage of only requiring cooling to operate, but not during
storage or transportation as is the case with Ge(Li) detectors.

They discussed several gamma ray peaks which may be
utilized for analysis of uranium such as the 63.3 keV peak of

23%Th, first daughter of 238y, Tanner et al. (1977a)
described the measurement of disequilibrium by using a solid
state detector in a borehole probe. They utilized two probes,
one with a Ge(Li) detector, the other with an intrinsic Ge
detector. The latter is suitable for low energy gamma ray
measurement, whereas the former, being of larger veolume
(45 cm?) is used for high energy gamma ray measurements.
Their procedure is to first delineate zones for detailed
investigation by logging continuously at about 1.0 m/min.
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The interesting zones are then analyzed with 10 minute
counting times to determine their state of radioactive
equilibrium or disequilibrium. In situ assaying is based on the
63.3 keV gamma ray of 2**Th and also the 1001.4 keV gamma
ray of 23%Pa. These are in equilibrium with the parent 238U,
Jri total six isotopes or groups of isotopes are evaluated in a
single measurement of disequilibrium. Tanner et al. (1977a)
showed comparisons of scintillation detector logs and solid
state detector logs. A series of holes drilled through a roll
front uranium deposit were logged, and the state of equili-
brium was displayed as an equilibrium ratio. Sensitivity of
the method is about 80 ppm U3Osg, for the 10 minute counting
time.

It is apparent that the use of the solid state detector
has a number of advantages over scintillation detectors but
which can be obtained at present only with some difficulty.
The recent rapid improvements in the application of solid
state borehole probes in only a few years indicates that it
won't be long before it is a commercially viable technique and
will be offered by logging service companies.

CONCI-USIONS

It is evident that gamma ray spectrometry has made
considerable advances in the last 10 years. Its applications
have expanded into many different environments as the
equipment has become more refined and the effects of these
environments on gamma radiation have become better under-
stood. It is likely that the next 10 years will see further
improvements which will permit the extraction of more
information from the gamma ray spectral measurements than
is presently possible in routine surveys.

In the future, microprocessor technology will permit the
presentation of the data, completely corrected and processed
in the field for increased on-site decision-making in explor-
ation as well as recording the data for later enhancement.

REFERENCES

Adams, J.A.S.

1969: Total and spectrometric gamma-ray surveys from
helicopters and vehicles; in Nuclear Technigues
and Mineral Resources, Proc. Series, [AEA,
Vienna, p. 147-162.

Adams, J.A.S. and Clark, R.B.
1972: Computer modeling and experimental calibration
of airborne gamma spectrometer systems; in the
Natural Radiation Environment II, Adams, J.A.S5.,
Lowden, W.M., and Gesell, T.F. (ed.), U.S. Dep. of
Commerce, Springfield, Virginia, p. 641-648.

Adams, F. and Dams, R.
1970: Applied gamma-ray spectrometry; Pergamon
Press, Toronto, 753 p.

Adams, J.A.S. and Fryer, G.E.

1964: Portable y-ray spectrometer for field
determination of thorium, uranium and potassium;
in The Natural Radiation Environment,
Adams, J.A.S. and Lowder, W.M., (eds.), Univ. of
Chicago Press, Chicaqa, p. 577-596.

Adams, J.A.S. and Gasparini, P.
1970: Gamma-ray Spectrometry of Rocks;
Publishing Company, New York, 295 p.

Adams, J.A.S. and Lowder, W.M. (eds.)
1964:  The Natural Radiation Environment; University
of Chicago Press, Chicago, 1069 p.

Agocs, W.B.
1975:  Airborne scintillation counter surveys; Trans. Can.
Inst. Mining Met., v. 58, p. 59-61.

Elsevier

Allan, R.J. and Richardson, K.A.

1974:  Uranium distribution by lake sediment geochem-
istry and airborne gamma-ray spectrometry; a
comparison of reconnaissance techniques; Can.
Min. Metall. Bull., v. 67, no. 746, p. 109-120.

Anspaugh, L.R., Phelps, P.L., Gudiksen, P.H., Lindeken, C.L.,
and Huckabay, G.W.
1972:  The in-situ measurement of radionuclides in the
environment with a Ge(Li) spectrometer; in The
Natural Radiation Environment II, Adams, J.A.S.,
Lowder, W.M., and Gesell, T.F. (eds.), U.S. Dep. of
Commerce, Springfield, Virginia, p. 279-304.

Austin, S.R.
1975: A laboratory study of radon emanation from
domestic uranium ores; Radon in Uranium Mining
(Proc. Panel, Washington, 1973), IAEA, Vienna,

p.151.
Barnes, F.Q.
1972:  Uranium  exploration costs; in  Uranium

Prospecting Handboaok, S.H.U. Bowie et al. (eds.),
Inst. Min. Met., London, p. 79-94.

Barretto, P.M.C.
1975:  Radon-222 emanation characteristics of rocks and
minerals; Radon in Uranium Mining (Proc. Panel,
Washington, 1973), IAEA, Vienna, p. 129.

Beck, L..S., Parslow, G.R., and Hoeve, J.

1977: Evaluation of the wuranium potential of areas
covered by lake waters, using geophysical, geo-
chemical and radiometric technigues; in Recog-
nition and Evaluation of Uraniferous Areas, Proc.
Series JAEA, Vienna, p. 261-280.

Beckerley, J.G.
1960: Nuclear methods for subsurface prospecting; in
Annual Review of Nuclear Science, E. Segre,
G. Friedlander, and W. Meyerhof (eds.), v. 10,
p. 425-460.

Berbezier, J., Blangy, B., Guitton, J., and Lallemant, C.

1958: Methods of car-borne and air-borne prospecting:
The technique of Radiation Prospecting by Energy
Discrimination; Proc. Second U.N. Int. Conf. an
Peaceful Uses of Atomic Energy, v. 2, p. 799-814.

Bowie, S.H.U.
1973: Methods, trends and requirements in uranium
exploration; in Uranium Exploration Methods,

Proc. Series, IAEA, Vienna, p. 57-65.

Bowie, S.H.U. and Clayton, C.G.
1972:  Gamma spectrometer for sea- or lake-bottom
surveying; Trans. Inst. Min. Metall., Sect. B,
Appl. Earth Sci., v. 81, p. B251-256.

Bowie, S.H.U., Davis, M., and Ostle, D.
1972:  Uranium Prospecting Handbook; Inst. Min. Metall.,
London, 346 p.

Bowie, S.H.U., Hale, F.H., Gstle, D., and Beer, K.E.
19551 Radiometric surveying with a car-borne counter;
Bull. Geol. Surv. G. Brit., v. 10, p. 1-23.

Bowie, S.H.U., Miller, J.M., Pickup, J., and Williams, D,
1958: Airborne radiometric survey of Cornwall; Proc. of
2nd U.N. Conf. on Peaceful Uses of Atomic
Energy, Geneva, Paper P/43, p. 787-798.

Boynton, G.R.
1975: Canister cryogenic system for cooling germanium
semiconductor detectors in borehole and marine
probes; Nuclear Instruments and Methods, v. 123,
p. 599-603.



Contents

Gamma-Ray Interpretation 221

Brannon, H.R., Jr., and Osoba, J.S.
1956: Spectral gamma-ray logging; J. Pet. Tech., v. 8,
p. 30-35.

Breiner, S., Lindow, J.T., and Kaldenbach, R.J.

1976: Gamma-ray measurement and data reduction
considerations for airborne radiometric surveys; in
Exploration for Uranium Ore Deposits, Proc.
Series, [AEA, Vienna, p. 93-106.

Bristow, Q.

1977: A system for the offline processing of borehole
gamma-ray spectrometry data on a NOVA
minicomputer; in Report of Activities, Part A,
Geol. Surv. Can., Paper 77-1A, p. 87-89.

Bristow, Q. and Killeen, P.G.

1978: A new computer-based gamma-ray spectral
logging system; Society of Exploration
Geophysicists, 48th Annual International Meeting
Abstracts, p. 117-118.

Bristow, Q. and Thompson, C.J. -

1968: A computer P.H.A. system for real time off line
analysis of spectra from an aerial survey of
radioactive materials; IEEE Transactions on
Nuclear Science, N.S. 15, No. 1, p. 150-156.

Bristow, Q., Carson, J.M., Darnley, A.G., Holroyd, M.T., and
Richardson, K.A.

1977: Specifications for federal-provincial uranium
reconnaissance  program  1976-1980 airborne
radioactivity surveys; Geol. Surv. Can., Open File
No. 335.

Bristow, Q.

1979: Gamma ray spectrometric methods in uranium
expleration: Airborne  instrumentation; in
Geophysics and Geochemistry in the Search for
Metallic Ores, Geol. Surv. Can., Econ. Geol.
Rep. 31, Paper 10A.

Bunker, C.M. and Bush, C.A.

1966: Uranium, thorium, and radium analyses by
gamma-ray spectrometry (0.184-0.352 million
electron volts); U.S. Geol. Surv., Prof. Paper
5508, p. B176-B181.

Burgen, J.G. and Evans, H.B.
1975: Direct digital laserlogging; Society of Petroleum
Engineers of the A.LM.E., Paper Number
SPE 5506.

Caldwell, R.L., Baldwin, W.F., Bargainer, J.D., Berry, J.E.,
Salaita, G.N., and Sloan, R.W.
1963: Gamma-ray spectroscopy in well logging;
Geophysics, v. 28, no. 4, p. 617-632.

Cameron, G.W., Elliott, B.E., and Richardson, K.A.
1976: Effects of line spacing on contoured airborne
gamma-ray spectrometry data; in Exploration for
Uranium Ore Deposits, proc. series, [.A.E.A.,
Vienna, p. 81-92.

Carlier, A.
1964: Contribution aux methodes d'estimation des
gisements d'uranium; Commissariat a [l'energie
atomique, Report CEA-R2332.

Chandra, J.J. and Leveille, J.
1977:  Ground mobile gamma-ray radiometric survey
1977, preliminary report; Mineral Resources
Branch, Dep. Nat. Resourc., New Brunswick, Open
File Report 78-1, 18 p.

Charbonneau, B.W. and Darnley, A.G.
1970a: A test strip for calibration of airborne gamma-ray
spectrometers; in Report of Activities, Geol.
Surv. Can., Paper 70-1, pt. B, p. 27-32.

1970b: Radioactive precipitation and its significance to
high-sensitivity gamma-ray spectrometer surveys;
in Report of Activities, Part B, Geol. Surv. Can.,
Paper 70-1, pt. B, p. 32-36.

Charbonneau, B.W. and Ford, K.L.
1977: Ground radiometric investigations Kennetcook
area, Nova Scotia; in Geol. Surv. Can., Open
File 467.

1978: Uranium mineralization at the base of the Windsor
Group, South Maitland, Naova Scotia; in Current
Research, Part A, Geol. Surv. Can., Paper 78-1A,
p. 419-425,

Charbonneau, B.W., Jonasson, I.R., and Ford, K.L.
1975: Cu-U mineralization in the March Formation
Paleozoic Rocks of the Ottawa-St.lawrence
Lowlands; in Report of Activities, Part A, Geol.
Surv. Can., Paper 75-1A, p. 229-233.

Charbonneau, B.W., Kitleen, P.G.,
Cameron, G.W., and Richardson, K.A.
1976: The significance of radicelement concentration
measurements made by airborne gamma-ray
spectrometry over the Canadian Shield; in
Proceedings of International Symposium on
Exploration for Uranium Deposits, proc. series,
IAEA, Vienna, p. 35-54.

Chase, G.D. and Rabinowitz, J.L.
1968: Principles of radioisotope methodology; Burgess
Pub. Co., Minneapolis, 633 p.

Christell, R., L_junggren, K., and Landstrom, O.

1976: Brief review of developments in nuclear
geophysics in Sweden; Nuclear Techniques in
Geochemistry and Geophysics, Proc. Series, IAEA,
Vienna, p. 21-46.

Clark, R.B., Duval, J.5., and Adams, J.A.S.
1972: Computer simulation of an airborne gamma-ray
spectrometer; J. Geophys. Res., v.77, no. 17,
p. 3021-3031.

Clayton, C.G.
1967: A survey of the application of radiation
techniques in oil and mineral boreholes; United
Kingdom Atomic Energy Authority Report
AE.R.E.—R 5368.

Clayton, C.G., Cole, H.A., Munnock, W.C.T., Ostle, D., and
Symans, G.D.
1976: New instruments for wuranium prospecting in
exploration for uranium ore deposits; Proc. Series,
IAEA, Vienna, p. 173-184.

Conaway, J.G. and Killeen, P.G.
1978a: Quantitative uranium  determinations  from
gamma-ray logs by application of digital time
series  analysis;  Geophysics, v. 43, no. 6,
p. 1204-1221.

1978b: Computer processing of gamma-ray logs:
iteration and inverse filtering; in Current
Research, Part B, Geol. Surv. Can., Paper 78-18,
p. 83-88.

Gamma-ray spectral logging for uranium; Can.
Inst. Min. Metall. (in press)

Cook, J.C.
1952:  An analysis of airborne surveying for surface
radioactivity, Geophysics, v. 17, no. 4, p. 687-706.

Carson, J.M.,



Contents

222 P.G. Killeen

Cook, B., Duval, J., and Adams, J.A.S.
exploration; in Geochemical Exploration, Can. Inst. Min.
Metall., Special Volume 11, p. 480-484.

Corner, B. and de Beer, G.P.

1976: The wuse of radiometric logging techniques to
determine the uranium grade in certain mineralized Karoo
boreholes; Atomic Energy Board, Republic of South Africa,
Pelindaba PEL -252.

Corner, B. and Toens, P.D.
The Pelindaba facility for calibrating radiometric field
instruments; Nuclear Active, Atomic Energy Board,
Republic of South Africa. (in press)

Cowper, G.
1954: Aerial prospecting with scintillation counters;
Nucleonics, v. 12, p. 29-32.

Cox, J.W. and Raymer, L.L.

1976: The effect of potassium-salt muds on gamma-ray
and spontaneous potential measurements;
Seventeenth Annual Logging Symposium Trans-
actions, Society of Professional Well Log
Analysts, Paper 1I, 19 p.

Crew, M.E. and Berkoff, E.W.
1970: TWOPIT, a different approach to calibration of
gamma-ray logging equipment; The Log Analyst,
v. 11, no. 6, p. 26-32.

Crouthamel, C.E., editor
1960: Applied gamma-ray spectrometry, Pergamon
Press, London, 443 p.

Czubek, J.
1968: Natural selective gamma-logging, a new log of
direct uranium determination, Nukleonika, v. 13,
no. 1.

1969: Influence of borehole construction on the results
of spectral gamma logging; Nuclear Techniques
and Mineral Resources, proc. series, JALA,
Vienna, p. 37-53.

1971: Differential interpretation of gamma-ray logs: I.
Case of the static gamma-ray curve; Report
No. 760/1, Nuclear Energy Information Center,
Polish Government Commissioner for Use of
Nuclear Energy, Warsaw, Poland.

1972: Differential interpretation of gamma-ray logs: II.
Case of the dynamic gamma-ray curve; Report
No. 793/1, Nuclear Energy Information Center,
Polish Government Commissioner for Use of
Nuclear Energy, Warsaw, Poland.

Czubek, J.A, and Lenda, A.
1969: Energy distribution of scattered gamma-rays in
natural gamma-logging; Nuclear Techniques and
Mineral Resources, proc. series, IAEA, Vienna,
p. 105-116.

Czubek, J.A., Florkowski, T.,
Przewlocki, K.
1972: Progress in the application of nuclear tectoniques
in geophysics, mining and hydrology in Poland;
Proc. 4thInt. PUAFE  conf.,, ITAEA, .14,
p. 123-143,

Daniels, J.J., Scott, J.H., Blackmaon, P.D., and Starkey, H.S.
1977: Borehole geophysical investigations in the South
Texas uranium district; J. Research, U.S, Geol.
Survey, v. 5, no. 3, p. 343-357.

Darnley, A.G.
1970: Airborne gamma-ray spectrometry; Can. Min.
Metall. Bull., v. 63, p, 145-154,

Niewodniczanski, J.,  and

1972: Airborne gamma-ray survey techniques: in
Uranium Prospecting Handbook (S.H.U. Bowie
et al., ed.), Instit. Min. Met., London, p. 174-211.

1973: Airborne gamma-ray techniques — present and
future; Uranium exploration methods, Proc.
Series, IAEA, Vienna, p. 67-108.

1975:  Geophysics in uranium exploration; in Uranium
Exploration '75, Geol. Surv. Can., Paper 75-26,
p. 21-31.

1977: The advantages of standardizing radiometric
exploration measurements, and how to do it; Can.
Min. Metall. Bull., v. 71, p. 91-95.

Darnley, A.G. and Fleet, M.
1968: Fvaluation of airborne gamma-ray spectrometry
in the Bancroft and Elliot Lake areas of Ontario,
Canada; Proc. 5th Symposium on Remote Sensing
of Environment, University of Michigan, Ann
Arbor, p. 833-853.

Darnley, A.G. and Grasty, R.L.
1971:  Mapping from the air by gamma-ray
spectrometry; Can. Inst. Min. Metall., Special
Volume 1I, Proc. Third International Geochemical
Symposium, Toronto, p. 485-500.

Darnley, A.G., Bristow, Q., and Donhoffer, D.K.

1969: Airborne gamma ray spectrometer experiments
over the Canadian Shield; in Nuclear Techniques
and Mineral Resources, proc. series, IAEA,
Vienna, p. 163-185.

Darnley, A.G., Cameron, E.M., and Richardson, K.A.
1975: The federal-provincial uranium reconnaissance
program; in Uranium Explaration '75, Geol. Surv.
Can., Paper 75-26, p. 49-63.

Darnley, A.G., Charbonneau, B.W., and Richardson, K.A.
1977: Distribution of uranium in rocks as a guide to the
recognition of uraniferous regions; in Recognition
and Evaluation of Uraniferous Areas, Proc. Series,
[AEA, Vienna, p. 55-86.

Darnley, A.G., Grasty, R.L., and Charbonneau, B.W.
1969a: Airborne gamma-ray spectrometry and ground
support operations; in Report of Activities,
Part B, Geol. Surv. Can., Paper 69-1, pt. B, p. 10.

1970: Highlights of G.S.C. airborne gamma
spectrometry in 1969; Can. Min. J.,, v.91,
p. 98-101.

Dickson, H.W., Kerr, G.D., Perdue, P.T., and Abdullah, S.A.
1976: Environmental gamma-ray measurements using in
situ and core sampling techniques; Health Physics,
v. 30, p. 221-227.

Dodd, P.H.
1966: Quantitative logging and interpretation systems to
evaluate uranium deposits; Society of Professional
Well Log Analysts 7th Apn. Logging Symp.,
Paper P.

1976: Uranium exploration technology; in Geology,
Mining and Extractive Processing of Uranium,
Inst. Min. Metall., London, p. 158-171.

Dodd, P.H. and Eschliman, D.H.

1972: Borehole logging techniques for uranium explor-
ation and evaluation; in Uranium Prospecting
Handbook, 5.H.U. Bowie et al. (ed.), Inst. Min,
Metall., London, p. 244-276.



Contents

Gamma-Ray Interpretation 223

Dodd, P.H., Droutlard, R.F., and Lathan, C.P.

1969: Borehole logging methods for exploration and
evaluation of uranium deposits; in Mining and
Groundwater geophysics/1967; Geol. Surv. Can.,
Econ. Geol. Rep. 26, p. 401-415.

Doig, R.

1964: A portable gamma-ray spectrometer and its geo-
logical application; Ph.D. Thesis, McGill Univ.,
Dep. Geol., April.

1968: The natural gamma-ray flux. In situ analysis.
Geophysics, v. 33, no. 2, p. 311-328.

Duval, J.5.

1976: Statistical interpretation of airborne gamma-ray
spectrometric data wusing factor analysis; in
Exploration for Uranium Depgosits, Proc. Series,
IAEA, Vienna, p. 71-80.

1977: High sensitivity gamma-ray spectrometry — state
of the art and trial application of factor analysis;
Geophysics, v. 42, no. 3, p. 549-559.

Duval, 3.S., Jr., Cook, B., and Adams, J.A.S.
1971: Circle of investigation of an air-borne gamma-ray
spectrometer; J. Geophys. Resear., v. 76,
p. 8B466-8470.

Edwards, J.M., Ottinger, N.H., and Haskell, R.E.
1967: Nuclear log evaluation of potash deposits; Society
of Professional Well {og Analysts, 8th Ann.
Symp., Paper L.

Evans, R.D.
1955: The atomic nucleus; McGraw-Hill, New York,
972 p.
Evans, H.B.

1978: Review of U.S. D.O.E. calibration facilities;
NEA/IAEA Workshop on Borehole Logging for
Uranium, Grand Junction, Feb. 14-16.

Faul, H. and Tittle, C.W.
1951: lLogging of drill holes by the neutron, gamma
method, and garmma-ray scattering; Geophysics,
v. 16, no. 2, p. 260.

Finck, R.R., Liden, K., and Persson, R.B.R.
1976: In situ measurements of environmental gamma
radiation by the use of a Ge(Li) spectrometer;
Nuclear Instruments and Methods, v. 135,
p. 559-567.

Flanigan, V.J.
1972: Gamma radiation; an aid to geologic mapping on
the Arabian Shield, Kingdom of Saudi Arabia;
Proe. 2nd Int. Symp. Natural Radiation Environ-
ment, Houston, p. 667-697.

Fons, L.
1969: Geological applications of well logs; Society of
Professional Well Log Analysts, 10th Ann. Log.
Symp., Paper AA.

Foote, R.S.

1964: Time variation of terrestrial gamma radiation; in
The Natural Radiation Environment, J.A.S. Adams
and W.M. Lowder (eds.), University of Chicago
Press, Chicago, p. 757-766.

Foote, R.S.
1969: Radioactive methods in mineral exploration; in
Mining and  Groundwater  Geophysics/1967,
L.W. Morley (ed.), Geol. Surv. Can., Econ. Geol.

Rep. 26, p. 177-190.

1976: Radiometric data presentation; in Uranium
Geophysical Technology Symposium Sept. 1976,
Summaries and Visual Presentations, U.S. Energy
Research and Development Administration, Grand
Junction Office, Colorado, p. 53-62.

1978: Development of a U.S. ERDA calibration range
for airborne gamma radiation surveys; Proc.
Symp. on Aerial Techniques for Environmental
Monitoring, American Nuclear Society, p. 158.

Foote, R.S. and Humphrey, N.B.
1976:  Airborne radiometric techniques and applications
to uranium exploration; in Exploration for
Uranium Ore Deposits, IAEA, Vienna, p. 17-34.

Garber, R.J. and Soonawala, N.M,
1977:  Koona Lake; in Report of Field Activities, 1977,

Manit., Dep. Mines, Resourc. Environ.
Management, p. 173-177.
Gaucher, J.C., Got, H., Labeyrie, J., Lalou, C., and
Lansiart, A.

1974: Application de la spectrometrie q "in situ" a la
cartographie granulometrique sous-marine;
Bulletin du BRGM (deuxieme serie) Section IV,
No. 4-1974, p. 231-241.

Geodata International Inc.
1975a: Aerial radiometric and magnetic survey of
Lubbock and Plainview National topographic
maps, NW Texas; Doc. No. GJO-1654, U.S.
Energy Research and Development Administration
Contract AT (05-1)-1654, Grand Junction, Colo.

1975b:  Aerial radiometric and magnetic survey of central
Appalachian Basin — parts of Virginia and the
Carolinas; Doc. No. GJO-1644, U.S. Energy
Research  and  Development  Administration
Contract No. AT (05-1)-1644, Grand Junction,
Colo.

1975c: Aerial radiometric and magnetic survey of
Greenville, Augusta, Florence, Georgetown,
Athens, Savannah and Spartanburg National
topographic maps, North and South Caroclina
areas; Doc. No. GJO-1663-1 (7 separate reports),
U.S. Energy Research and Development Admin-
istration Contract No.E (05-1)-1663, Grand
Junction, Colo.

George, D.C,, Evans, H.B.,
Ward, D.l.., and Mathews, M.A.
1978: A borehole gamma-ray spectrometer for uranium
exploration; U.S. Dep. of Energy, Grand Junction
Office, Report GIBX-82(78).
Goldak, G.R.
1975: Underwater radiometry proving useful tool to
locate uranium; Northern Miner, March 6.

Gorbatyuk, O.V., Kadisov, E£.M., Miller, V.V., and
Troitskii, S.G.
1973:  Possibilities of determining uranium and radium
content of ores by measuring gamma radiation in
a borehole using a spectrometer with a Ge(l.i)
detector; Translated from Atomnaya Energiya,
v. 35, no. 5, p. 355-357, Nov. 1973: Consultants
Bureau, Plenum Pub. Co., New York.

Allen, J.W.,  Key, B.N.,

Goso, H., Spoturno, J., and Preciozzi, G.
1976: Una methodologia de prospeccion autoportada —
Primeros resultados obtenidos en la Cuenca del
Nordeste (Uruguay); Exploration for Uranium Ore
Deposits, Proc. Series, IAEA, Vienna, p. 531-544.



Contents

224 P.G. Killeen

Grasty, R.L.
1972:  Airborne gamma-ray spectrometry data pro-
cessing manual; Geol. Surv. Can., Open File 109.

1975:  Uranium measurement by airborne gamma-ray
spectrometry; Geophysics, v. 40, p. 503-519.

1976a: The "field of view" of gamma-ray detectors — a
discussion; in Report of Activities, Part B, Geol.

Surv. Can., Paper 76-1B, p. 81-82.

1976b: A calibration procedure for an airborne gamma-
ray spectrometer; Geol. Surv. Can., Paper 76-16,
p. 1-9.

1976c: Applications of gamma radiation in remote
sensing; in Remote Sensing for Environmental
Sciences, E. Schanda (ed.), Springer-Verlag, New
York.

1977a: A general calibration procedure for airborne
gamma-ray  spectrometers; in  Report of
Activities, Part C, Geol. Surv. Can., Paper 77-1C,
p. 61-62.

1977b: Calibration for total count gamma-ray surveys; in
Report of Activities, Part B, Geol. Surv. Can.,
Paper 77-1B, p. 81-84.

1979:  Gamma ray spectrometric methods in uranium
exploration: Theory and operational procedures;
in Geophysics and Geochemistry in the Search for
Metallic Ores, Geol. Surv. Can., Econ. Geol.
Rep. 31, Paper 108.

Girasty, R.L. and Charbonneau, B.W.
1974:  Gamma-ray speclrometer calibration facilities; in
Report of Activities, Part B, Geol. Surv. Can.,
Paper 74-18, p. 69-71.

Grasty, R.L. and Darnley, A.G.
1971:  The calibration of gamma-ray spectrometers for
ground and airborne wuse; Geol. Surv. Can.,
Paper 71-17, 27 p.

Grasty, R.L., Kosanke, K.L ., and Foote, R.,S.
Fields of view of airborne gamma-ray spectro-
meters; Geophysics. (in press)

Gregory, AF.
1955:  Acrial detection of radioactive mineral deposits,
Trans. Can. Inst. Min. Met., v. 58, p. 261-267.

1956:  Analysis of radiometric sources in acroradio-
metric surveys over oilfields; Bull. Am. Assoc.
Petrol. Geol., v. 40, p. 2457-2474,

1960: Geological interpretation of aeroradiometric data;
Geol. Surv. Can., Bull. é6.

Gregory, A.F. and Horwood, J.L.

1961: A laboratory study of gamma-ray spectra at the
surface of rocks; Dep. Energy, Mines and
Resources, Ottawa, Mines Br., Res. Rep. R 85,
52 p.

1963: A spectrometric study of the attenuation in air of
gamma rays from mineral sources, Dep. of Mines
and Technical Surveys, Ottawa, Mines Branch
Research Report R 110, 110 p.

Gross, W.H.
1952: Radioactivity as a guide to ore; Econ. Geol.,
v. 47, p. 722-741.

Guillou, R.B. and Schmidt, R.G.
1960: Correlation of aeroradioactivity data and areal
geology; in U.S. Geol. Surv. Prof. Paper 400-B,
p. B119-B121.

Gunn, P.J.
1978: Inversion of airborne radiometric data;
Geophysics, v. 43, no. 1, p. 133-143.

Hallenburg, J.K.
1973:  Interpretation of gamma ray logs; Log Analyst,
v. 14, p. 3-15.

Hartman, R.R.
1967: Airborne gamma-ray spectrometry; Aero Service
Report, Aug. 24.

Hassan, M., Hossin, A., and Combay, A.
1976:  Fundamentals of the differential gamma ray logs;
in Transactions of Society of Prof. Well Log
Analysts 17th Annual Symposium, Paper H, 18 p.

Hawkins, W.K. and Gearhart, M,
1968:  Use of logging in uranium prospectingy Society of
Professional Well Log Analysts, 9th Ann. Log.
Symp., Paper T.

1969: Gamma-ray logging in uranium praspecting; in
Nuclear Techniques and Mineral Resources, Proc.
Series, IAEA, Vienna, p. 213-222.

Heath, R.L.
1964:  Scintillation spectrometry, gamma-ray spectrum
catalogue 2nd ed., Vol.1 and 2, U.S.A.E.C.
Research and Development Report ID0O-16880-1,
Physics T.I.D.-4500 (31st ed.).

Hoeve, J.
1975:  The St. Louis [Tault Project; in Summary of
Investigations by the Saskatchewan Geological
Survey 1975, edited by Christopher, J.E. and
Macdonald, R., p. 120-122.

Holmes, S.W.
1978:  Methodology a must for efficient exploration; The
Northern Miner, March 2, page C16.

Horwood, J.L..
1960: A graphical determination of uranium and thorium
ores from their gamma-ray spectra; Int. J. Appl.
Radiation Isotopes, v. 9, p. 16-26.

Hurley, P.M.
1956:  Direct radiometric measurement by gamma-ray
scintillation spectrometer: Parts[ and II; Bull.
Geol. Soc. Am., v. 67, p. 395-412.

Hyde, E.K., Perlman, 1., and Seaborg, G.T.
1964:  The nuclear properties of the heavy elements;
Vol. 2, Detailed Radioactivity Properties,
Prentice Hall, New Jersey, 1107 p.

IAEA
1973a: Panel report no. 2: Survey of present methods; in
Uranium Exploration Methods, Proc. Series, IAEA,
Vienna, p. 257-291.

1973b: Panel report no. 4: Exploration costs; in Uranium
Fxploration Methods, Proc. Series, IAEA, Vienna,
p. 297-299.

1974: Recommended instrumentation for uranium and
thorium exploration; Technical Report 158, IAEA,
Vienna, 93 p.

1976: Radiometric reporting methods and ealibration in
uranium exploration; Technical Report 174, IAEA,
Vienna, 57 p.

Kamiyama, T., Okada, 5., and Shimayaki, Y.

1973:  Exploration of uranium deposits in Tertiary
conglomerates and sandstones in Japan; Uranium
Exploration Methods, Proc. Series, IAEA, Vienna,
p. 45-54.



Contents

Gamma-Ray Interpretation 225

Ketola, M. and Sarikkola, R.
1973: Some aspects concerning the feasibility of radio-
metric methods for wuranium exploration in
Finland; in Uranium Exploration Methods, proc.

series, IAEA, Vienna, p. 31-43.

Ketola, M., Piiroinen, E., and Sarikkola, R.
1975:  On feasibility of airborne radiometric surveys for
uranium exploration in Finland; Geol. Surv. Fin.,
Rep. Investig., No. 7, 43 p.

Killeen, P.G.
1966: A gamma-ray spectrometric study of the radio-
element distribution of the Quirke Lake syncline,
Blind River, Ontario; Unpublished M.Sc. Thesis,
Univ. Western Ontario, London, Ontario, 154 p.

1975t Nuclear techniques for borehole logging in mineral
exploration, in Borehole Geophysics Applied to

Melallic Mineral Prospecting — A  review,
A.V.Dyck (ed.), Geol. Surv. Can., Paper 75-31,
p. 39-52.

1976a: Discussion of a paper by Duval (1976); in Explor-
ation for Uranium Ore Deposits, Proc. Series,
IAEA, Vienna, p. 80.

1976b: Portable borehole gamma-ray spectrometer tests;
in Report of Activities, Part A, Geol. Surv. Can.,
Paper 76-1A, p. 487-489.

1977: Specifications for G.5.C. calibration facilities;
Energy, Mines and Resources, Pilot Plant Bells
Corners, Ottawa, Ontario, Feb. 1977.

1978: Gamma-ray spectrometric calibration facilities —
a preliminary report; in Current Research, Part A,
Geol. Surv. Can., Paper 78-1A, p. 243-247.

Killeen, P.G. and Bristow, Q.

1976: Uranium exploration by borehole gamma-ray
spectrometry using off-the-shelf instrumentation;
in Exploration for Uranium Ore Deposits, Proc.
Series, IAFA, Vienna, p. 393-414,

Killeen, P.G. and Cameron, G.W.

1977: Computation of in situ potassium, uranium and
thorium concentration from portable gamma-ray
spectrometer data; in Report of Activities,
Part A, Geol. Surv. Can., Paper 77-1A, p. 91-92.

Killeen, P.G. and Carmichael, C.M.
1970: Gamma-ray spectrometer calibration for field
analysis of thorium, uranium and potassium; Can.
J. Earth Sei., v. 7, no. 4, p. 1093-1098.

1972: Case History — an experimental survey with a
portable gamma-ray spectrometer in the Blind
River area, Ontario; in Uranium Prospecting
Handbook, S.H.U. Bowie, M. Davis, and D. Ostle
(eds.), Inst. Min. Met., London, p. 306-312.

1976: Radiocactive disequilibrium determinations, Part 1:
Determination of radioactive disequilibrium in
uranium ores by alpha-spectrometry; Geol. Surv.
Can., Paper 75-38, p. 1-18.

Killeen, P.G. and Conaway, J.G.

1978:  New facilities for calibrating gamma-ray spectro-
metric logging and surface exploration equipment;
Can. Inst. Mining Metall. Bull., v. 71, no. 793,
p. 84-87.

Killeen, P.G., Bernius, G.R., and Hall, N.
1976: Carborne gamma-ray survey, Prince Edward
Island; in Report of Activities, Part C, Geol. Surv.
Can., Paper 76-1C, p. 269-271.

Killeen, P.G., Carson, J.M., and Hunter, J.A.
1975:  Optimizing some parameters for airborne gamma-
ray spectrometric surveying; Geoexploration,
v. 13, p. 1-12.

Killeen, P.G., Conaway, J.G., and Bristow, Q.

1978: A gamma-ray spectral logging system including
digital playback, with recommendations for a new
generation systemj in Current Research, Part A,
Geacl. Surv. Can., Paper 78-1A, p. 235-241.

Killeen, P.G., Hunter, J.A., and Carson, J.M.
1971: Some effects of altitude and sampling rate in
airborne gamma-ray spectrometric surveying;
Geoexploration, v. 9, no. 4, p, 231-234.

Knapp, K.E. and Bush, W.E.
1975:  Construction KUT test pits; Internal Report by
Lucius Pitkin Inc., Grand Junction, Colorado.

Kogan, R.M., Nazarov, [.M., and Fridman, Sh.D.
1969: Gamma spectrometry of natural environments and
formations; Trans. 1971 by Israel Program for
Scientific Translations Ltd. No. 5778, available
from the U.S. Dept. of Commerce, Nat. Tech. Inf.
Ser., Springfield, Va., 22151, 337 p.

Landstrom, O.

1976: Analysis of elements in boreholes by means of
naturally occurring X-ray fluorescence radiation;
in Nuclear Techniques in Geochemistry and Geo-
physics, Proc. Series, IAEA, Vienna, p. 47-52.

Lauber, A. and l_andstrom, O.
1972: A Gell.i) borehole probe for in situ gamma ray
specirometry; Geophys. Prospect., v. 20,
p. 800-813.

I_ederer, C.M. and Shirley, V.S. (ed.)
1978: Tabies of Isotopes; seventh edition, John Wiley
and Sons, New York.

L ederer, C.M., Hollander, J.M., and Perlman, I.
1968: Table of Isctopes; Sixth Edition, John Wiley and
Sons, Inc. , New York, N.Y., 594 p.

Linden, A.H.

1976: Method of detecting small or indistinct radio-
active sources by airborne gamma-ray
spectrometry; in Geology, Mining and Extractive
Processing of Uranium, Inst. Min. Metall., London,
p. 113-120.

Lock, G.A. and Hoyer, W.A.
1971: Natural gamma-ray spectral logging; The Log
Analyst, v. 12, no. 5, p. 3-9.

Lévborg, L.
1972:  Assessment of uranium by gamma-ray
spectrometry; in Uranium Prospecting Handbook,

S.H.U. Bowie et al. (ed.), Instit., Min. Met.,
London, p. 157-173.

1973: Future development in the use of gamma-ray
spectrometry for wuranium prospecting on the
ground; in Uranium Exploration Methods, Proc.

Series, IAEA, Vienna, p. 141-153.

L dvborg, L. and Kirkegaard, P.
1974: Response of 3"x3" Nal(Tl) detectors to terrestrial
gamma radiation; Nuclear Instruments and
Methoda., v. 121, p. 239-251.

_dvberg, L ., Bdtter-Jensen, L., and Kirkegaard, P.
1978a: Experiences with concrete calibration sources for
radiometric field instruments; Geophysics, v. 43,
no. 3, p. 543-549.



Contents

226 P.G. Killeen

Ldvborg, L_., Grasty, R.L., and Kirkegaard, P.
1978b: A guide to the calibration constants for aerial
gamma-ray surveys in geoexploration; Proceedings
of American Nuclear Society Symposium on Aerial
Techniques for Environmental Monitoring, March
1977, Las Vegas.

L dvborg, L., Kirkegaard, P., and Christiansen, E.M.

1976: Design of Nal(Tl) scintillation detectors for use in
gamma-ray surveys of geological sources; in
Exploration for Uranium Ore Deposits, Proc.
Series, IAEA, Vienna, p. 127-148.

Lévborg, L., Kirkegaard, P., and Rose-Hansen, J.
1972: Quantitative interpretation of the gamma ray
spectra from geologic formations; in The Natural
Radiation Environment II, Adams, J.A.S.,
Lowder, W.M., and Gesell, T.F. (eds.), U.S. Dept.
of Commerce, Springfield, Va., p. 155-180.

Lgvborg, L., Kunzendorf, H., and Hansen, J.

1969: Use of field gamma spectrometry in the explor-
ation of uranium and thorium deposits in South
Greenland; Nuclear Techniques and Mineral
Resources, Proc. Series, IAEA, Vienna, p. 197-211.

Ldvborg, L., Wollenberg, H.,
Nielsen, B.L.
1972: Drill-core scanning for radioelements by gamma-
ray spectrometry; Geophysics, v.37, no. 4,
p. 675-693.

Lévborg, L., Wollenberg, H., Sérensen, P., and Hansen, J.
1971: Field determination of uranium and thorium,
exemplified by measurements in the Ilimaussaq
alkaline intrusion, South Greenland; Econ. Geol.,
v. 66, p. 368-384.

l.yubavin, Yu. P. and Orchinnikov, A.K.

1961: Gamma radiation of uranium and its daughter
products in radioactive ore bodies. Vopr. rudn.
geofiz. (problems of mining geophysics); Ministry
of Geology and Conservation of Natural
Resources, 1.5.5.R., no.3 (AEC Trans. 6830),
p. 87-94.

Mahdavi, A.
1964: The thorium, uranium, and potassium contents of
Atlantic and Gulf Coast beach sands; in The
Natural Radiation Environment, J.A.S. Adams and
W.M. Lowder (eds.), Chicago, University of
Chicago Press, p. 87-114.

Marett, G., Chevalier, P., Souhaite, P., and Suau, J.
1976: Shaly sand evaluation using gamma-ray spectro-
metry, applied to the North Sea Jurassic; Trans.,
Society of Professional Well Log Analysts,
Seventeenth Annual Logging Symposium, Denver,
Colorado.

Matolin, M.

1973:  Artificial standards for calibration of airborne,
field portable, and logging gamma spectrometers;
in Uranium Exploration Methods, Proc. Series,
IAEA, Vienna, p. 125-139.

Mathews, M.A., Koizumi, C.J., and Evans, H.B.
1978: D.O.E. — Grand Junction logging model data
synopsis; U.S. Dept. of Energy, Grand Junction
Office, Report GIBX-76(78).

Rose-Hansen, J., and

Mera, J.L.
1960: Uses of the gamma-ray spectrometer in mineral
exploration; Geophysics, v. 25, p. 1054-1076.

Miller, J.M. and Loosemore, W.R.
1972: Instrumental techniques for uranium prospecting;
in Uranium Prospecting Handbook, S.H.U. Bowie
et al. (eds.), Instit. Min. Met., London, p. 135-148.

Miller, J.M., Roberts, P.D., Symons, G.D., Merrill, N.N., and
Wormald, M.R.
1977: A towed sea-bed gamma-ray spectrometer for
continental shelf surveys; Int. Symp. Nuec. Tech.
Expl., Extr., and Process. Min. Res.
IAEA/SM/216/62, Vienna.

Miller, J.M. and Symons, G.D.
1973: Radiometric traverse of the seabed off the
Yorkshire Coast; Nature, G.B., v. 242, no. 5394,
p. 184-186.

Morris, D.
1969:  New airborne exploration methods; Hunting Group
Review, No. 70, p. 4-7.

Moseley, L.M.
1976:  Field evaluation of direct digital well logging; in
Transactions of Society of Professional Well Log
Analysts 17th Annual Symposium, Paper NN.

Moxham, R.M.
1958: Geologic evaluation of airborne radioactivity
survey data; Proc. of the 2nd Int. Conf. on the
Peaceful Uses of Atomic Energy, Geneva, v. 2,
p. 815-819.

1960:  Airborne radioactivity surveys in geologic explor-
ation; Geophysics, v. 25, no. 2, p. 408-432,

Moxham, R.M. and Tanner, A.B.
1977: High resolution gamma-ray spectrometry in
uranium exploration; U.S. Geol. Survey, Jour.
Resear., v. 5, no. 6, p. 783-795.

Moxham, R.M., Foote, R.S., and Bunker, C.M.
1965: Gamma-ray spectrometer studies of hydro-
thermally altered rocks; Econ. Geol., v. 60, no. 4,
p. 653-671.

Munday, R.J.
1975: Investigation of radiometric anomalies within
crown reserves 617, 618, 619 and CBS 3548; in
Summary of Investigations 1975, Sask. Geol. Surv.,

p. 114-119.
Nelson, J.M.
1953:  Prospecting for uranium with car-mounted
equipment: U.S. Geol. Surv., Bull.988-],
p. 211-221.

Newton, A.R. and Slaney, V.R.
1978: Geological interpretation of an airborne gamma-
ray spectrometer survey of the Hearne Lake area,

Northwest — Territories; Geol. Surv. Can.,
Paper 77-32, 14 p.
Nininger, R.D.

1973:  Uranium exploration policy, economics and future
prospects; in Uranium Exploration Methods, panel
proc. series, IAEA, Vienna, p. 3-17.

Noakes, J.E. and Harding, J.L.
1971:  New Techniques in seafloor mineral exploration;
J. Marine Tech., v. 5, no. 6, p. 41-44.

Noakes, J.E., Harding, J.L., and Spaulding, J.O.
1974a: Locating offshore mineral deposits by natural
radioactive measurements; Marine Technol. Soc.
J., v. 8, no. 5, p. 36-39.

1974b: Californium 252 as a new oceanographic tool; in
Marine Technology Society 8th Annual Conference
Preprints, p. 415-427.

Noakes, J.E., Harding, J.L.., Spaulding, J.D., and Fridge, D.S.
1975:  Surveillance system for subsea survey and mineral
exploration; Offshore Technology Conference,
Dallas, Paper No. OCT 2239, p. 909-914.



Contents

Gamma-Ray Interpretation 227

NURE
1976: National Uranium Resource Evaluation Annual
NURE Report, U.S. Energy Research and Develop-
ment Administration, Grand Junction Office
Report GIBX-11(77).

Ostrihansky, L.
1976: Radioactive disequilibrium determinations, Part 2:
Radioactive disequilibrium investigations, Elliot
Lake area, Ontario; Geol. Surv. Can., Paper 75-38,
p. 19-48,

Parslow, G.R. and Stolz, H.
1976: Evaluation of techniques for assessing the uranium
potential of lake covered areas: PartsI andII; in
Summary of investigations by the Saskatchewan
Geological Survey 1976, edited by
Christopher, J.E. and Macdonald, R., p. 128-143.

Pemberton, R.
1968: Radiometric exploration: modern tools in the
search for uranium; Mining in Canada, May,
p. 34-42.

Pemberton, R.H. and Seigel, H.O.
1966: Airborne radioactivity tests, Elliot Lake area,
Ontario; Can. Min. J. v. 87, no. 10, p. 81-87.

Pierson, D.H. and Franklin, E.
1951: Aerial prospecting for radioactive minerals; Br. J.
Appl. Pys., v. 2, p. 281-291.

Pirson, S.J.
1963: Handbook of Well LLog Analysis for Oil and Gas
Formation Evaluation; Prentice-Hall Inc.

Pitkin, J.A.
1968: Airborne measurements of terrestrial radio-
activity as an aid to gealogic mapping: U.S. Geol.
Surv., Prof. Paper 516-F, 29 p.

Pitkin, J.A., Neuschel, 5.K., and Butes, R.G.
1964: Aeroradioactivity surveys and geologic mapping;
in The Natural Radiation Environment,
Adams, J.A.5. and lowder, W.M. (eds.), Univ. of
Chicago Press, p. 723-736.

Pochet, F.R.
1976: Le developpement des diagraphies dans les forages
des recherche et d'exploitation miniere au Com-
missariat A L'Energie Atomigue; in Exploration

for Uranium Ore ODeposits, Proc. Series, IAEA,
p. 353-366.

Potts, M.J.
1976: Computer methods for geologic analysis of radio-
metric data; in Exploration for Uranium Ore

Deposits, Proc. Series, IAEA, Vienna, p. 55-69.

Puibaraud, Y.
1972: Portable equipment for uranium prospecting; in
Uranium Prospecting Handbook S.H.U. Bowie
et al. (ed.), Instit. Min. Met., London, p. 149-156.

Purvis, A.E. and Foote, R.S.
1964:  Atmospheric attenuation of gamma radiation; in
Natural Radiation Environment, J.A.S. Adams and
W.M. Lowden (eds.), Univ. of Chicago Press,
Chicago, p. 747-756.

Ragaini, R.C., Jones, D.E.,
Todachine, T.

1974:  Terrestrial gamma-ray surveys at preoperational
nuclear power plants using an in situ Ge(Li)
spectrometer; Proceedings IEEE Nuclear Science
Symposium, Washington, D.C., Dec. 11-14.

Huckaboy, G.W., and

Reeves, D.R.

1976: Development of slimline logging systems for coal
and mineral exploration; Transactions of Society
of Professional Well Log Analysts 17th Annual
l.ogging Sympesium, Paper KK.

Rhodes, D.F. and Mott, W.E.
1966: Quantitative interpretation of  gamma-ray
spectral logs; Geophysics, v. 31, no. 2, p. 410-418.

Richards, D.J.

1977: Karoo uranium occurrences — modelling of the
airborne gamma-ray spectrometer response for
digital cross-correlation filtering of observed
profiles and removal of statistical noise; Geolo-
gical Survey, Republic of South Africa, Report
No. GL 2275.

Richardson, K.A.
1964: Thorium, uranium, and potassium in the Conway
granite, New Hampshire, U.5.A.; in The Natural
Radiation Environment, J.A.S. Adams and
W.M. Lowder (eds.), Univ. Chicago Press, p. 39-50.

Richardson, K.A. and Carson, J.M.
1976: Regional uranium distribution in  northern
Saskatchewan; in Symposium on Uranium in

Saskatchewan, Sask. Gegl. Soc., Spec. Pub. 3,
p. 27-50.

Richardson, K.A., Darnley, A.G., and Charbonneau, B.W.
1972:  Airborne gamma-ray spectrometric measurements
over the Canadian Shield; Proc. 2nd Int. Symp. of
the Natural Radiation Environment, U.S. Dept. of
Commerce, Springfield, Virginia, p. 681-704..

Richardson, K.A. and Killeen, P.G.
1979: Calibration facilities for gamma-ray spectro-
meters made available by Geological Survey of
Canada; The Northern Miner, March 8, p. C2.

Richardson, K.A., Killeen, P.G., and Charbonneau, B.W.
1975: Results of a reconnaissance type airborne gamma-
ray spectrometer survey of the Blind River-Elliot
Lake area, Ontario; in Report of Activities,
Part A, Geol. Surv. Can., Paper 75-1A, p. 133-135.

Rosholt, J.N., Jr.
1959: Natural radioactive disequilibrium of the uranium
series; U.S. Geol. Surv. Bull, 1084-A, 30 p.

Russell, W.L.
1955: The use of gamma-ray measurements in pros-
pecting; Econ. Geol., 50th Ann. Vol., p. 835-866.

Russell, W.L. and Scherbatskoy, S.A.
1951: The use of sensitive gamma ray detectors in
prospecting; f_con. Geol., v. 40, p. 432.

Saunders, D.F. and Potts, M.J.

1976: Interpretation and application of high-sensitivity
airborne gamma-ray spectrometer data; in Explor-
ation for Uranium Ore Deposits, Proc. Series,
IAEA, Vienna, p. 107-125.

1978: Manual for the application of NURE 1974-1977
aerial gamma-ray spectrometer data; U.S. Dept.
of Energy, Grand Junction Office,
Report GJIBX-13(78).

Scott, J.H.
1962: The GAMLOG computer program; U.S.A.E.C.
Report RME-143, Grand Junction, Colorado.

1963: Computer analysis of gamma-ray logs; Geo-
physics, v. 28, no. 3, p. 457-465.

Scott, J.H. and Dodd, P.H.
1960: Gamma-only assaying for disequilibrium correc-
tions; tJ.5. Atomic Energy Comm. RME-135,
p. 1-20.



Contents

228 P.G. Killeen

Scott, J.H. and Tibbetts, B.L.

1974:  Well-lagging techniques for mincral deposit eval-
uation: A review; United States Department of
the Interior, Bureau of Mines, Information
Circular 8627.

Scolt, J.H., Dodd, P.tI., Droullard, R.F., and Mudra, P.J.
1961: Quantitative interpretation of gamma-ray logs;
Geophysics, v. 26, no. 2, p. 182-191.

Senftle, F.E., Moxham, R.M., Tanner, A.B., Boynton, G.R.,
Philbin, P.W., and Baicker, J.A.
1976: Intrinsic germanium detector used in borehole
sonde for uraniurn exploration; Nuclear
Instruments and Methods, v. 138, p. 371-380.

Shideler, G.L. and Hinze, W.J.
1971:  The utility of carborne radiometric surveys in
petroleum exploration of glaciated regions;
Geophys. Prospect., v. 19, p. 568-585.

Sibbald, T.I.
1975: Investigation of certain radiometric anomalies in
Crown Reserve 621; in Summary of Investigations
1975, Sask. Geol. Surv., p. 123-129.

Siegbahn, K.
1968: Alpha-, Beta-, and (Gamma-ray Spectroscopy;
North Holland Pub. Co. Amsterdam, 1742 p.

Slaney, V.R.
1978: A study of airborne gamma-ray spectrometry for
geological mapping; Proc. 12th Int. Symp. on
Remote Sensing of Environment, Ann Arbar,
Mich., p. 1995-2009.

Smith, A.R. and Wollenberg, H.A.

1972: High-resolution gamma ray spectrometry for
laboratory analysis of the uranium and thorium
decay series; Proceedings of the Second
International Symposium on the Natural Radiation
Environment, Houston, Texas, J.A.S5. Adams,
W.M. Lawder, and T.F. Gesell (eds.), U.S. Dept. of
Commerce, Springfield, Virginia, p. 181-231.

Smith, B.R., Whitworth, R.A., and Soonawala, N.M,
1977:  Red Sucker Lake; in Report of Field Activities
1977, Manit. Dep. Mines, Resources and Environ-
mental Management, p. 187-189.

Soonawala, N.M.
1977: Uranium exploration; in Report of Field Activities
1977, Manit. Dep. Mines, Resources and Environ-
mental Management, p. 171.

Sprecher, C. and Rybach, L.
1974: Design and field test of a scintillation probe for y-
logging of small diameter boreholes; Pure Appl.
Geophys., v. 112, p. 63-570.

Stead, F.W.
1950: Airborne radioactivity surveying speeds uranium
prospecting; Engin. Min. J., v.151, no.9,
p. 74-77.

1956: Subsurface radiometric techniques; in Exploration

for Nuclear Raw Materials, R.D. Nininger (ed.),
D. Van Nostrand Pub. Co., Princeton, New Jersey.

Stolz, H.

1976: Evaluation of techniques for assessing the uranium
potential of lake covered areas, Part II: radio-
metric techniques; in Summary of Investigations
1976, Sask. Geol. Surv., p. 134-14].

Stolz, H. and Drevor, G.
1977: Evaluation of techniques for assessing the uranium
potential of lake covered areas: underwater
radiometry; in Summary of Investigations 1977,

Sask. Geol. Surv., p. 72-77.

Stolz, H. and Standing, K.F.
1977:  Underwater prospecting for radioactive minerals;
Preprint presented at 47th Annual Meeting,
Socicty of Exploration Geophysicists, Calgary.

Stromswold, D.C.

1978: Monitoring of the airport calibration pads at
Walker Field, Grand Junction, Celorado for long
term radiation variations; U.S. Dept. of Energy,
Grand Junction Office Report No. GIBX-99(78).

Summerhayes, C.P., Hazelhoff-Roelfzema, B.H., Toams, J.S.,
and Smith, D.B.
1970: Phosphorite prospecting using a submersible
scintillation-counter; Econ. Geol,, v, 65,
p. 718-723.

Tammenmaa, J.K. and Grasty, R.L.

1977: Upward and downward continuation of gamma-
radiation fields; Society of Exploration Geophys-
icists, Abstracts of Papers, 47th Apnual Intern-
ational Meeting, Calgary, Alberta, p. 61-62.

Tammenmaa, J.K., Grasty, R.L., and Peltoniemi, M.
1976:  The reduction of statistical noise in airborne
radiometric data; Can. J. Earth Sci., v.13,
no. 10, p. 1351-1357.

Tanner, A.B., Moxham, R.M., and Senftle, F.E.
1977a: Assay for uranium and determination of disequil-
ibrium by means of in situ high resolution
gamma-ray spectrometry; U.S. Geol. Survey
Open File Report 77-571.

1977b: Assay for uranium and measurement of disequili-
brium by means of high-resolution gamma-ray
borehole sondes; in Campbell, J.A., ed., Short
papers of the U.S. Geological Survey uranium-
thorium symposium, U.S. Geol. Surv., Circ. 753,
p. 56-57.

Tipper, D.B.
1969:  Airborne gamma-ray spectrometry: Australian
Mining, April, p. 42-44,

Tipper, D.B. and Lawrence, G.
1972: The Narbarlek area, Arnhemland Australia: a
case history; in Uranium Prospecting Handbook,
S.H.U. Bowie, M. Davis, and D. Ostle (eds.),
Instit. Min, Metall., l_ondon, p. 301-305.

Toens, P.D., van As, D., and Vleggaar, C.M.

1973:  J. 5. Afr. Inst. Min, Metall., v. 73; A facility at
the national nuclear research centre, Pelindaba
for the calibration of gamma-survey meters used
in uranium prospecting operations, p. 428.

Ward, D.L.
1976: Development of airport calibration pads; in
Uranium  Geophysical Technology Symposium,
Sept. 1976, Summaries and Visual Presentations,
U.s. Energy Research and Development
Administration, Grand Junction Office, Colorado,
p. 99-104.

1978: Construction of the calibration pads facility,
Walker Field, Grand Junclion, Colorado; U.S.
Dept. of Energy, Grand Junction Office
Report GIBX-37(78).

West, F.G. and [Laughlin, A.W.
1976:  Spectral gamma logging in crystalline basement
rocks; Geology, v. 4, p. 617-618.

Whitworth, R.A., Garber, R.J., and Soonawala, N.M.
1977:  Kasmere-Munroe regional follow-up; in Report of
Field Activities 1977, Manit. Dep. Mines,
Resources and Environmental Management,
p. 178-186.



Contents

Gamma-Ray Interpretation 229
Wichmann, P.A., McWhirter, V.C., and Fopkinson, C.E. Wormold, M.R. and Clayton, C.G.
1975:  Field results of the natural gamma-ray spectralog: 1976: QObservations on the accuracy of gamma spectro-
Trans., Society of Professional Well Log Analysts metry in uranjum prospecting; in Exploration for
Sixteenth Annual Logging Symposium, June 4-7, Uranium QOre Deposits, Proc. Series, IAEA,
New Orleans, Louisiana. Vienna, p. 149-172.
Willox, W.A. and Tipper, D.B. Zeigler, R.K.
1969:  Aerial techniques in mineral exploration; Mining 1976: Radiometric data analysis and graphical display;
Technology Magazine, May. in Uranium Geophysical Technology Sympasium,
Wollenberg, H.A. and Smith, A.R. Sept. 1976, Summaries and Visual Presentations;

1964: Studies in terrestrial gamma radiation; in The LAJdS .Er‘u-:‘r'gy GResga;ch i andoff. Devgl(ipmznt
Natural Radiation Environment. J.A.S. Adams ministration, Grand Junction lce, L-olorado,

and W.M. Lowder (eds.), p. 513-566. p. 121-132.



Contents



	Button3: 


