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FOREWORD

Uranium exploration has enjoyed a sharp increase o f  funding and effort 
which is primarily due to the very high growth rate o f the requirements for 
nuclear power in the future. This will undoubtedly lead to a large increase in 
the application o f  conventional exploration techniques as well as to the develop
ment o f  new exploration tools. Gamma-ray surveys, which were developed in the 
early stage o f  uranium exploration, are firmly established as the most widely 
used technique and much experience has been accumulated in the last twenty 
years. Nevertheless, for a number o f  reasons, little has been done to summarize 
this experience in a book form that would be o f help to those who are actively 
engaged in uranium exploration.

The International Atomic Energy Agency, aware o f  the importance o f this 
subject, has convened two meetings o f  consultants to discuss problems on 
gamma-ray surveys. The present technical report is the product o f these meetings. 
It is designed to increase the efficiency o f gamma-ray surveys through providing 
guidance for their application and interpretation o f  the results achieved. This 
guide book is the third o f  a series, the first two being “ Recommended Instru
mentation for Uranium and Thorium Exploration”  and “ Radiometric Reporting 
Methods and Calibration in Uranium Exploration” , published as Technical 
Reports Series Nos 158 and 174 in 1974 and 1976, respectively.

The Agency wishes to express its sincere thanks to the five consultants, 
Drs. A.G. Darnley, P.H. Dodd, J.S. Duval, L. L0vborg and D.C. Stuart, who 
participated in the meetings and contributed to the report. Thanks are especially 
due to the Chairman, Dr. A.G. Darnley, and to Dr. L. L^vborg, both o f whom 
took part in the third meeting for finalizing the manuscript.
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1. INTRODUCTION

This report is intended to provide newcomers to uranium exploration with an 
up-to-date statement o f the principal factors to be considered in planning and using 
gamma-ray surveys. Since the report incorporates the results o f recent research, 
and since its preparation was influenced by the cumulative experience o f its 
contributors, it should also be useful to those who already have some knowledge 
o f radioactivity surveys and methods. The intention is that the information and 
explanations given in the report will make it possible for gamma-ray surveys to be 
used in the most efficient way for a given exploration task.

The types o f radioactivity survey considered in this report entail principally 
the measurement o f gamma radiation, but measurement o f alpha and beta radiation 
may be required for special problems. For example, a survey o f the radon content 
o f ground air may be undertaken by direct measurement o f the alpha radiation 
emitted by radon. Radon surveys are not discussed in this report.

Radioactivity surveys are usually the first method to be considered in 
designing a uranium exploration programme. The reasons for this are mostly well 
known, but it is useful to summarize them as follows:

(i) Only three elements and their decay products — uranium, thorium and 
potassium — are naturally radioactive. By the use o f suitable spectrometric 
instrumentation they can be distinguished by the characteristics o f their gamma 
radiation.

(ii) By measuring gamma radiation, detection is possible at distances o f a 
few hundreds o f metres in air or a few tens o f centimetres in water. Instrument 
response is almost instantaneous, and measurements can be made from a detector 
which is in motion. Thus any moving vehicle, ship or aircraft may provide a 
platform from which measurements can be made.

(iii) The simplest types o f gamma-ray measuring instrumentation for field 
use are lightweight, compact, relatively cheap, and reliable, and can be used by 
less skilled personnel than are required for other types o f geophysical work. Such 
simple instrumentation can be made available to field parties for whom uranium 
exploration is not the prime function.

(iv) The response provided by basic field instrumentation is easy to under
stand and can be immediately investigated by field personnel who have been given 
simple training.

(v) The results o f a radioactivity survey are in numerical form and, provided 
appropriate standardization and calibration procedures are followed, they may be 
used for systematic investigations requiring high sensitivity.

(vi) With proper precautions the grade o f in situ material can be estimated 
without the necessity to remove samples.

(vii) Airborne, and sea or lake bottom gamma-ray measurements can be 
made simultaneously with other types o f geophysical surveys.
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The development o f radioactivity survey methods has followed closely behind 
the advancement o f instrumentation. The invention o f the Geiger-Miiller tube in 
the 1920s led to the first portable instrument designed for field survey use in the 
early 1930s. Fifteen years later large numbers o f Geiger-Miiller counters were 
being produced for the first uranium exploration boom. Because the Geiger- 
Mtiller tube is primarily sensitive to beta radiation and is a very inefficient gamma-ray 
radiation detector, early attempts to use Geiger-Miiller tubes for airborne surveys 
were unsatisfactory. However, the cheapness, compactness and ruggedness o f 
Geiger-Miiller tubes made them very suitable for ground surveys as long as high 
sensitivity was not a prime requirement; these characteristics, combined with the 
relative insensitivity o f  the tubes to temperature change, made them particularly 
suitable for borehole logging applications. By making difference measurements 
with and without a thin metallic shield between the radiation source and the tube 
it is possible to use a Geiger-Miiller tube to distinguish the proportions o f beta and 
gamma radiation in a sample. This provides a crude form o f discrimination, but 
only if assumptions are made about the probable composition o f a sample. For 
example, it must be assumed that a sample is in equilibrium, or that it is thorium 
free.

The fact that certain crystalline substances emit flashes o f  light when adjacent 
to radioactive sources has been known since the beginning o f the 20th century.
For example, zinc sulphide scintillates under the impact o f alpha particles. Gamma- 
sensitive scintillators were under development during the 1940s, but it was the 
discovery o f the efficiency o f thallium-activated sodium iodide which made 
possible most o f  the present day gamma-ray survey measurement techniques.
A scintillation detector provides a much more efficient response to gamma 
radiation than a Geiger-Mtiller tube and possesses the very important advantage 
o f  being able to discriminate between gamma radiation o f  different energies. The 
various radioactive elements are characterized by one or more distinctive energy 
peaks. Up to the time when solid-state electronic components became available 
for general use in the late 1960s, the energy-discrimination ability o f scintillation 
detectors could only be applied in bulky laboratory instrumentation. The much 
reduced size and smaller power requirements o f  solid-state components permitted 
the development o f reliable lightweight gamma-ray spectrometers suitable for 
field and airborne use. In parallel with the revolution in instrument design 
permitted by the introduction o f solid-state electronics, the ability to manufacture 
and recognition o f  the need to use much larger sodium-iodide crystals were 
important steps in making it possible to construct airborne gamma-ray spectrometer 
systems with good sensitivity. In the last ten years there has been a further 
development in instrumentation for the spectral analysis o f radiation. This has 
been the introduction o f  solid-state semi-conductor detectors in place o f sodium- 
iodide scintillators for laboratory and a few other special applications. These 
solid-state detectors provide much sharper resolution o f individual peaks within
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the radiation spectrum. However, their relatively low sensitivity, high cost, and 
the need for cryogenic cooling militate against the general substitution o f Nal by 
this type o f detector at the present time.

In summary, the development o f radioactivity survey instrumentation over 
the past forty years has provided greatly increased sensitivity, spectral analysis 
capability, reliability, and compactness.

The ability to describe a scientific phenomenon in quantitative terms under 
any conditions o f measurement is always advantageous. It is now possible to 
carry out gamma-ray surveys under controlled conditions and report the results 
in a consistent manner which makes them compatible with other types o f geo
science survey. In the past, relatively little attention has been paid to the advantages 
o f adopting and following a consistent method o f quantitative reporting for 
gamma-ray surveys, with the result that the comparison and compilation o f the 
survey data from different sources has not been possible. Much useful information 
has been lost as a result and, o f equal consequence, there have been no convenient 
yardsticks with which to judge the sensitivity o f equipment which has been used.
As a result o f a study supported by the IAEA, recommendations are available 
which facilitate the systematic reporting o f gamma-ray survey measurements.
These recommendations are contained in IAEA Technical Reports Series No. 174.

Because o f  the rapidity with which they can be applied and their convenience, 
gamma-ray methods provide the most extensively used single group o f  techniques 
in uranium exploration. Because uranium is radioactive, the ability to measure this 
property becomes essential at some stage in the exploration sequence, even if there 
may be circumstances in which surface radioactivity surveys are o f  no value in the 
initial stages o f  exploration. The basic limitation upon the usefulness o f gamma-ray 
surveys is the fact that there must be a small amount o f  the radioactive element 
being sought within a few tens o f centimetres of'the surface being surveyed in 
order to obtain an instrument response. For example, if a uranium deposit is 
completely concealed below the surface o f the ground by an unrelated geological 
formation, and there is no secondary dispersion halo reaching the surface, then no 
gamma-ray survey carried out on or above the surface will respond to the buried 
uranium. The only type o f  radioactivity survey which could provide significant 
information in such circumstances would be by making measurements in a borehole 
through the formation containing the deposit. Depending upon the origin o f the 
deposit and its subsequent history, the host formation might be sufficiently 
anomalous in uranium content to jusfity more detailed investigations o f the area. - 
In circumstances such as this, the decision to explore the subsurface by drilling 
must be taken on the basis o f other knowledge. In general, a successful mineral 
exploration programme requires the use o f a combination o f techniques in order 
to identify targets worthy o f drilling, and the relative importance o f any single 
method in the arsenal o f exploration techniques will vary from area to area.
Methods must be selected according to what is known o f the geology o f an area,
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the supposed mineralization controls, and by assessment o f previous exploration 
experience within the area.

Although this report is concerned only with various types o f gamma-ray 
survey and some o f  the basic criteria for compiling and interpreting the results, it 
must be emphasized that these surveys, like any other geophysical, geochemical 
or geological survey, cannot be undertaken without appropriate support facilities. 
The minimum requirement is the means to test, calibrate, and repair instrumen
tation. The greater the distance between the survey area and the manufacturer 
o f the instrumentation, the more important it becomes to have technical personnel 
who are capable o f  diagnosing and repairing equipment malfunctions in order to 
avoid the long delays associated with returning equipment to the manufacturer for 
overhaul. It is worth noting that the ability to recognize that instrumentation is 
not performing properly is o f  even greater importance than the ability to cure the 
fault. It is better to have no survey than to acquire a large amount o f erroneous 
data which may not be recognized as erroneous until a large amount o f  subsequent 
work has been completed. Every survey should be designed and undertaken in 
such a way that there are cross-checks upon the validity o f the results obtained. 
These cross-checks can take many forms, and should include duplicate field 
measurements, confirmatory laboratory analysis upon sample material, and com
parison o f results with those obtained from similar areas elsewhere.

In addition to their most obvious application, which is to assist in the search 
for uranium ores, radioactivity surveys are o f  considerable value to mineral 
exploration in general and geological mapping. Any method o f sub-dividing or 
classifying natural phenomena on a quantitative basis, especially when the proper
ties being measured are probably not obvious to the naked eye, cannot fail to be 
o f value to the development o f the science. Radioactivity surveys provide a means 
o f sub-dividing acid igneous rocks and the sediments derived from them; o f 
mapping argillaceous and phosphatic horizons; o f mapping derived soil types. 
Knowledge o f variations in the gross distribution o f the radioelements in the 
earth’s crust is important in unravelling past geological history and will contribute 
to understanding the distribution o f mineral resources in general. In conjunction 
with magnetic, gravity, electro-magnetic and geochemical surveys, radioactivity 
surveys should now be considered as a standard requirement to complement 
ordinary geological mapping. In view o f the speed and relatively small cost per 
unit area with which gamma-ray surveys can be executed, there is a case for saying 
for developing countries that these and other low cost geophysical surveys should 
precede detailed geological mapping.

4



2. RADIOELEMENT GEOLOGY

2.1. NATURAL RADIOACTIVITY

All common rock types and the soils derived from them contain a significant 
amount o f the naturally radioactive elements (radioelements). The presence o f 
these radioelements is apparent in any gamma-ray survey, irrespective o f whether 
or not it is the purpose o f the survey to map their distribution in the natural 
environment. In practice, at least in the early stages o f exploration, it is usually 
advisable to map the radioactivity o f the geological environment, because small 
abnormalities may provide the first clue pointing towards the existence o f concen
trations o f uranium.

The three naturally occurring radioelements are potassium, uranium and 
thorium. Whereas potassium undergoes a simple form o f radioactive decay, the 
decay o f uranium and thorium is complex, and proceeds sequentially along a 
chain o f disintegrations.

2.1.1. Potassium

Potassium has a simple form o f radioactive decay. It is shown in Table I.
Only one — 40K — o f the several natural isotopes o f potassium is radioactive.
It has a relative isotopic abundance o f only 0.0118%. No significant fractionation 
of the potassium isotopes takes place in nature, and so the radioactivity o f 
potassium is constant under all conditions. Because o f the simple decay scheme it 
is characterized by a single gamma energy, 1.46 MeV. The decay is said to be 
monoenergetic. Potassium undergoes 3.3 gamma emissions per second per gram, 
i.e. it has a specific gamma activity o f 3.3 7 - s_1 -g-1 .

2.1.2. Uranium

Natural uranium consists principally o f two isotopes, 238U and 23SU, o f which 
the first is the most abundant (99.73%) and is the only one o f concern under field 
survey conditions. The radioactive decay o f 238U as shown in Table II is complex 
and passes through 14 steps, each with characteristic disintegration and daughter 
products before it reaches the final stable end product 206Pb. Uranium with its 
decay products is far more radioactive than potassium and the specific activity 
o f 238U is 12.23 ± 0.027 Bq per mg o f total uranium. However, it is most important 
to realize that the principal gamma emission is associated with 214Pb and 214Bi 
and not directly with 238U. Many o f the problems associated with the effectiveness 
and interpretation o f gamma-ray surveys stem from this fact. 214Pb and 214Bi are 
respectively the eighth and ninth daughter products in the decay series. The 
cumulative half-lives o f the decay products upJo their formation are approximately
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TABLE I. CHARACTERISTICS OF THE 40K DECAY SCHEME

Decay scheme
Half-life o f  
isotope

Radiation
Gammas per 
disintegration

Gamma-ray energy 
(M eV )

K

(8 9% ), 40Ca + |3 

(1 1% ), 40Ar + y

1.3 X 109 a (3 , 7

Stable

Stable

0.11 1.4608

TABLE II. PRINCIPAL CHARACTERISTICS OF THE 238U DECAY SERIES

Isotope Half-life Principal
radiation

Gammas per 
disintegration

Principal gamma-ray 
energy (M eV )

238u

1

4.51 X 109.a a -

234Th
1

24.1 d 0 0.08

234Pa
I

1.18 min P -

234U
1

2 .4 8X  10s a a -

230Th 8  X 104 a a -

226Ra
1

1.600X  103 a a 0.04

222 Rn 3.82 d a -

218Po 3.05 min a -

214Pb
i

26.8 min (3,7 0 . 6 0 .29 , 0.35

214Bi
4

19.8 min 0, 7 1.3 0 .61 , 1.12, 1.76

214Po
4

1 .6 X 1 0 " 4 s a -

210Pb
I

21.3 a P 0.04

210Bi
4

5.01 d 0 -

210Po 138.4 d a -

206Pb Stable - -
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TABLE III. PRINCIPAL CHARACTERISTICS OF THE 232Th DECAY SERIES

Isotope Half-life
Principal
radiation

Gammas per 
disintegration

Principal gamma-ray 
energy (M eV )

232Th 1.39X 10I0a a
4

228Ra 5.75 a 0 -
4

228A c 6.13 h 0, 7 0 . 6 8 0.91 , 0.96
4

228Th 1.91 a a 0 . 0 2

4
224Ra 3.64 d a 0.04

4
220Rn 55.3 s a -

4
216Po 0.15 s a -

4
212Pb 10.64 h (3,7 0.52 0.24

4
212Bi 60 .6 min 0, 7 0 . 1 2 0.73

4
212Po (64% ) 3 X 1 0 ” 7s a -

208T1 (36% ) 3.1 min ft, 7 2.3 0 .5 1 , 0 .58 , 2.62

4
2° 8p b Stable - -

330000 years. It should be noted in passing that one o f the steps in the decay 
chain preceding the formation" o f 214Pb and 214Bi is the gas 222Rn, and also that 
eight o f  the disintegrations are accompanied by the formation o f alpha particles 
which are helium nuclei.

2.1.3. Thorium

232Th is the principal isotope o f natural thorium and like 238U has a complex 
decay process before reaching 208Pb. It is shown in Table III. The strongest 
gamma emitter is the ninth in the decay series, 208T1. The cumulative half-lives up 
to this point in the decay series are approximately eight years.

The specific activity o f 232Th is 4.1 Bq per mg o f total thorium.
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2.1.4. Equilibrium in radioactive decay series

Within a chemically closed system the process o f radioactive decay o f uranium 
and thorium results in a state o f equilibrium being reached, whereby each inter
mediate daughter product in the chain is being formed at the same rate as it decays. 
Daughter products with long half-lives are more abundant than those with short 
half-lives. Approximately 106 years are required for the 238U series to reach a 
state o f equilibrium, whereas 40 years are sufficient for the 232Th series. Once 
the decay system has achieved equilibrium, a measurement o f the abundance o f 
a daughter product provides a reliable measurement o f the abundance o f the *
parent element. Thus a measurement o f the intensity o f the 1.76 MeV gamma 
emission o f 214Bi can provide a measure o f the abundance o f uranium, and a 
measurement o f the 2.62 MeV gamma emission o f 208T1 can provide a measure of 
the abundance o f thorium.

2.1.5. Disequilibrium in radioactive decay series

Under surface and near-surface geological conditions a closed chemical system 
may not exist. The process o f weathering provides for both the introduction and 
removal o f material. The fact that the decay series o f uranium and thorium, 
especially the former, proceed through a series o f different phases, with different 
chemical and physical properties, makes it probable that under weathering con
ditions some chemical and physical dispersal o f parent and daughter products will 
take place. This causes disequilibrium in the decay series, and the intermediate 
and end products will not be present at any one point in the proportions predicted 
by the laws o f radioactive decay. Under these conditions a measurement o f the 
abundance o f a decay product will not necessarily provide a reliable measurement 
o f the abundance o f the parent element. However, it should be stressed that the 
apparent degree o f disequilibrium will vary with circumstances, and a number o f 
factors are involved. These include the mineralogy o f the radioelements and the 
mineralogy o f their surroundings, for example the presence or absence o f 
sulphides, or carbonates. The degree of disequilibrium is strongly dependent upon 
climate, topography and surface hydrology. Recognition o f disequilibrium is also 
dependent on the sample volume studied. A small hand specimen is much more 
likely to show extreme disequilibrium than will a large bulk sample, or an in situ 
measurement on a large volume o f  material. The degree o f disequilibrium is not 
easily established with direct field measurements, although it can be determined 
in a number o f ways in the laboratory, either by comparing chemical estimates 
with estimates based on decay product radioactivity, or by measuring the radio
activity o f different decay products. Unfortunately, as already noted, laboratory
sized samples tend to emphasize the disequilibrium process.



2.1.6. Units o f measurement

From an exploration and geological viewpoint it is desirable to obtain as 
direct a measure as possible o f the concentration o f the radioelements in rocks and 
soils, for the purpose o f locating uranium mineralization. The reasons why it is 
desirable to measure thorium and potassium as well as uranium concentrations in 
a uranium exploration survey are stated elsewhere. In the two preceding sections 
there is a discussion o f the fact that the measurement o f gamma-ray intensity for 
the estimation o f uranium and thorium concentrations must assume that the 
respective decay series are in equilibrium. As in the absence o f corroborating 
evidence there can be no certainty that equilibrium conditions apply to a measure
ment, radiometric determinations o f uranium and thorium abundance are identified 
as ‘equivalent’ determinations. If the conditions o f equilibrium apply, a given 
radiometric determination is equivalent to a given element abundance.. Hence, in 
typical rocks radiometric measurements o f uranium and thorium concentrations 
would be expressed as ppm eU and ppm eTh, respectively. The disequilibrium 
problem does not apply in the case o f potassium, so the prefix ‘e’ is not required. 
Typical radiometric rock analyses for potassium are expressed simply as %K.

2.2. GEOCHEMISTRY OF RADIOELEMENTS

There are important similarities and important differences in the geochemical 
behaviour o f the radioelements which control the distribution observed in the 
natural environment, and which should be understood prior to the conduct o f  any 
gamma-ray surveys for uranium exploration.

2.2.1. Abundances in crustal rocks

Table IV indicates the concentration o f the three radioelements — potassium, 
uranium and thorium — in common rock types. Within igneous rocks potassium, 
uranium and thorium all increase in overall abundance with increasing silica content 
up to and including the pegmatite phase. The relative abundances o f the radio
elements normally remain fairly constant over this crystallization range. This 
has useful applications in exploration. All three elements are oxyphile and have 
relatively large ionic radii, these two factors controlling the crystal chemistry. The 
differences in geochemical behaviour become apparent under strongly oxidizing 
conditions which may exist beyond the stage o f pegmatite formation, or under 
supergene conditions. This situation arises because uranium has a hexavalent 
state as well as the quadrivalent state which is characteristic o f thorium. In the 
quadrivalent condition uranium and thorium behave similarly, and form several 
isomorphous mineral series. These may occur as accessory minerals in granitoid
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TABLE IV. RADIOELEMENT CONCENTRATIONS IN CRUSTAL ROCKS 
Adapted from Clark et al., 1966

R ock  type K (% )
average

U (ppm ) 
average range

T h (p p m ) 
average range

Th
average

U
range

Crustal average 2 . 1 3 1 2 4

M afic igneous 0.5 1 0 .2 -3 3 0 .5 -1 0 3 3 - 5

Inter, igneous 1 -2 .5 2.3 0 .5 -7 9 2 - 2 0 4 2 - 6

A cid  igneous 4 4.5 1 - 1 2 18 5—20 4 2 - 1 0

A renaceous sediments 1.4 1 0 .5 - 2 3 2 - 6 3

Argillaceous sediments 2.7 4 1 -1 3 16 2 - 4 7 4 1 - 1 2

Limestones 0.3 2 1 - 1 0 2 - 1

Black shales 2.7 • 8 3 - 2 5 0 16 - 2 wide

Laterites low 1 0 3 - 4 0 50 8 - 1 3 2 5 wide

M etamorphics depends on parent rock  type



rocks or be concentrated in pegmatites. There is evidently no great difference 
o f mobility between quadrivalent uranium and thorium or potassium under most 
igneous rock-forming conditions. Carbonatites exhibit the principal exceptions.

2.2.2. Uranium geochemistry

In the hexavalent state uranium can easily form the soluble uranyl ion (UO^) 
and become very mobile. This permits the segregation and, under favourable 
conditions, the concentration o f uranium. Thus uranium may be transported 
under late-stage hydrothermal conditions and be precipitated away from thorium 
and potassium. The relative concentration o f uranium with respect to both 
thorium and potassium is an important diagnostic factor in the recognition of 
possible uranium deposits from gamma-ray survey data. Whereas the absolute 
concentration o f the radioelements as measured in a survey may be very variable 
and dependent upon factors such as amount o f outcrop, distance between exposure 
and traverse line etc., the ratios o f the observed radioelement concentrations are 
much less affected by these uncontrollable factors and may provide the first clue 
that there is some uranium enrichment in an area. Table V indicates the U : Th 
ratio o f  typical rocks and radioactive minerals and emphasizes how the presence 
o f the economically interesting uranium minerals is accompanied by a pronounced 
change in the ratio.

When contained in heavy refractory minerals in the supergene environment, 
uranium can be transported by mechanical action and deposited with other heavy 
minerals. More commonly, uranium moves in solution as the uranyl complex 
with carbonate, sulphate and chloride ions. Under reducing conditions, the uranyl 
ion is precipitated as primary complex oxide compounds by organic matter or 
insoluble hydroxides o f iron or manganese. Under oxidizing conditions, secondary 
uranium minerals are precipitated by evaporation o f uranium bearing solutions, 
and with copper, calcium, potassium or other metals may form as phosphates, 
arsenates, vanadates or silicates. Black shales and marine phosphates are commonly 
enriched in uranium and may contain in excess o f  100 ppm.

The solubility, and hence mobility, o f uranium contributes to the presence 
o f extensive primary and secondary haloes in the vicinity o f most types o f 
mineralization, and it is often these which give rise to a target o f  discoverable 
dimensions. Depending upon the circumstances the secondary halo may either be 
much more prominent than the primary deposit, and physically displaced from 
it, or because o f  its recent age it may be radiometrically insignificant.

It was pointed out in Section 2.1.4. that gamma-ray measurements of 
uranium abundance usually depend upon the gamma emission o f a daughter 
product, 214Bi, which is the ninth decay product in the series. The geochemically 
important daughters in the uranium decay series are radium and radon; the 
other precursors to 214Pb and 214Bi are immobile. Radium is only mobile in
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TABLE V. U:Th RATIO OF COMMON ROCKS AND RADIOACTIVE 
MINERALS

R ocks:

Crustal average 0.25

Normal range 0 .1 5 /0 .5

Sedim entary carbonates 1.3

Minerals:

P itchblende 1 0 0 0 /5 0 0 0 0

Uraninite 10/60

U secondaries OO

Brannerite 30

P yrochlore 30

Betafite 2 0

Zircon 0 .5 /1 0

Thorite 0 . 1 / 0 . 2

M onazite 0 . 1

Sphene 0 . 1

Allanite 0 . 2

R ef.: F R O N D E L, J.W ., FLEISCHER, M., JONES, R.S., Glossary o f  Uranium and 
Thorium  Bearing Minerals, 4th Edn, U.S. Geological Survey Bulletin 1250 (1 9 6 7 ).

sulphate free, neutral or acid solutions and is readily precipitated by gypsum, 
anhydrite, barite, and hydroxides o f iron, manganese and aluminium. Radon is 
an inert gas with a short half-life but is readily dissolved in water and can escape 
to the atmosphere through permeable rocks. The migration o f uranium, radium 
or radon from a radioactive source will lead to disequilibrium, resulting in 
erroneous gamma-ray estimations o f the uranium concentration in the source, 
and may create confusing secondary exploration targets in the vicinity.

2.2.3. Thorium geochemistry

The general similarity o f geochemical behaviour between uranium and thorium 
under hypogene conditions has already been noted. Thorium is not susceptible to 
leaching under most supergene conditions, and its principal mode o f occurrence
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is in refractory heavy minerals, which under supergene conditions may become 
concentrated as residual resistates in laterite cappings, or in placer deposits. In 
primary igneous rocks some carbonatites are strongly enriched in thorium, which 
is indicative o f the presence o f other rare earths.

2.2.4. Potassium geochemistry

The geochemistry o f potassium is well known and only one detail requires 
comment. Certain types o f uranium mineralization are accompanied by sodium 
metasomatism. Under these conditions sodium initially replaces potassium in 
rock forming minerals and further exaggerates the U : K ratio which always 
increases where there is significant uranium mineralization.

2.2.5. The effects o f overburden

Gamma rays from the radioelements cannot penetrate more than 50 cm o f 
loosely consolidated overburden. Gamma-ray surveys are only effective uranium 
exploration tools when the radiation measured gives an indication o f the compo
sition o f identifiable bedrock. Such surveys are most useful when bedrock is at 
the surface and constitutes a substantial proportion (>  30%) o f the total area. 
However, even in this favourable situation, if only a single uniform geological 
horizon is exposed, this may not be very informative in terms o f uranium explora
tion. It is much more informative if the erosion surface cuts many geological 
horizons.

A land surface with a residual soil cover can provide much information about 
bedrock if it is in a temperate climate where the soil has not suffered excessive 
leaching. As the degree o f leaching increases, for example'under hot and humid 
tropical conditions, the information content o f gamma-ray surveys over residual 
soils diminishes. Areas covered with blown sand, or alluvium will not provide 
useful information if this is more than 50 cm deep. Areas o f the world which have 
been subjected to recent glaciation present both advantages and disadvantages 
for gamma-ray surveys, but many o f the disadvantages can be diminished if the 
results are interpreted in conjunction with an understanding o f the glaciation 
history. The advantage o f  a glaciated area is the presence o f fresh rock exposures. 
The disadvantages are the presence o f transported till, and the possible presence o f 
recent marine or glacial lake sediments, which will mask bedrock completely. In 
many till-covered areas the till has not been transported more than one or two 
kilometres. The bulk o f  the material may be almost in situ and have suffered very 
little dilution. Careful ground investigations following on an initial airborne survey 
can trace radioactive boulder-trains back to their source, and lead to the discovery 
o f concealed deposits. However, such investigations take time and greatly add to 
the cost o f exploration.
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2.3. URANIUM DEPOSITS

A review o f uranium deposits throughout the world indicates that uranium 
deposits occur in a variety o f rock types and exhibit a wider variation in such 
characteristics as size, shape, grade, mineralogy and geological setting than do most 
other minerals. The variation in the characteristics o f uranium deposits is largely 
due to the high mobility o f uranium and the wide distribution o f geological 
environments which are suitable for the concentration o f uranium. Depending on 
size, extraction metallurgy and the presence o f  other recoverable minerals, 
uranium concentrations o f greater than 100 ppm are o f potential economic interest. 
However, most uranium deposits have a grade from 1000 to 5000 ppm.

Uranium deposits are usually classified by the environment in which they 
occur. This form o f classification tends to group together deposits with similar 
radiometric and geometric characteristics. Therefore, classification o f deposits 
by environment is also a suitable scheme to consider the applications for radio- • 
metric methods in uranium exploration.

2.3.1. Sandstone deposits

Sandstone deposits account for a large proportion o f the world’s known 
uranium reserves. 95% o f the USA reserves are o f this type. However, deposits 
in continental sandstones are known to occur in many countries. They form by 
precipitation from aqueous solutions at the redox front at the boundary between 
oxidizing and reducing ground waters. The uranium precipitated under these 
conditions may be derived from nearby granites, tuffs or other suitable source 
rocks. Because o f their occurrence in flat-dipping formations, sandstone deposits 
can, in general, only be discovered if the mineralized horizon is cut by a topographic 
feature such as a canyon.

Sandstone deposits and the associated haloes are typically less than 10 metres 
thick and may cover an area o f several square kilometres. Ore grade material 
averages about 1500 ppm U.

2.3.2. Conglomerate deposits

Uranium deposits contained in Lower Proterozoic oligomictic conglomerates 
laid down in intracratonic basins are a major source o f uranium. Deposits included 
in this category are those o f the Elliot Lake area, Canada, and the Witwatersrand, 
South Africa. The deposits have a detrital origin with some criteria o f precipi
tation, and are strictly controlled by the sedimentary lithology. Ore grades are 
in the range 250 to 1500 ppm U, but lower grade mineralization covers large areas. 
Thorium is always present in these deposits and may increase in amount laterally 
away from the main uraniferous zone. It may be present in greater concentrations 
in higher horizons.
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Conglomerate deposits are likely to be steeply dipping or buried under 
younger sediments. However, the lateral extent o f the deposits and the primary 
haloes o f  low-grade mineralization make them prime gamma-ray exploration 
targets, but spectrometric methods must be employed in order to identify the 
uraniferous zones.

2.3.3. Vein and palaeosurface deposits

These deposits are becoming an increasingly important source o f uranium.
They vary considerably in size and shape but usually consist o f high-grade pods 
o f pitchblende steeply dipping in a variety o f host rocks which are mostly but not 
exclusively o f Precambrian age. Included in this category are the large high-grade 
vein-like deposits o f the Alligator Rivers area in Australia and the Athabasca Basin 
o f Canada, both o f which are characterized by proximity to major unconformities 
at the base o f the Upper Proterozoic. Numerous smaller deposits are widely 
distributed throughout the world. Many vein deposits have formed by precipitation 
o f uranium from hot solutions in fractures. Whether the solutions and contained 
uranium are dominantly o f  meteoric or juvenile origin is not established. Such 
deposits are characterized by a very high U : Th ratio and often several occur in the 
same vicinity.

2.3.4. Supergene deposits

Large deposits o f secondary uranium mineralization in Recent surficial, 
semi-consolidated material are known to occur in arid regions o f the world and 
might be preserved as fossil deposits elsewhere. In this category are the Yeelirrie 
deposit in Western Australia, and deposits in Namibia and Somaliland. The, 
deposits are believed to have been formed by precipitation and/or evaporation 
o f uranium from ground waters draining Precambrian crystalline basement.
Deposits o f this type have ore grades up to 3000 ppm U and cover large areas.

The large size, high-grade and surficial nature o f supergene deposits make 
them very easy targets for gamma-ray exploration techniques.

2.3.5. Deposits in late stage granitoids

Large low-grade uranium disseminations which may prove to be major 
sources o f uranium in the future are associated with various types o f acid intrusives 
in highly metamorphosed Precambrian terrains. Deposits o f this type are at 
Rossing in South West Africa, where uranium is associated with pegmatites, and 
at Ilimaussaq in Greenland, where uranium is associated with peralkaline intrusives. 
Uranium occurrences o f this type contain up to 1500 ppm U and their large size 
make them easy exploration targets for gamma-ray methods. As with conglomerate
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deposits it is important to be able to distinguish between high-uranium and high- 
thorium granitoids, since the latter are much more numerous.

2.3.6. Syngenetic deposits in sediments

Uranium is frequently concentrated in shales, lignites and phosphorites to 
produce large, low-grade syngenetic occurrences o f uranium. Examples o f this • 
type o f uranium occurrence are found in alum shales in Sweden, phosphates in 
North Africa and lignites in the USA.

The grade o f economically interesting syngenetic deposits is likely to be 
greater than 500 ppm U but some very large deposits containing only 100 ppm U 
could have economic potential in the future. Due to their large size such syn
genetic deposits make easy exploration targets.

2.4. ENVIRONMENTAL RADIOACTIVE ANOMALIES

Gamma-ray surveys often produce many radioactive anomalies which are 
not associated with uranium mineralization and which are o f no economic signi
ficance. Gamma-ray surveys are no worse in this respect than are other types o f 
geophysical and geochemical surveys in other applications. These environmental 
anomalies may be apparent (or pseudo), or they may be real.

2.4.1. Apparent (or pseudo) environmental anomalies

The use o f the terms apparent or pseudo in respect o f an anomaly denotes 
that the anomaly exists only because of geometry effects at the point o f measure
ment or because o f the juxtaposition of rock types which normally have high 
and low radioelement contents. Thus a carborne survey through a narrow road- 
cutting will show an increased count rate in the cutting and produce an apparent 
anomaly on a strip-chart profile. Small islands o f bedrock in a wet alluvial plain, 
or small areas o f granite in a limestone terrain will produce strong radiometric 
contrasts, and hence apparent anomalies in an airborne or ground survey even 
though each lithology is o f  average radioelement content for its bulk composition. 
Similarly, outcrops o f normal granite in a metasedimentary terrain may provide 
strong radiometric contrasts. Fruitless ground investigations o f such apparent or 
pseudo anomalies can be avoided by correlating gamma-ray survey results with 
existing geological maps or air photographs, and by using survey systems which 
have been calibrated. This approach requires knowledge o f the normal range of 
radioelement composition in different rock types. Geometry effects in ground 
surveys can only be avoided by using shielded detectors, but in airborne surveys 
a calibrated system will indicate whether the radioelement content o f a particular
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lithology is abnormal, provided the minimum dimensions are large in relation to 
flying height and the distance covered in one sampling period. In circumstances 
where there is variable geometry and variable exposure o f contrasting bedrock 
lithologies, the U : Th and U : K ratios become very important indicators o f the 
presence o f anomalies o f possible economic importance.

2.4.2. Real environmental anomalies

Real anomalies may be found in the course o f  gamma-ray surveys caused by 
abnormal concentrations o f radioelements which are o f very limited or no 
importance to uranium exploration. If spectrometer equipment is being used for 
a survey, anomalies caused by features such as:
(a) thorium rich heavy mineral bands in sediments, or placer deposits in river 

channels or alluvial plains
(b) potassium or thorium rich igneous rocks
(c) potassium rich shales
(d) thorium rich laterites

can be immediately recognized and dismissed from further consideration. If 
spectrometer equipment is not being used, then such anomalies will require 
detailed investigations unless there is sufficient information from other sources to 
warrant disregarding them.

Radioactive springs give rise to strong localized anomalies which are 
indistinguishable from a uranium deposit as far as normal gamma-ray surveys are 
concerned. Samples must be taken for laboratory analysis to prove the cause. The 
gamma activity o f such springs is normally caused by the decay products o f trans
ported radium. Chemical analyses are usually employed to demonstrate the 
presence or (more usually) absence o f  uranium.

Uraniferous granites, in which above-average uranium is usually accompanied 
by above-average potassium and thorium, although seldom o f direct exploration 
interest, are important because o f  the possibility that they may contain localized 
concentrations, or because they may have provided mobile uranium which has 
been concentrated in an adjoining sedimentary or metasedimentary area.

Laterites are usually strongly enriched in thorium relative to uranium. 
However, uraniferous laterites, like uraniferous granites deserve investigation in 
order to determine the source o f uranium and to decide whether there is evidence 
o f the presence o f concealed bedrock o f unusual composition.
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3. GAMMA-RAY MEASURING PRINCIPLES

This section deals with the fundamental measuring principles on which ground 
and airborne survey operations are based. To begin with some relevant facts 
about terrestrial gamma radiation, gamma-ray detectors, and sources o f  background 
radiation are presented. The following two sections are, respectively, devoted to 
the two most commonly used methods o f recording gamma-ray signals in the 
field or from the air: Gross gamma-ray counting, and four-channel gamma-ray 
spectrometry. The calibration constants necessary to convert the signals into 
equivalent radioactive concentrations are introduced and illustrated by 
examples. The section is completed by the introduction o f  two concepts relating 
to the planning and the interpretation o f  a gamma-ray survey.

3.1. TERRESTRIAL GAMMA RADIATION

In Tables VI and VII the dominant gamma-ray emissions from uranium and 
thorium in equilibrium with their respective daughters are listed in the order o f 
increasing energies.

3.1.1. Gamma-ray transport phenomena

A gamma-ray penetrating rock, overburden, or air collides sooner or later 
with an atomic electron. The average travelling distance, or mean-free-path, 
is inversely proportional to the density o f  the material and decreases with 
decreasing gamma-ray energies. Table VIII shows the mean-free-paths in granite, 
soil, and air for 2.6147 MeV and 0.2386 MeV thorium gamma rays.

Low-energy gamma rays have a high probability o f  being absorbed when 
they collide. Medium- and high-energy gamma rays are predominantly scattered.
In a scattering event the. colliding gamma ray loses a fraction o f  its energy to the 
electron and takes another direction. Small energy losses are accompanied by 
small scattering angles and vice versa. A gamma ray may be scattered several 
times during its transport from the ground to a point above. This multiple- 
scattering phenomenon results in the build-up o f  a flux o f  omnidirectional low- 
energy radiation.

3.1.2. The terrestrial gamma-ray flux

Figure 1 shows the flux energy spectrum at ground level resulting from the 
content o f 40K in the ground material. About 20% o f  the flux has an 
energy o f  1.46 MeV and is caused by uncollided gamma rays. The greater part 
o f  the flux is contributed by scattered gamma rays, and these are seen to have a

18



TABLE VI. DOMINANT GAMMA RAYS EMITTED BY DAUGHTER ISOTOPES 
OF 238 U

Decaying isotope Gamma-ray energy 
(M eV )

Gammas per 
1 0 0  disintegrations

214pb 0 .2952 17.9

214Pb 0 .3520 35 .0

214Bi 0.6094 43 .0

214 Bi 1.1204 14.5

214Bi 1.2382 5.6

214Bi 1.3778 4.6

214Bi 1.7647 14.7

214Bi 2.2045 4.7

214Bi 2 .4480 1.5

TABLE VII. DOMINANT GAMMA RAYS EMITTED BY DAUGHTER 
ISOTOPES OF 232 Th

Decaying isotope Gamma-ray energy 
(M eV )

Gammas per 
1 0 0  disintegrations

2 12 p b 0 .2386 45 .0

228 A c 0.3385 12.3

0.5107 9.0
208^1 0.5831 30 .0

21 2Bx 0.7272 7.0

228 A c 0.9111 29.0

228 A c 0 .9667 23.0

228 A c 1.5881 4.6
2 08 'j’j 2.6147 35.9
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TABLE VIII. TRAVELLING DISTANCES FOR THORIUM GAMMA RAYS

Travelling
m edium

Mean-free-path (m )

2.6147 MeV 0.2386  M eV

Granite 0 . 1 0 0.03

Soil 0 .16 0.05

Aira 216 72

a O f the density 1 .204 m g/cm 3.

TABLE IX. UNCOLLIDED FLUX COMPONENTS PRODUCED BY 
POTASSIUM, URANIUM, AND THORIUM3

Distance to 
the ground 
(m )

- 2  „ - l  
7 -cm  -s

1.4608 M eV 
1% K

1.7647 M eV 
10 ppm  eU

2.6147 M eV 
10 ppm  eTh

1 0.30 0.18 0.18

30 0.18 0 . 1 2 0 . 1 2

1 0 0 0.083 0.055 0.066

300 0.014 0.011 0.016

a Assuming an air density o f  1.204 m g/cm 3.

TABLE X. TOTAL FLUX VALUES PRODUCED BY POTASSIUM, URANIUM, 
AND THORIUM3

Distance to 
the ground 
(m )

7  • cm 2 • s 1

1 % K 10 ppm  eU 10 ppm  eTh

1 1.5 9 4

30 1.3 8 3

1 0 0 1 . 0 6 2

300 0.3 1 0 . 6

a Assuming an air density o f  1.204 m g /cm 3.
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F IG .l. F lux energy spectrum  o f  potassium  gamma radiation at ground level.

continuous energy distribution that extends to almost zero energy. Uranium and 
thorium produce much more complex flux energy spectra owing to the many 
gamma rays emitted by these radioelements.

Uncollided flux components

An uncollided flux component is diagnostic o f  the radioelement by which 
it is produced and it carries information on the concentration o f  that radio
element in the ground. Flux values describing the signals detected with a gamma- 
ray spectrometer are given in Table IX. It should be noticed that the flux 
components considered have energies greater than 1.4 MeV. They are, however, 
attenuated quite considerably in air, about a factor o f  three over the first one 
hundred metres.

At ground level the uncollided gamma-rays from flat and homogeneous 
terrain mainly have angles o f  between 40 and 80 degrees with respect to the 
vertical. Only a small fraction o f  the radiation can be ascribed to the area directly 
beneath the point o f  detection. As the distance to the ground is increased, the
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angular distribution becomes narrower. One hundred metres above ground level, 
50% o f the radiation is confined to the angular interval from 0 to 45 degrees.

Total flux

Values o f  the total flux o f  uncollided and scattered gamma rays are given 
in Table X. At ground level, 70% o f  the combined flux from uranium, thorium, 
and potassium have energies o f  less than 0.5 MeV, and this percentage increases 
with increasing heights because o f  the greater number o f  scattering events in 
the air. Scattered gamma rays contain no information on the nature and the 
position o f  the source atoms. At any height about one third o f  the flux is 
contributed by gamma rays that have been backscattered at greater heights. This 
flux component, known as ‘skyshine’ , is characterized by having small energies, 
less than about 0.2 MeV, and it is therefore only detected by gross-counting 
instruments.

3.1.3. Effective survey height

Because gamma-ray mean-free-paths in air are inversely proportional to the 
air density, the flux attenuation with height is governed by the product o f  the 
air density and the distance to the ground. This product is expressed in units o f 
g/cm 2. An aerial survey height is, however, more naturally stated in terms o f  an 
effective survey height, which is an equivalent thickness o f  standard air (dry air 
having a temperature o f 0°C and a pressure o f  1 atm). The density o f standard 
air is 1.293 mg/cm3. An effective survey height o f  100 m accordingly corresponds 
to a distance-density product o f  12.93 g/cm 2.

In Tables VIII to X the air is assumed to have a temperature o f  20°C, 
corresponding to a density o f  1.204 mg/cm3 at 1 atm pressure. The mean-free- 
paths are then 7.4% longer than in standard air, and a survey height o f  100 m is 
synonymous with an effective survey height o f  93 m. All survey heights cited 
later in this chapter are effective survey heights.

3.1.4. Radiation doses

All people are exposed to gamma radiation resulting from natural radio
activity, and it should be recognized that the biological long-term effects o f  such an 
exposure are unknown and may be detrimental. Natural exposure rates are usually 
expressed in units o f  microroentgens per hour* (nR/h). Table XI shows the 
ground-level exposure rates contributed by a large source with unit concentrations 
o f  uranium, thorium, or potassium. Radiation doses received by people are

* In SI units, m icroroentgens are o f  order 10 9 C /kg-h .
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TABLE XI. GROUND-LEVEL GAMMA-RAY EXPOSURE RATES PRODUCED 
BY LARGE GEOLOGICAL SOURCES

1% K 10 ppm  eU 10 ppm  eTh

1.5 p R /h 6.2 p R /h 3.1 AiR/h

0.39  nC /kg-h 1.6 nC /kg-h 0.8 n C /kg-h

measured in rems, and for gamma radiation the conversion from exposure to 
dose is

1 /xR/h = 8.33 millirems/year. (1)

The International Commission on Radiological Protection has recommended that 
no individual should receive more than 500 millirems per year from all natural 
and artificial radiation sources in his or her environment.

3.2. GAMMA-RAY DETECTORS

The detectors mentioned in the following sections produce a pulse o f 
electrical charge each time a quantum o f gamma-ray energy is deposited in them. 
The detector efficiency is the percentage o f  the incident gamma rays that give rise 
to detectable pulses.

3.2.1. GM counter tubes

A Geiger-Miiller (GM) detector consists o f  a gas-filled metal tube equipped 
with a thin central wire that is kept at a positive voltage o f several hundred volts. 
An electron ejected from the counter wall by an interacting gamma ray may be 
directed into the filling gas, normally argon with an admixture o f  halogen vapour, 
in which an electrical discharge is developed. The charge collected at the central 
wire does not depend on the absorbed gamma-ray energy, and the count rate o f  
pulses is nearly constant over a range o f  operating voltages. The existence o f 
this ‘counting plateau’ makes the GM tube a very reliable gross-count device, which 
has the further advantage o f  being robust and quite inexpensive. However, the 
efficiency o f  GM tubes is very low, less than 2%.
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3.2.2. Sodium-iodide scintillation detectors

Thallium-activated sodium-iodide, Nal(Tl), responds to absorbed gamma-ray 
energy quanta by producing light flashes (scintillations). These are converted 
into charge pulses by means o f  one or more high-gain photomultiplier tubes in 
optical contact with the scintillator. The latter is available in the form o f 
cylindrical single crystals with diameters o f up to 300 mm. Prismatic ingots o f 
polycrystalline Nal(Tl) are also manufactured.

The Nal(Tl) detector is the most widely used device for all kinds o f  gamma- 
ray surveys due to its efficiency and the energy resolution it provides. A stable 
gross-count response can be obtained by increasing the photomultiplier high- 
voltage until virtually all scintillations are being counted. In this mode o f  operation 
a volume o f  about 30 cm3 o f  Nal(Tl) is sufficient to detect uranium gamma 
radiation with an efficiency o f  60%. For normal high-voltage settings, there is a 
proportional relationship between pulse amplitude and deposited gamma-ray energy, 
and this feature can be utilized for energy-discrimination purposes. The pulses 
produced by totally absorbed, monoenergetic gamma radiation have a nearly 
Gaussian amplitude distribution, whose width at half maximum is a measure o f  the 
energy resolution. The latter is usually expressed in per cent o f  the peak position 
for incident 0.6616 MeV gamma rays from a 137Cs point source. Properly 
functioning Nal(Tl) detectors have energy resolutions o f  between 8 and 10%.

Sodium-iodide detectors do, however, have several drawbacks that often give 
rise to problems in the planning and the execution o f  a gamma-ray survey.
Equipped .with photomultiplier tube(s) a Nal(Tl) scintillator costs as much as 
2—3 US$ per cm3 o f  detector volume, and for a spectrometric survey a total 
volume o f  hundreds or even thousands o f  cm3 may be required. Sodium-iodide 
is a hygroscopic material that must be carefully protected against moisture. Single 
crystals, especially large ones, are very fragile and do not withstand thermal shocks. 
Photomultipliers often fail after severe shock or vibration, and the amplification 
factor is temperature sensitive. Therefore they must be protected to the greatest 
possible extent against these effects.

3.2.3. Other types o f detector

CsI(Tl) scintillators

Thallium-activated caesium-iodide, CsI(Tl), is another efficient scintillator 
with satisfactory energy resolution characteristics. The material is neither 
hygroscopic nor particularly fragile, but has the disadvantage o f  being very 
expensive.

24



Plastic scintillators

These scintillators do not readily absorbe gamma radiation, and the 
efficiency per unit volume is low. However, because a large detector volume 
can be installed at a moderate cost, a large plastic scintillator may be the optimum 
choice for an aerial gross-count survey. Plastic scintillators have poor energy 
resolution and are therefore less suitable for spectrometric measurements.

Ge(Li) semiconductor detectors

Lithium-drifted germanium, Ge(Li), is used for the manufacture o f  high- 
resolution semiconductor gamma-ray detectors. These must be cooled to liquid 
nitrogen temperature, even when not in use, and multichannel data acquisition 
systems are required in order to exploit the resolution performance. The use 
o f high-resolution spectrometry in the field is only recommended for monitoring 
the occurrence o f  man-made gamma-ray emitters in the environment, or for 
research purposes. It is not recommended for normal exploration work.

3.2.4. Counting statistics

Because the emission and the detection o f  gamma rays are probabilistic 
processes, the number o f  counts recorded in equal time intervals is not likely to 
be the same. If N counts are registered in T seconds, the best estimates o f  the 
count rate, n, and the standard deviation o f  the latter, sn, are

The coefficient o f  variation o f  the count rate only depends on the accumulated 
number o f  counts and is given by

Gross gamma-ray count rates are often recorded directly, by means o f  a ratemeter, 
in which case

n =  N/T
( 2)

sn =  V N /T

(4)
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where r is the time constant o f  the ratemeter. It should be noted that ratemeter 
readings are not reliable during a period o f  approximately 3t seconds after the 
instrument is switched on.

Some gamma rays are never counted owing to the finite recovery time, t, 
o f the detector and the counting circuit. GM counter tubes have recovery times 
o f 100 to 200 us after each discharge in the filling gas. When scintillation 
detectors are used, t typically has a value o f  10 /us. The fractional counting loss 
approximately amounts to 100.nt per cent, and whenever this product is greater 
than sn/n, the value o f  n should be divided by ( 1-nt).

3.3. BACKGROUND RADIATION

A gamma-ray detector placed in the open air or on board a vehicle is not 
only exposed to terrestrial gamma radiation. Other radiations produce pulses 
that contain no geological information, and they therefore represent an unwanted 
background signal. Determination o f  the latter may not be easy, because the 
background radiation varies with time and place.

3.3.1. Cosmic rays

The influx o f primary cosmic rays increases slightly with the geomagnetic 
latitude and is modulated up to ± 10% by the eleven-year solar cycle. The 
secondaries produced in the lower atmosphere include a large proportion o f 
gamma rays and a smaller proportion o f charged particles. At sea level the cosmic- 
ray flux typically amounts to 0.15 photons and particles per square centimetre 
and second, and the average exposure rate is close to 3.6 /xR/h. The cosmic-ray 
intensity increases very significantly with the elevation o f  the measuring site and 
exceeds the intensity at sea level by about 75% at an altitude o f  2000 m.

The background count rate o f  a GM tube mainly results from cosmic rays, 
because the charged particles are detected with an efficiency o f  nearly 100%.
With scintillators the cosmic-ray background can be monitored by recording the 
count rate o f  pulses in the spectral region above 3 MeV.

3.3.2. Airborne radon daughters

Radon-222 in soil and other porous material continuously escapes into the 
atmosphere at a rate that depends on meteorological factors, in particular soil 
moisture, barometric pressure, and wind speed. The global average exhalation 
rate amounts to 0.75 atoms per square centimetre per second. The gamma-ray- 
emitting daughter isotopes, 214Bi and 214Pb, are present as positive ions attached
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TABLE XII. TYPICAL TOTAL GAMMA-RAY FLUXES FROM AIRBORNE 
RADON DAUGHTERS UNDER VARIOUS ATMOSPHERIC MIXING 
CONDITIONS

Distance to 
the ground 
(m )

7 -cm  2 -s

Strong Normal Weak Strong
m ixing turbulence mixing inversion

1 0.08 0.17 0.40 1.7

150 0.13 0.31 0.58 1 . 8

to airborne dust particles (aerosols). The concentration and distribution o f these 
are strongly influenced by the atmospheric mixing conditions.

Table XII shows that the total gamma-ray flux from airborne radon daughters 
may increase by more than an order o f  magnitude with increasing atmospheric 
stability. It should be noticed that the atmospheric background is greater at 
aerial survey altitudes than at ground level. The terrestrial signal, on the other 
hand, undergoes a considerable height attenuation. Atmospheric radon is 
consequently a much more serious problem in an aerial survey than in a survey 
carried out on the ground. Particularly unfavourable conditions can occur when 
a strong inversion is accompanied by an inversion layer. Such a layer acts as a 
particle trap and may further increase the background level at the flying altitude.
In many cases it is necessary to monitor the atmospheric radioactivity by means 
o f  a separate sodium-iodide detector that is shielded against the radiation from 
the ground.

Unusual background variations often accompany a thunderstorm. Because 
o f  their positive charges, aerosols can be swept away by a negatively charged 
cloud, and the atmospheric radioactivity may temporarily be diminished by a 
factor o f  ten. The subsequent rainfall deposits the radon daughters on the ground, 
whose gamma-ray emission will be increased for a few hours.

3.3.3. Radioactive contaminants

Nuclear fall-out

The nuclear weapons’ tests carried out in the atmosphere have resulted in a 
global contamination o f  the earth’s surface with fission products and other 
artificial radioisotopes. The most troublesome o f these is 137Cs which has a long 
half-life (30 years) and a low migration speed and emits 0.6616 MeV gamma rays.
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The latter are detected by gross-count instruments and contribute to the back
ground gamma rays. At ground level 137Cs fall-out typically contributes a total 
flux o f  0.5 7 -cm-2 • s '1.

Detector radioactivity

All gamma-ray detectors contain traces o f  natural radioactivity that produce 
counts. For scintillators, potassium-40 in the glass envelope o f  a photomultiplier 
tube is the main contributor o f  this kind o f  background radiation.

Other contaminants

Phosphorescent dials and pointers in watches, compasses etc., may contain 
226Ra and should therefore be kept away from a survey instrument in use. The 
same applies to kerosene lamps whose mantles often contain thorium. Old types 
o f  aircraft may carry a relatively large amount o f  226 Ra, in flight instruments 
and emergency signs o f  1945 vintage. These must be replaced by non-radium 
equipment in order to prepare such an aircraft for airborne survey use.

3.3.4. Background measurements

Lakes, rivers, or the open sea are the most obvious places for measuring 
a count rate resulting from all background sources except nuclear fall-out. The 
value determined may, however, not be truly representative, because the con
centration o f  airborne radon daughters is smaller over water than over land.

As terrestrial, low-energy ‘skyshine’ can be detected several hundred metres 
o ff  a coast line, the background count rates o f  gross-count instruments should be 
determined over very large bodies o f  water.

3.4. GROSS GAMMAY-RAY COUNTING

A gamma-ray survey is often synonymous with a gross-count survey, in which 
nearly all detector events are registered. When the detector is a scintillator, the 
electronic recording system is normally preceded by a pulse-height discriminator 
that prevents photomultiplier noise pulses from being counted. For discriminator 
settings producing an energy threshold o f  0.1 MeV or less, a sodium-iodide 
detector or any other scintillator can be regarded as a true gross-count device.
This is because gamma rays with energies o f less than 0.1 MeV are likely to 
remain undetected because o f  absorption in the detector housing. Discriminator 
settings o f  0.2 to 0.4 MeV result in a very significant count-rate diminution and 
should be avoided in the use o f  small detector non-spectrometric data acquisition
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TABLE XIII. CONTRIBUTIONS TO THE GROSS COUNT RATE OF A LARGE 
SODIUM-IODIDE DETECTOR OVER TYPICAL SOIL

Counts/s

Ground level 150 m

Terrestrial contribution 1 1 0 0 330

Cosm ic rays 30 30

D etector radioactivity 2 0 2 0

Airborne radon daughters 1 0 - 2 0 0 2 0 -3 0 0

Total 1 1 6 0 -1 3 5 0 4 0 0 -6 8 0

systems. With large detector systems (> 10 3 ml) a threshold o f  0.4 MeV allows 
more precise reporting o f  results in terms o f  units o f  radioelement concentration 
(see section 3.4.5 and IAEA Technical Reports Series No. 174).

3.4.1. Signals recorded

Table XIII serves as a guide to the constituents o f the gross-count signal 
recorded with a large (152 X 102 mm) sodium-iodide detector over typical soil.
The natural radioelements in the latter contribute roughly 1100 counts/s at ground 
level, but only 330 counts/s at an aerial survey height o f  150 m. The back
ground count rate depends on the concentration o f  radon daughters in the air 
and may exceed the terrestrial contribution at an altitude o f  150 m. Even under 
the most favourable conditions o f  atmospheric mixing, the background contribution 
amounts to 5% at ground level and 20% at 150 m.

When scintillators are used, more than 75% o f  the terrestrial count-rate 
component results from scattered gamma radiation. This fact is important, because 
sources concealed by even a thin layer o f  overburden emit very little uncollided 
radiation. The flux o f  multiple-scattered, low-energy radiation may, however, 
be sufficient to produce a significant gross-count anomaly. .

3.4.2. Uranium equivalents o f  potassium and thorium

For any gross-counting system the net signal, i.e. the observed count rate 
less the background, can be written as
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(5)

where K, U, and T denote the radiometric concentrations o f potassium, uranium, 
and thorium in the ground. The coefficients aK, a^j, and aT depend on the 
survey situation, i.e. the gamma-ray detector used, the elevation o f the latter, and 
the size o f the geological source. Equation (5) can also be written in the form

The ratios aK/au and a^/ay indicate the concentrations o f  uranium that can 
replace a unit concentration o f  potassium or a unit concentration o f thorium 
with no resulting change in the count rate. They are, therefore, the uranium 
equivalents o f  potassium and thorium for the survey system in question.

Table XIV shows values o f aK/ay and aT/au for sodium-iodide detectors 
o f  various dimensions and placed at various survey heights. Both uranium 
equivalents are seen to be essentially independent o f  the detector dimensions.
The value o f  aK/ay increases somewhat with the height above the ground, and 
this is because uranium, unlike potassium, emits low-energy gamma rays that 
are strongly attenuated in air. The flux energy spectra o f uranium and thorium 
are, on the other hand, quite similar at any survey altitude, and the latter has 
only little influence on aT/au-

For GM counters the uranium equivalents o f potassium and thorium 
cannot be specified without knowledge o f  the metal o f  which the counter tube 
is made. Tubes made o f  aluminium or brass detect low-energy uranium gamma 
rays very inefficiently and they therefore have larger uranium equivalents than 
scintillators.

3.4.3. Instrumental sensitivity

It follows from the preceding paragraph that the gross-count response o f  a 
sodium-iodide detector to a source with known concentrations o f  uranium, 
thorium and potassium can be predicted quite accurately when the count rate 
per concentration unit o f  uranium is known. This count rate — the coefficient 
ajj in Eq.(6) — is o f prime importance in any gross-count survey carried out for 
uranium exploration purposes. Therefore the number o f  counts per second and 
o f  parts per million o f equivalent uranium is an adequate measure o f instrumental 
sensitivity.

Portable instruments

The instrumental sensitivity obtained at ground level depends on the amount 
o f  ‘skyshine’ detected. A ground with normal radioelement concentrations can

(6)
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TABLE XIV. URANIUM EQUIVALENTS OF POTASSIUM AND THORIUM 
FOR GROSS-COUNTING SODIUM-IODIDE DETECTORS

D etector dim ensions 
(m m )

Survey height 
(m )

aK

aU

a-p

au

38 X 25 1 1 . 6 0.44

5 1 X 5 1 1 1 . 6 0.44

152 X 102 1 1.7 0 .44

152 X 102 50 2 . 0 0.45

152 X 102 125 2 . 2 0.45

TABLE XV. GROSS-COUNT SENSITIVITIES FOR TYPICAL PORTABLE 
SCINTILLATION COUNTERS

Dim ensions o f Sensitivity in coun ts/s per ppm  eU

d etector (m m ) Infinite source Small source

38 X 25 5.5 3.8

51 X 51 14.5 10.3

76 X 76 36 26

TABLE XVI. GROSS-COUNT SENSITIVITIES PROVIDED BY LARGE 
AIRBORNE SODIUM-IODIDE DETECTORS

D etector dim ensions 

(m m )

Sensitivity in counts/s per ppm  eU

Survey height 
50 m

Survey height 
125 m

102 X 102 34 19

152 X 102 63 35

229 X 102 119 6 6

292 X 102 179 1 0 0
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usually be regarded as an infinite source, and over such a source a substantial 
amount o f  low-energy ‘skyshine’ radiation is detected. Small sources, i.e. sources 
with a surface extension o f  a few square metres, also produce ‘skyshine’ gamma 
rays, but are only hit by a very small fraction o f  these. Therefore, when a gross- 
count device is placed on a typical outcrop o f  uranium ore, virtually no ‘skyshine’ 
is detected.

Table XV provides guidance on the sensitivities o f  typical portable scintillation 
counters placed on infinite sources or small sources. The former are seen to 
produce about 40% more count rate per ppm eU than the latter. While a sodium- 
iodide scintillator produces at least 3 to 4 counts/s per ppm eU, a GM counter 
tube only produces 0.05 to 0.1 counts/s. Counter tubes made o f  tungsten or 
bismuth metal are the most sensitive.

Airborne survey instruments

In an aerial gamma-ray survey the detector is exposed to radiation issuing 
from a large area o f  ground that can normally be considered as an infinite source. 
Gross-count sensitivities obtained with large sodium-iodide detectors at effective 
survey altitudes o f  50 and 125 m are given in Table XVI.

Large sodium-iodide scintillators detect uranium gamma radiation with an 
efficiency o f  80% or more, and the gross count rate is roughly given by the 
product o f  the incident flux and the surface area o f  the scintillator. As a rule 
o f  thumb, with a threshold o f  0.1 MeV, 1000 cm2 o f  detector area produce 
80 counts/s per ppm eU at an altitude o f  50 m and 40 counts/s at 125 m.

3.4.4. Calibration

The sensitivity by which a small source is detected at ground level can be 
measured by means o f  a concrete calibration pad with a diameter o f  at least 2 m 
and a thickness o f  about 0.5 m. Such a counting standard may have a radiometric 
concentration o f  uranium in the range 50 to 500 ppm eU, and it can be made o f 
a concrete mixture to which a uranium mineral with low emanation characteristics 
has been added. In order to obtain a constant gamma-ray flux precautions must 
be taken in the construction o f  the pads to minimize the migration o f  radon 
through the pore spaces.

When the survey situation is characterized by a significant ‘skyshine’ con
tribution, a large flat area o f  ground may serve as a calibration source. For the 
calibration o f  an airborne system a test strip about 1 km wide and 3 km long is 
required. The area selected should be uniformly radioactive and have a higher 
concentration o f uranium than ordinary soil. Both the uranium concentration 
and the concentrations o f  potassium and thorium must be determined, otherwise 
the parenthesis on the right-hand side o f  formula (6) cannot be evaluated.
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3.4.5. Reporting unit

A net signal, n, obtained with a calibrated gross-count instrument over a 
source with unknown concentrations o f uranium, thorium, and potassium can 
be used for the calculation o f  a quantity, x, given as

x = ^ -  . (7)
au

With n and ay expressed in units o f counts/s and counts/s per ppm eU, x is 
measured in units o f  ppm eU. Normally all three radioelements contribute to 
the gross-count signal, and in a previous IAEA report1 it had been suggested that 
x =  1 should represent a fundamental unit o f  radioelement concentration, ab
breviation ‘ur’ . By definition a geological source with one unit o f  radioelement 
concentration produces the same instrument response (e.g. count rate) as an 
identical source containing only one part per million o f  uranium in radioactive 
equilibrium.

This new unit o f  measurement is justified by the fact that the uranium 
equivalents o f  potassium and thorium are relatively constant for gross-counting 
sodium-iodide scintillators. Table XIV shows that

1%K = 1 .6  to 2.2 ur ™
1 ppm eTh =  0.44 to 0.45 ur

for gross-count data acquired by means o f  sodium-iodide detectors. A typical 
granite with 3% K, 3 ppm eU, and 12 ppm eTh would be estimated to contain 
13 ur at ground level and 15 ur when surveyed from an altitude o f  125 m. With 
a GM counter placed on the ground as much as 20 ur may be obtained. These 
inconsistencies may not be unacceptable when factors such as counting statistics, 
source inhomogeneity, and terrain roughness are taken into consideration. A ur 
value is generally more informative than a count rate, and therefore the 
calibration procedures outlined in the preceding paragraph are o f  great practical 
importance.

3.4.6. Height correction factor

Background-corrected gross-count signals decrease very nearly according to 
a simple exponential function o f  the distance to the ground. With an airborne 
system flown at low altitude, it is not possible to maintain a perfectly constant 
terrain clearance, and unwanted count-rate variations are consequently likely to

1 IA E A  Technical R eports Series N o. 174 (1 976 ).
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TABLE XVII. EXPONENTIAL HEIGHT ATTENUATION COEFFICIENTS, 
NORMALIZED TO AN AIR DENSITY OF 1.293 mg/cm3, FOR AIRBORNE 
GROSS-COUNT SYSTEMS

n  X 103 m ' 1

Radioelem ent detected R ecom m ended value for 
height-correction purposes

Potassium Uranium Thorium

6.4 7.7 7.5 7.0

F IG .2. Thorium, uranium, and potassium  gamma-ray spectra obta ined  at ground level with 
a 76 X 76 mm sodium -iodide scintillator.
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occur. The distance to the ground can, however, be monitored by means o f  a 
radar altimeter whose output makes it possible to calculate a correction factor,
F, by which any survey count rate should be multiplied. If z and z0 denote the 
actual and the intended survey height, respectively, F is given by

F = e^(z_z») (9)

The value o f  m — the exponential height attenuation coefficient -  is proportional 
to the air density. The attenuation coefficients reported in Table XVII are valid 
when the survey heights are expressed in metres o f  standard air. A height 
attenuation coefficient is greater for uranium and thorium radiation than for 
potassium radiation. However, a representative average value must be used in the 
calculation o f  F. The recommended attenuation coefficient for height corrections 
in normal geologic environments is given in the last column o f  Table XVII. When 
a test strip is available, the latter should be used for an experimental evaluation o f  /x.

3.5. GAMMA-RAY SPECTROMETRY

By means o f  gamma-ray spectrometry it is possible to determine the 
individual concentrations o f  the three natural radioelements in the ground. The 
method is based on the fact that a flux o f  uncollided gamma rays from a large 
source is a direct measure o f  the concentration o f  the emitter in question. Un
collided 1.46 MeV gamma rays are diagnostic o f  40K, and the count rate o f  these 
can be interpreted in terms o f  a potassium concentration by weight. Bismuth-214 
in the uranium decay chain and 208T1 in the thorium decay chain also have 
gamma-ray emissions in the energy region above 1 MeV in which an uncollided 
flux component can be distinguished from scattered radiation at all survey 
altitudes.

The standard component o f  a spectrometric survey is a sodium-iodide 
gamma-ray detector o f  quite large or even very large dimensions.

3.5.1. Pulse-height spectra

Figure 2 shows the pulse-height spectra produced by a 76 X 76 mm sodium- 
iodide scintillator placed one metre above sources with 2% K, 100 ppm eU, or 
1000 ppm eTh. The abscissa is the pulse amplitude expressed in energy units, 
i.e. MeV. The ordinate is the spectral intensity, i.e. the count rate o f  pulses in 
a very small amplitude interval. Note that the spectral intensity is presented in 
arbitrary units on a logarithmic scale.

The characteristic feature o f  these spectra is the peaks. The peak with a 
centre position o f  1.46 MeV in the potassium spectrum results from uncollided
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TABLE XVIII. RECOMMENDED WINDOW SETTINGS FOR FOUR-CHANNEL 
GAMMA-RAY SPECTROMETERS

Counting w indow R ecom m ended setting 

(M eV )

Thorium 2.41 -  2.81

Uranium 1.66 -  1.86

Potassium 1.37 -  1.57

Total-7 0.41 -  2.81

40K radiation that has been totally absorbed in the scintillator. Almost all 
pulses produced by potassium are smaller than 1.6 MeV. Above this level 214Bi 
has three emissions producing peaks at 1.76, 2.20, and 2.45 MeV in the uranium 
spectrum. Another high-energy peak characteristic o f the latter is found at 
1.12 MeV.

The dominating peak in the thorium spectrum has a higher energy,
2.61 MeV, than any other peak produced by terrestrial gamma radiation. It is 
caused by uncollided 208T1 gamma rays o f the precise energy 2.6147 MeV. When 
these are absorbed in sodium iodide, electron-positron pairs may be created.
A positron has a very short life-time and decays into two oppositely directed 
annihilation quanta, each having an energy o f  0.511 MeV. One or both o f  these 
may escape from the detector, in which case the net energy deposited only 
amounts to 2.10 or 1.59 MeV. Peaks with these energies -  escape peaks -  are 
therefore observed in the thorium spectrum. The escape peak at 1.59 MeV is, 
however, superimposed by another peak produced by 1.5881 MeV gamma rays 
from 228Ac (Table VII).

Any spectral peak is accompanied by a continuous distribution o f  pulse 
amplitudes. The maximum value o f  these is smaller than the peak energy, and 
some o f them can be ascribed to scattering events in which an uncollided gamma 
ray only deposits a fraction o f its energy in the scintillator. Others result from 
the detection o f radiation that has been scattered in the ground or in the air.

3.5.2. Window settings

The count rate o f  pulses in a spectral region o f  interest can be determined 
by means o f  a differential pulse-height selector followed by an electronic storage 
register. Most commercially available gamma-ray spectrometers for ground or 
airborne use accumulate data in four spectral counting windows. Three o f  these
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TABLE XIX. CONTRIBUTIONS TO THE WINDOW COUNT RATES OF A 
76 X 76 mm SODIUM-IODIDE DETECTOR ON ROCK WITH 12 ppm eTh, 
3 ppm eU, AND 3% K

Radiation
source

C oun ts/100 s

T h w indow U w indow K w indow Tota l-count w indow

Thorium 144 75 106 3360

Uranium 4 75 75 1710

Potassium 0 0 900 42 00

Background 20 50 100 2000

Sum 168 200 1181 11270

embrace the peaks at 2.61, 1.76, and 1.46 MeV, characteristic o f thorium, 
uranium, and potassium, respectively. The fourth window covers the entire 
spectral region from a few tenths o f  a MeV to about 3 MeV. The count rate 
obtained in this wide window is a total gamma-ray signal which should not be 
confused with a gross-count signal, because the former, unlike the latter, only 
contains a minor contribution o f  low-energy, scattered radiation.

Recommended window settings for four-channel spectrometers are given 
in Table XVIII. These settings have been adopted by, among others, the 
Geological Survey o f  Canada, and the spectral regions they select are seen in Fig.2.

3.5.3. Signals recorded

Table XIX shows the contributions to the window count rates typically 
recorded when a 76 X 76 mm sodium-iodide detector is placed on outcropping 
granite with 12 ppm eTh, 3 ppm eU, and 3% K.

Thorium window

In this window 86% o f  the signal can be ascribed to thorium and 2% to 
uranium. Figure 2 shows that the small contribution from uranium is caused by 
the fact that some o f  the peak at 2.45 MeV in the uranium spectrum is ‘seen’ 
in the thorium window. The background contribution, 20 counts/100 s, is 
mainly the result o f cosmic rays at this high energy level.
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Uranium window

It is characteristic o f  the uranium window that thorium produces just as 
many counts as uranium in a normal geologic environment. For this reason the 
count rate cannot be used as a direct measure o f  the uranium concentration in 
the ground. The thorium counts chiefly originate from the continuum shown by 
the thorium spectrum between the peaks at 1.59 and 2.10 MeV.

The background stated, 50 counts/100 s, is typically measured when a 
portable spectrometer is taken to sea. At the field site the background in the 
uranium window may be higher, because more high-energv gamma rays from 
airborne 214Bi are detected. This radon daughter is the most predominant back
ground source under conditions o f weak atmospheric mixing. In several areas o f 
the world — the western United States for example — radon produces a highly 
fluctuating background count rate in the uranium window o f  an airborne, 
spectrometric survey system. Unless the latter is capable o f  monitoring the 
atmospheric background at 1.76 MeV, by means o f  a separate, upwards-looking 
detector unit, it may not be possible to make reliable determinations o f  the 
concentration o f  uranium in the ground.

Potassium window

More than 65% and typically 75% o f  the count rate in the potassium window 
o f  a portable spectrometer can usually be ascribed to potassium in the ground.
The contribution from uranium and thorium typically amounts to between 15 and 
20%. O f the background count rate, 100 counts/100 s, roughly one third is 
contributed by the content o f  40K in the glass o f  the photomultiplier tube. This 
contribution can be reduced by the use o f  a tube with an end-window o f quartz 
glass. Alternatively a gamma-ray absorber consisting o f  pure (non-activated) 
sodium iodide can be inserted between the photomultiplier and the scintillator.

Total-count window

This window produces much more signal than any o f  the three other 
counting windows and consequently makes it possible to detect radioactive 
anomalies that are not revealed by any o f the other windows owing to poor 
counting statistics. In the present example a net count rate o f approximately 
9300 counts/100 s is obtained over typical igneous rock. This total-count signal 
is equally contributed by uncollided and scattered gamma rays with energies 
o f between 0.41 and 2.61 MeV. Less than 8% o f the signal can be ascribed to 
air-scattered ‘skyshine’ gamma rays. Most o f  these rays have energies o f  less 
than 0.41 MeV and therefore produce no counts.
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3.5.4. Spectrometer equations

Conversion equations

In the following the symbols, nT , n y , and nK are used to denote the net 
count rate (observed count rate minus background) in the thorium window, the 
uranium window and the potassium window. In a survey o f  ground material having 
a thorium-to-uranium concentration ratio o f three or greater, it is permissible to 
neglect the contribution o f uranium to nT, and the latter can be assumed to be 
proportional to the concentration o f thorium. This radioelement is also counted 
in the uranium window, but the effect can be neutralized by subtracting a fraction 
o f  n-p from n jj. The ‘stripped’ uranium count rate, njj, is proportional to the 
concentration o f  uranium. In the potassium window, a contribution from thorium 
and another contribution from uranium have to be removed. By subtracting a 
fraction o f  nT and a fraction o f  njj from nK, one arrives at a ‘stripped’ potassium 
count rate, n^, which is proportional to the concentration o f  potassium.

The procedure for converting the window count rates into radioelement 
concentrations, K, U, and T, is described by the equations

K = nk/sK % K

U =  n y/sjj ppm eU ' (10)

T =  nT/sT ppm eTh

with

r i j j  ~  Q ift'j’

uo
n K  — n K _ ^ n T _

The constants sK, sU; and sT are seen to be the'count rates produced by a unit 
concentration o f  potassium, uranium, or thorium and are thus the spectrometric 
sensitivities for these radioelements. The fractions a, j5 and 7  occurring in 
Eq.(l 1) are normally referred to as the stripping ratios o f  the gamma-ray 
spectrometer. The contributions from thorium in the uranium window and in 
the potassium window are represented by the count rates anT and j3nT, and 
the count rate 7 nu represents the contribution from uranium in the potassium 
window. Without compensation for these count rates, uranium and potassium 
concentrations cannot be determined spectrometrically.
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TABLE XX. TYPICAL CALIBRATION CONSTANTS FOR A PORTABLE 
SPECTROMETER EQUIPPED WITH A 76 X 76 mm SODIUM-IODIDE 
DETECTOR

a  = 0.52

Stripping ratios3 (3 = 0.74

7  = 1.0

SK 3.0 counts/s per %  K

Spectrom eter sensitivities V  = 0.25 counts/s per ppm

S'p ~■ 0.12 counts/s per ppm

aK = 14 counts/s per % K

T ota l-count coefficients au  = 5.7 counts/s per ppm

di'Y ~~ 2.8 counts/s per ppm

3 Only valid with the w indow  settings in Table XVIII.

Sensitivities and stripping ratios for a portable spectrometer equipped with 
a 76 X 76 mm sodium-iodide detector are given in Table XX. A stripping ratio 
depends on the widths o f  the two spectral regions through which it is defined, 
and it is also influenced by the energy resolution o f  the detector unit. The 
stripping ratios presented are only reliable when the window settings recommended 
in Table XVIII are used.

Total count equation

Table XX also shows three calibration constants designated aK, â j and aT . 
These are the total-count coefficients for the spectrometer. They are defined as 
the similar coefficients for a gross-count instrument (see Eq.[5]),2 and they can be 
used to control the measured concentrations, K, U, and T. By inserting these 
concentrations in an equation identical to Eq.(5), it is possible to calculate the 
net count rate, n, in the total-count window. The ratio between n and the net 
count rate actually observed in this window should be close to unity. Significant 
fluctuations shown by this ratio may indicate an instrumental instability, e.g. 
photomultiplier gain drift.

2 The values o f  aK , a ^  and aT d o , o f  course, becom e m uch smaller when the energy 
threshold is increased from  almost zero to  about 0 .4  M eV . The signal recorded in a total- 
count w indow  is typically  4 —6 times smaller than the gross-count signal obtained with an 
identical sodium -iodide scintillator.
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3.5.5. Calibration

Because the stripped count rate in the uranium window makes it possible 
to detect uranium in the presence o f  thorium, the stripping ratio a must be con
sidered the most important calibration constant in uranium exploration by 
gamma-ray spectrometry. It might be thought that a  can be determined by 
recording the counts produced in the uranium-thorium windows when a small 
sample o f  thorium oxide is placed in front o f  the sodium-iodide detector. This 
is not true. In the field, one out o f  three thorium counts in the uranium, window 
results from the detection o f a scattered gamma ray o f the original energy o f 
2.6147 MeV. No scattered gamma rays are emitted by a small source, and the 
estimated value o f a is about 30% too low.

Concrete calibration sources

The recommended system for the determination o f  stripping ratios, 
spectrometric sensitivities, and total-count coefficients is a set o f  at least four 
large and widely spaced concrete calibration sources. These are slabs or pads, 
about 0.5 m thick, on which can be placed a spectrometer for ground or air
borne use. A system o f  four pads would comprise three counting standards -  
thorium, uranium, and potassium — and one blank. The latter defines the back
ground count rates in a calibration experiment. A thorium standard can be made 
from a mixture o f concrete and thorite or monazite. To construct a uranium 
standard, it is necessary to select a doping agent, pitchblende for example, o f 
low radon-emanation power. A potassium standard and a blank are easily made 
from concrete mainly consisting o f  K-feldspar and quartz sand, respectively.

A quadruple configuration specially designed for the calibration o f  portable 
spectrometers is available at the Ris$ National Laboratory, Denmark. The pads 
are 3 m in diameter, and the nominal radioelement concentrations o f the three 
counting standards are 150 ppm eTh, 200 ppm eU, and 7% K. Larger pads are 
required when the sodium-iodide detector cannot be placed directly on a 
concrete surface. This situation occurs in the calibration o f  a spectrometer 
installed on board an aircraft. Pads suitable for the calibration o f  airborne spectro
meters are 7—10 m across, and their radioelement concentrations are quite low 
in order to comply with the high sensitivity required o f an airborne spectrometer. 
Such pads are available at two airports in North America: Ottawa International 
Airport (Canada), and Walker Field Airport, Grand Junction (Colorado, USA).

3.5.6. Calibration constants for airborne spectrometers

At low altitudes it is neither safe nor economical to fly aircraft — fixed-wing 
or helicopter -  at speeds less than about 100 km/h. Aerial gamma-ray data must,
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TABLE XXL TYPICAL STRIPPING RATIOS FOR AIRBORNE GAMMA-RAY 
SPECTROMETERS PLACED ON LARGE CONCRETE CALIBRATION PADS

D im ensions o f  each 

sodium -iodide 
d etector (m m )

Stripping ratio3

a (3 7

102 X 102 0.47 0.65 0.99

152 X 102 0.41 0.57 0.94

229 X 102 0.39 0.52 0.90

292 X 102 0.37 0.50 0.88

a Only valid with the w indow  settings in Table XVIII.

TABLE XXII. SPECTROMETER SENSITIVITIES AT GROUND LEVEL FOR 
102-mm-THICK, CYLINDRICAL SODIUM-IODIDE CRYSTALS

Crystal

diameter
(m m )

Crystal
volum e
(c m 3)

Sensitivity per 1000 cm 3 o f  sodium  iodide

SK
(counts/s 
per %  K )

SU
(coun ts /s  
per ppm  eU)

(counts/s 
per ppm  eTh)

102 824 6.9 0.63 0.32

152 1853 7.0 0.65 0.33

229 41 70 7.0 0.65 0.34

292 6808 7 .0 0.65 0.34

accordingly, be acquired at a rate o f approximately one counting period per 
second, otherwise small radioactive anomalies at ground level may not be detected. 
Because o f  this demand, and because the flux o f  uncollided high-energy gamma 
rays is low even close to the ground (Table IX), a gamma-ray spectrometer for 
airborne use must be extremely sensitive.

A high sensitivity can be obtained by means o f  an array o f  large sodium- 
iodide detectors whose pulses are mixed electronically. Each single detector 
should have a scintillator thickness o f  about 100 mm and be at least 100 mm in 
diameter. The number o f  single detectors required depends on the survey altitude, 
the aircraft speed, and the counting statistics that can be accepted.
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Stripping ratios

Table XXI shows four typical sets o f  stripping ratios recorded over large 
concrete calibration pads. It is seen that single detectors with large diameters 
produce the smallest stripping ratios. This is because fewer high-energy gamma 
rays undergo a fractional energy loss in a large scintillator. However, a 
292 X 102 mm sodium-iodide crystal is faced by as many as seven 76 mm 
photomultiplier tubes. Unless the amplification factors provided by these are 
adjusted to be exactly identical, the stripping ratios will not be as small as stated 
for this detector size.

A stripping ratio is somewhat greater at aerial survey altitudes than at 
ground level, because a higher fraction o f  air-scattered gamma rays is detected 
in the high-energy counting windows. The increments shown by a, j3, and 7 
are almost independent o f  the detector dimensions and are approximately given 
by

Aa =  0.0004 z + 0.01

Aj3 =  0.0004 z + 0.01 (12)

Ay =  0.0005 z + 0.01

where z is the survey height expressed in metres o f  standard air. Formula (12) 
makes it possible to height-correct a set o f  stripping ratios recorded by means 
o f  concrete calibration pads.

Sensitivities and total-count coefficients

Naturally, these calibration constants are the greater, the greater the 
sodium-iodide volume o f the detector array. Table XXII shows that there is a 
direct proportional relation between this volume and the spectrometer sensitivities 
obtained at ground level. High-energy gamma rays are, consequently, detected 
with an almost constant efficiency per unit volume o f  the detector medium, 
and the total volume o f  the latter is the only important parameter in the design 
o f  high-sensitivity, spectrometric survey systems. In a calibration experiment with 
such a system the total-count coefficient aK is found to be roughly four times 
greater than sK — the sensitivity in the potassium window. The ratios a jj/sy and 
aT/sT can both be expected to have a value o f  between 14 and 20.

Sensitivities and total-count coefficients measured over large concrete 
calibration pads must be corrected for gamma-ray attenuation in the air before 
they can be used for the processing o f  aerial survey data. Correction factors, valid 
for nominal survey heights o f  50 and 125 m in standard air, are presented in 
Table XXIII. The height-corrected sensitivities should always be checked from
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TABLE XXIII. CORRECTION FACTORS FOR SENSITIVITIES AND TOTAL- 
COUNT COEFFICIENTS DETERMINED BY MEANS OF LARGE CONCRETE 
CALIBRATION PADS

Calibration
constant

C orrection factor

Survey height 
50 m

Survey height 
125 m

SK 0.55 0.27

su 0.59 0.31

Sip 0.64 0.35

aK 0.65 0.38

au 0.63 0.35

a^ 0.63 0.35

TABLE XXIV. APPROXIMATE VALUES OF THE EXPONENTIAL HEIGHT 
ATTENUATION COEFFICIENTS OF AN AIRBORNE GAMMA-RAY 
SPECTROMETER2

Counting
w indow

/ /X .1 0 3 m _I

Survey height 
50 m

Survey height 
125 m

Thorium 9 . 7.5

Uranium 10.5 8.5

Potassium 12 9.5

T otal-y 9 7

a Assuming an air density o f  1.293 m g/cm 3.

a flight over ground that must have essentially the same characteristics 
as the test strip selected for an airborne gross-count system (section 3.5.4). An 
independent estimate o f the spectrometer sensitivities is obtained by dividing the 
stripped window count rates by the known concentrations o f  potassium, uranium, 
and thorium in the ground. Examples o f  test strips used for this purpose are the 
Breckenridge test strip close to Ottawa (Canada) and the Dynamic Test Range 
at Lake Mead, not far from Las Vegas (USA).

44



Height correction factors

A test strip also makes it possible to determine a set o f  correction factors 
for signals recorded with a fluctuating amount o f  terrain clearance. Spectrometric 
signals do not, like gross-count signals, follow a simple, exponential attenuation 
function over a wide range o f survey heights. However, for deviations o f  less 
than about ±50 m from the nominal survey altitude the window count rates 
(background-corrected and stripped) can be fitted to an exponential function.
The height correction factors along a survey line may, therefore, be calculated by 
means o f  formula (9). The exponential height attenuation coefficient, n, 
ascribed to each counting window is the smaller, the higher the altitude at which 
the spectrometer is flown (see Table XXIV).

Dose conversion factor

The total count rate produced by any sodium-iodide scintillator, above an 
energy threshold o f  approximately 0.4 MeV, is a direct measure o f  the gamma- 
ray exposure rate contributed by a large geological source. This feature is one 
o f  the reasons for recommending a lower limit o f  0.41 MeV in the total-count 
window o f  a spectrometer. Because the signals recorded in this window o f  an 
airborne spectrometer can be used to estimate the gamma-ray exposure rate at 
ground level, an aerial survey carried out for uranium exploration purposes may 
contain valuable information on the radiation environment in which people are 
living.

Table XXV shows the approximate calibration constants by which the total 
count rates (background-corrected) o f  typical single detectors should be divided 
in order to obtain the number o f  microroentgens per hour at ground level. This 
number does not include the cosmic contribution to the exposure rate (3.6 nR/h 
at sea level). The equivalent, annual population dose can be evaluated from 
formula ( 1).

3.5.7. Gain stabilization

Spectrometrically-determined radioelement concentrations are not reliable 
unless the photomultiplier gain can be kept constant to within ± 1 % or better.
This stability requirement is quite easy to comply with in aerial gamma-ray 
spectrometry, because the detector array can be embedded in a thick layer o f 
thermally insulating material, plastic foam for example. The detector probe o f 
a portable spectrometer is very exposed to temperature changes, and it is generally 
necessary to monitor the photomultiplier gain, continuously or at frequent 
intervals. A low-energy source, positioned within the probe, can be used for this 
purpose. Barium-133, an artificial gamma-ray emitter with a half-life o f  7.5 years,
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TABLE XXV. FACTORS CORRELATING A TOTAL-COUNT SIGNAL 
(0.41 -  2.81 MeV) AND THE GAMMA-RAY EXPOSURE RATE AT 
GROUND LEVEL

Dim ensions o f  each 
sodium -iodide d etector 
(m m )

C ounts/s per /iR /h  fo r  on e  detector

Survey height 
50 m

Survey height 
125 m

1 0 2 X 1 0 2 11 6.3

152 X 102 23 13

229 X 102 47 27

292 X 102 73 42

is a suitable choice, because it produces a spectral peak at 0.355 MeV, just below 
the 0.41 MeV threshold provided by the total-count window. An error signal, 
indicative o f  photomultiplier gain drift, is obtained from a circuit that monitors 
the count rates in two very narrow spectral windows centered on either side o f 
the reference peak. This signal can be displayed on a meter and may be used to 
correct the photomultiplier high voltage, either automatically or through a manual 
adjustment.

3.6. TWO USEFUL CONCEPTS

3.6.1. Zone o f  influence

A gamma-ray measurement carried out over relatively flat and uniformly 
radioactive terrain can be ascribed a zone o f  influence that is the volume o f  rock 
that contributes a large fraction — 50% or more -  o f  the terrestrial signal. This 
concept is useful, because a zone o f  influence can be visualized as a geological 
sample. Even a 50% zone o f influence is quite large, much larger than any hand 
specimen. The surface extension o f  a zone o f  influence is a strong function o f  
the elevation o f  the gamma-ray detector; for airborne survey systems the ratio 
between counting time and aircraft speed is the other controlling parameter. 
Ground coverage can, generally speaking, be expressed in terms o f  a sampling 
area times the number o f  single measurements. This area is somewhat greater 
in a gross-count survey than in a spectrometric survey because o f  the remote 
origin o f some o f  the low-energy, scattered gamma rays.
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The zone o f  influence obtained with a steadily held portable instrument is 
bowl-shaped, and its intercept with the terrain surface is a circle ( ‘circle o f  
investigation’)- Over solid rock the 90% sample volume has a thickness o f  about 
30cm just below the point o f detection. For the uranium window o f  a portable 
spectrometer, the radii o f  the 50% and the 90% circles o f  investigation are 
approximately given by

R 50 ~  1.6 h (13)

R90 88 6.9 h

where h is the elevation o f  the detector probe. The approximate proportionality 
between sample radius and detector elevation shows that a detector carried on 
the back produces several hundred times more areal coverage than a detector 
placed directly on the ground.

The area sampled by an airborne survey system is an oval strip whose length 
is somewhat greater than the moving distance o f  the aircraft during a counting 
period. The width o f  the strip increases with the survey altitude, but is not 
proportional to the latter because o f  the greater attenuation o f  gamma rays with 
oblique angles o f  incidence. For the high-sensitivity spectrometer flown by the 
Geological Survey o f Canada, using a terrain clearance o f  ~  120 metres, 50 per 
cent o f  the counts in the thorium window can be ascribed to a strip o f  ~  130 metres 
in width.

3.6.2. Apparent radioelement concentration

Concentrations o f  potassium, uranium and thorium determined in situ may 
not be in good agreement with the concentrations that are found when rock 
samples collected in the survey area are analysed by gamma-ray spectrometry 
in the laboratory. Some o f  this discrepancy can be attributed to the statistical 
nature o f the accumulation o f  radioelements in small samples. However, 
spectrometric surveys — ground and airborne — are generally not very accurate, 
because the survey conditions are likely to diverge from the calibration conditions. 
Any radioelement concentration measured in a gamma-ray survey should, 
accordingly, be regarded as an apparent radioelement concentration. This concept 
also lends itself to gross-count surveys, provided the signals are reported in units 
o f  radioelement concentration (ur’s, cf. section 3.5.5).

When instrument sensitivities are measured over plane and homogeneous 
calibration (concrete calibration pads or test strips), the difference between an 
apparent and a real radioelement concentration can mainly be ascribed to one 
or more o f  the following factors:
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Geometry effects

Instruments calibrated in 2n planar geometry do not produce accurate results 
in rough terrain. At the base o f a steep cliff or a mountain side the solid angle o f 
detection may approach a value o f 37r; the radioelement concentrations may, 
accordingly, be overestimated by nearly 50%. Even when the terrain is relatively 
flat, the intended 2ir measuring geometry can only be obtained over large and 
homogeneous sources. The radiant areas formed by outcropping uranium ore 
are usually quite small, and it is generally not possible to assess a radiometric 
ore grade in 2ir geometry.

Methods o f  reducing the solid angle o f detection for portable instruments 
are mentioned in section 6 .

Overburden

A 10-cm-thick layer o f  soil attenuates the gamma-ray signals from the under
lying bedrock by a factor o f  3. Aerial gamma-ray surveys are, in fact, almost 
invariably surveys o f  soil radioactivity. Soils formed in situ reflect the radio
element geology o f  the exploration area (cf. section 2.2.5). Flooded areas, and 
areas covered by snow, should never be selected for a gamma-ray survey. Dense 
vegetation attenuates gamma radiation significantly, and before undertaking 
surveys in densely forrested areas it is recommended that trials are made to 
establish whether or not useful results can be expected.

Soil moisture

Radioelement concentrations determined in the field or from the air are 
not accurate when the ground material and the calibration source(s) have different 
moisture contents. The primary effect o f  a high soil moisture is to attenuate the 
gamma-ray flux from the ground. However, the exhalation o f  222Rn into the 
atmosphere is retarded by wet or frozen top soil. The extra contribution from 
gamma-ray-emitting radon daughters just below ground level tends to counter
balance the reduced flux o f  uranium gamma rays.

Matrix effects

Heavy elements act as very strong absorbers o f low-energy gamma rays.
For this reason abnormally low gross count rates are recorded over rock with a 
high abundance o f such minerals as barite and galena. The response o f a portable 
scintillation counter to high-grade uranium ore is a non-linear function o f the 
uranium concentration, and this function must be determined empirically.
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4. PLANNING OF GAMMA-RAY SURVEYS

4.1. GENERAL CONSIDERATIONS IN EXPLORATION

The importance o f comprehensive planning before commencing a new 
exploration programme cannot be overstressed. It must be the responsibility 
o f an experienced explorationist to ensure that all the relevant information has 
been tracked down, assembled as a whole, digested and assessed. A checklist 
should be prepared to ensure that no important considerations are neglected.
It is assumed that an area to be explored is determined in the first instance from 
a combination o f political, economic, and geological factors. The availability o f 
up-to-date and accurate topographic maps at a scale o f 1 : 100 000 or better, 
together with up-to-date air photographs o f good quality, should be considered 
as the first essential requirement without which no systematic exploration work 
can proceed. If such basic data is not available, then steps must be taken to 
obtain it and the proposed exploration programme shquld not proceed beyond 
office studies or a very preliminary field reconnaissance until the necessary 
topographic data is to hand. The office studies should include the examination 
o f all available information relating to geology, mineral occurrences (including 
ancient workings), vegetation, climate, surface hydrology, surface and air com
munications, general accessibility, availability o f labour, extent and results o f 
previous mineral exploration work. Exploration case histories, both successful 
and unsuccessful, from within the area, or from other areas which have similarities 
to the one under review, are particularly valuable. The methods to be used in 
a new exploration programme and the extent to which negative results are to 
be regarded as conclusive should be very carefully considered on the basis o f 
previous exploration experience. No method should be adopted on a large 
scale if there is reason to question its usefulness for the intended survey area.
If there are doubts about the effectiveness o f a method in a particular environ
ment, its capabilities should first be established through appropriate field trials.

4.1.1. Budgeting

An exploration programme may be directed towards an area where there is 
already a foundation o f reliable geological information, perhaps with some 
regional geophysics, and some known mineral occurrences, or it may be directed 
to an almost completely unknown area. A different approach would be required 
in each case. The probability o f  finding a new mineral deposit in a previously 
explored area is relatively low without the expenditure o f considerable effort; 
on the other hand the better known area has a better base on which to build a ' 
systematic scientific search, and thereby eventually find a non-obvious new 
deposit. In either case the objectives o f an exploration programme must be
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TABLE XXVI. GENERAL SEQUENCE OF EXPLORATION ACTIVITIES

Phase Purpose Air Ground Coverage and remarks

I Preliminary geological analysis Satellite imagery 
SLAR

To cover whole area

Topographic map production Air photography Topographic ground control To cover whole area; select 
critical areas for geological 
investigations

II Reconnaissance
Geophysics and Geochemistry

Aeromagnetic 
surveys v 

Radiometfic J

Geological ground control 
Regional geochemistry

To cover whole area. To 
produce regional maps at 
1 : 250 000; to eliminate ground 
from further investigation; 
to locate anomalous areas or 
gross features favouring the 
occurrence o f mineralization

III • Fill-in geology 
Geophysics 
Geochemistry

Aeromagnetic 
Radiometric 
Airborne Electro- 

Magnetic AEM

Ground follow-up o f  geo
chemistry and geophysics; 
supportive geological 
investigations

Limited to (for example) 30% 
o f area. To select zones 
meriting detailed ground 
investigation

IV Detailed surface 
exploration

Helicopter-borne
geophysics

All types o f  ground 
geophysics as applicable, 
i.e. electrical, seismic, etc. 
Soil and subsurface 
geochemistry. Pitting and 
trenching. Detailed geology

Limited to (for example) 5% 
o f area. To find and examine 
mineralization; to locate 
drill targets

V Subsurface exnloration Drilling Limited to (for example) 
0.05% o f area. To prove 
existence, grade and thickness 
o f  mineralization



carefully established, and particular care must be taken that they are realistic 
within the funds available. Unless a reckless gambler’s approach is being taken 
with extremely high odds against success, the available funding will either restrict 
the size o f an area to be explored, or it will only allow exploration to proceed 
to a certain stage pending the availability o f additional funds. The important 
point is that the choice o f methods to be used in a given area should not be 
dictated by the funding without very careful consideration o f the implications. 
Exploration should either be done efficiently and cost-effectively, or it should 
not be done at all.

Efficient exploration entails a planned sequence o f  activities. It involves' 
progressively narrowing down an area o f search using methods which either 
respond directly to the presence o f mineralization or to features which may be 
associated with mineralization. Exploration is continued either until one or 
more potential ore bodies have been found, or until there is sufficient informa
tion to justify the conclusion that no economic mineralization exists or is likely 
to be found with the methods, or within the financial resources available. At 
the beginning o f an exploration programme, when any or no part o f an area may 
contain a mineral target, it is desirable to use methods which have a relatively 
low cost per unit area for the purpose o f  eliminating ground. If, as a result o f 
this first phase, some smaller portion o f  the area can be shown to have greater 
potential for the occurrence o f economic mineralization, then it becomes 
justifiable to employ methods with a higher cost per unit area o f search. Drilling 
is by far the most expensive o f exploration activities. This is only employed in 
the final phase o f exploration, when all other techniques have been exploited 
to narrow down target areas to specific features which can be considered to have 
a reasonable probability o f  being mineralized.

4.1.2. Sequence and choice o f  methods

In any region a theoretical sequence o f exploration techniques can be 
devised with the details based on knowledge o f the region combined with 
experience from elsewhere. Depending upon how much exploration work has 
previously been done in the region, its quality and the availability o f results, a 
new exploration programme will begin either from first principles, or at some 
stage along the sequence o f  exploration activities. Table XXVI outlines a general 
sequence o f  exploration activities. No single area would necessarily justify the 
application o f all the techniques listed, and before an exploration programme 
moved on from one phase to the next, results would have to be reviewed to 
establish that the next phase is in fact justified.

The methods available for application include the analysis o f satellite 
imagery and aerial photographs. Side looking radar is particularly useful in 
areas where cloud cover is more or less continuous. A photogeological inter
pretation and airborne geophysics, principally magnetic and radiometric
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surveys, should be applied well ahead o f  intended ground work, so that results 
will be available in time to select critical areas, where the most significant geo
logical information can be obtained. If the terrain is suitable for ground access 
to collect samples, regional geochemistry should also be undertaken at an early 
stage before there has been a large investment in conventional geological mapping, 
so that, when the mapping does take place, attention can be given to features 
which might not otherwise be apparent to the naked eye. The initial phase o f 
airborne geophysics, like the geochemistry, would normally be undertaken along 
wide spaced sample profiles or flight lines in order to achieve maximum economy. 
It is sufficient at this stage to obtain only slight indications o f possible mineraliza
tion to serve as a basis to select ground for closer inspection in the next phase.
The next phase is essentially to confirm and delineate more exactly areas o f 
further interest. Detailed ground work is expensive, especially in remote areas, 
but, since drilling is even more costly, any anomalous features found as a result 
o f the reconnaissance or fill-in phases o f operations must be thoroughly checked 
out to determine their cause. It may be necessary to use magnetic, electro
magnetic, or seismic methods to delineate subsurface structure; electromagnetics 
or resistivity to search for conductive zones; induced polarization to search for 
disseminated sulphides, and so forth. If there is doubt as to the suitability o f  a 
given method in particular circumstances, then it is necessary to carry out trials 
in a representative test area. This applies to radiometric as well as any other 
exploration method.

4.1.3. Deposit types and genetic models

A major factor in the design o f an exploration programme must relate to 
the assumptions that are made with respect to the type (or types) o f uranium 
deposit that may exist in an area, or to the types o f deposit that are considered 
to merit serious exploration interest because o f economic considerations.
Whereas a government sponsored exploration programme may wish to take a 
long-term view, and attempt to identify all possible future sources o f uranium, 
an industry sponsored programme may wish to restrict its interest to deposits o f 
specific type which would present fewer technologic and economic uncertainties. 
In the former case the whole o f an area would be searched, whilst in the latter 
exploration might be restricted from the start to a particular geological formation 
or structure, on the grounds that it has the greatest probability o f containing 
a deposit o f  known type. However, in either case, an area which on geological 
grounds is considered to have the highest favourability, in terms o f existing 
knowledge, would be expected to receive the greatest attention before an 
exploration programme could be considered complete.

It is important to note that the number o f  types o f uranium mineraliza
tion which may be o f economic interest are increasing as the minimum acceptable
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grade decreases. Although the sandstone, conglomerate, vein and palaeosurface 
types o f mineralization will continue to be the most economically desirable 
targets, the possibility o f  viable deposits in other situations which are not so 
well known must be anticipated. For this reason it is not necessarily good 
practice to design an exploration programme to locate only that mineralization 
which conforms to a particular genetic model. In any case there is seldom 
unanimous agreement on all the supposed essential features which contribute 
to the formation o f a particular deposit type.

4.2. RELATIONSHIP BETWEEN AIRBORNE AND GROUND SURVEYS

The area which can be sampled by a single ground gamma-ray traverse is very 
much less than the area which can be sampled by a single airborne traverse. A 
shoulder high detector is dominated by the radiation received from a 10 m swath, 
whereas an airborne survey flown at 125 m will be responding to a width 25 times 
greater. An airborne system can traverse and collect gamma-ray spectrometer 
data 100 times faster than a person on the ground can traverse and take readings 
with a portable spectrometer. The rate at which an area can be covered is 
therefore — in this example — 2500 times faster with an aircraft. A more 
important consideration is that the person on the ground is greatly handicapped 
by patches o f thick vegetation, fallen trees, swamp or streams, or large outcrops, 
and may never reach crucial exposures because access is blocked by obstacles.
An airborne system is much less affected by such problems, so an airborne 
system can come much closer to searching 100% o f the surface in difficult 
terrain than can an army o f people on the ground.

In the general case, airborne surveys should precede ground surveys. Ground 
surveys should be made primarily as a follow-up to airborne surveys in order to 
locate, identify and, if necessary, sample anomalous features found from the air. 
Suitable airborne systems can be obtained which will provide adequate sensitivity 
to indicate whether it is warranted to undertake a detailed ground search. The 
specifications for any airborne survey need to be carefully controlled to ensure 
that desired detection limits and spatial resolution requirements can be met.
If there is any doubt about the ability o f a survey system to achieve desired 
standards, a suitable test should be devised.

Ground surveys should be used in preference to airborne surveys only 
where there is open country, permitting easy access to any point, and where the 
area to be covered is small. A disadvantage o f ground surveys employing a large 
number o f personnel is that with the large number o f instruments involved it 
may be difficult to maintain standardized readings and assemble a systematic 
compilation.

Carbome ground surveys can normally provide only a preliminary recon
naissance coverage, even in areas where there is a good development o f roads and
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tracks. This is because the height-above-ground o f  the detector cannot permit 
search o f  more than a 20 m swath, so that the search is at a considerable dis
advantage compared with an airborne survey at comparable traverse spacing. 
Roads or tracks normally take the easiest routes across rugged terrain and so may 
bypass significant features. Open prairie, or very low density woodland, provide 
the only environment where carborne surveys can compete equally with airborne 
surveys.
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5. AIRBORNE GAMMA-RAY SURVEYS

The primary advantage o f an airborne gamma-ray survey is that a large amount 
o f  data on the radioelement concentrations o f the exploration area can be 
obtained in a short period o f time. Airborne gamma-ray surveys are accordingly 
used during the reconnaissance and early follow-up stages o f a uranium explora
tion project. The purpose o f this section is to outline how airborne gamma- 
ray data acquisition systems are designed and operated to comply with various 
sets o f survey objectives. Systematic airborne reconnaissance for uranium is based 
on the use o f digital data recording followed by computer processing. The 
procedure o f converting a series o f  airborne gamma-spectrometric data into equi
valent radioelement concentrations at ground level is explained, and different 
approaches to presenting the converted survey data in an easily digestible form 
are mentioned.

5.1. SURVEY EQUIPMENT

5.1.1. Aircraft

The aircraft selected for an airborne gamma-ray survey must have excellent 
flying capabilities at speeds o f less than 200 km/h. The useful range o f survey 
heights is from a few tens o f  metres to about 200 m. These very low altitudes 
are potentially very hazardous from the point o f view o f flying safety. To 
minimize the risk o f accidents twin-engined aircraft with a high power-to-weight 
ratio should be used. Substantial skill and experience are required o f the pilot.

The most suitable kind o f  aircraft complying with these flying conditions 
is a helicopter. This is the only choice when the survey area is extremely rugged 
or mountainous. A helicopter is also required in typical follow-up operations, 
in which very slow and low flying is used to locate radioactive anomalies detected 
in a preceding reconnaissance survey. However, the cost o f operating even a 
small helicopter is high. Whenever possible, a fixed-wing aircraft, preferably 
twin-engined, should be used during the reconnaissance phase.

5.1.2. Gamma-ray recording system

A gross-counting survey system suitable for initial reconnaissance or anomaly 
chasing needs only comprise an inexpensive sodium-iodide or plastic scintillator, 
a ratemeter and an analogue strip-chart recorder. These units do not occupy 
much space, are o f light weight, and can, therefore, be flown in a very small 
helicopter or a small fixed-wing aircraft.
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FIG.3. Small analogue-recording system installed in an ALOUETTE III helicopter.

In systematic reconnaissance for uranium it is necessary to be able to detect 
any preferential enrichment o f this radioelement with respect to the two other 
radioelements, thorium and potassium. A spectrometric recording system is 
consequently required. Depending on the survey speed and the survey height, 
such a system must be equipped from 5000 to 50 000 cm3 o f sodium-iodide 
detector volume. The accumulation o f a set o f window counts typically lasts 
one second, and a new counting period is automatically started as soon as the 
previous counting period has ended. The counts are read out digitally on 
magnetic tape (paper tape recording is not recommended) and are also displayed 
in analogue form on a multi-pen strip-chart recorder.

Sodium-iodide detector arrays with sensitive volumes o f up to 10 000 cm3 
can be carried by a moderately sized helicopter, an Alouette III for example 
(Fig.3) or a small twin-engined plane such as the Britten-Norman Islander 
(Fig.4). Detector volumes o f  50 000 cm3 are used for rather faster reconnaissance 
surveys o f large and relatively flat areas and are normally flown by fixed-wing 
aircraft o f the size o f a DC3.

Whether or not a spectrometric survey system should include an upwards- 
looking detector unit for continuous monitoring o f the atmospheric radon 
background at 1.76 MeV depends on the radon emanation characteristics o f  the 
survey area and the prevailing meteorological conditions. It is probably true
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F IG .4. Digitally recording sp ectrom eter  used on  board a B R ITTE N -N O R M A N  ISLAN DER  
plane.

to say that such a detector unit is necessary in aerial gamma-ray surveys o f arid 
desert country in warm climatic zones. When the climate o f  the survey area 
is temperate or cool, it is generally sufficient to determine the total background 
count rates before and after each day’s survey operations. The incorporation o f 
an extra counting window with a lower energy limit o f 3 MeV facilitates the 
correction o f varying cosmic-ray background in surveys o f terrain with strongly 
varying elevations above sea level. In all other cases it is not necessary to monitor 
the cosmic-ray background.
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Radar altimeter

A standard piece o f  equipment in an aerial gamma-ray survey is a precision 
radar altimeter which provides a continuous monitoring o f the terrain clearance.
The altimeter signal should be displayed on a meter in front o f  the pilot to 
assist him in maintaining as constant as possible ground clearance. The altimeter 
signal is furthermore displayed on the analogue strip-chart recorder, and the 
mean clearance is also recorded in digital form at the end o f each counting 
period. This signal can be used to height-correct a series o f gamma-ray counts 
and may also serve as an aid in the recovery o f the flight lines. For example, 
when a steep and narrow valley is traversed, the radar altimeter registers an 
abrupt increase in the terrain clearance and this event can be used as a 
navigational fix.

Navigational aids

It is generally desirable to know the position o f  a survey line within an 
accuracy o f  a few hundred metres or less. The most precise positioning is 
provided by very expensive radar-ranging systems. Doppler systems are less 
expensive, but are less precise, and are dependent upon the reading provided 
by the aircraft compass. In most cases visual navigation is adequate, provided 
satisfactory topographical maps and recent aerial photographs o f  the survey 
area are available.

One way o f  facilitating the flight-line recovery is to make oral comments 
on the position o f the aircraft with respect to known features o f  the terrain.
These comments can be recorded on a small tape recorder and may be accompanied 
by the triggering o f an event marker operating on the analogue chart record.
Aerial spectrometric survey systems usually contain a master clock whose output 
is recorded digitally along with the gamma-ray signals. The clock signal can be 
used as a reference in the evaluation phase.

A survey aircraft is normally equipped with a camera or video-system 
providing a series o f  pictures o f the ground beneath the aircraft. For this 
purpose a wide-angle lense is required, and the pictures must be taken at frequent 
intervals, typically every fourth second or faster.

5.2. SURVEY PREPARATIONS

5.2.1. Legal matters

In many countries flying an aircraft at heights o f  less than 200 m is not 
allowed without permission from the appropriate authorities. It must also be

5.1.3. Ancillary equipment
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documented that the gamma-ray spectrometer and associated equipment is 
safely installed and does not affect the airworthiness o f  the aircraft.

5.2.2. Logistics

In many cases the survey area is remote, and it may be necessary to operate 
the aircraft from natural or man-made airstrips, where little or no ground support 
is available. It is important to consider steps to be followed in the event o f 
technical problems with the aircraft or the survey equipment as well as the 
possibility o f other emergencies arising. Before the survey operations are com
menced, the availability o f spare parts and sufficient fuel must be secured and 
an effective radio communication system must be available or established.

5.2.3. Other requirements

To prepare a set o f  survey lines, topographic maps and recent aerial photo
graphs o f  the survey area must be procured. For a detailed survey, planning is 
difficult without maps in a scale o f  1 : 100 000 or better.

5.3. OPERATIONAL PROCEDURES

Any spectrometric survey should be preceded by a calibration experiment 
in which the aircraft with recording equipment is parked on large concrete 
calibration pads o f known potassium-uranium-thorium concentrations. Such 
an experiment makes it possible to determine the stripping ratios, the sensitivities, 
and the total-count coefficients at ground level. The validity o f these calibration 
constants, corrected for gamma-ray attenuation in the air, can be verified by 
flying a suitably chosen test strip.

In the field it is very important to monitor the window settings as often 
as possible. This can be done by recording the count rates produced by small 
gamma-ray sources before and after a survey flight.

5.3.1. Initial reconnaissance

The purpose o f initial aerial reconnaissance is to decide whether or not it 
is worthwhile to make a systematic gamma-ray survey o f the area in question.
This decision can normally be made from a few tens o f hours o f relatively fast 
gross-count flying at an altitude o f  100 to 150 m. If the count rate remains 
fairly constant and low, this is reason to conclude that a more detailed gamma- 
ray survey will be o f  little value. Such a conclusion does not imply that the 
area is unfavourable for uranium exploration by other methods. A radon
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survey or a geochemical survey may prove successful in spite o f the absence o f 
gamma-ray anomalies in the terrain surface.

5.3.2. Systematic reconnaissance

The ideal flying pattern in a systematic reconnaissance programme is a set 
o f parallel and closely spaced survey lines intersected by a few tie-lines. A high 
sensitivity spectrometer installed on board a fixed-wing aircraft is typically flown 
in a height o f ~  125 m, in which case the strip o f ground producing the detected 
gamma-ray signals is approximately 250 m wide. Therefore, to obtain an areal 
coverage o f 100% in a typical fixed-wing survey there must be four flight lines 
per kilometre. Such a dense pattern is rarely warranted. Most regional surveys 
are carried out at line spacings o f between 2 and 5 km, corresponding to an 
areal coverage o f from 12 to 5%.

In rugged or mountainous terrain it is not possible to fly along a straight 
line. Instead contour flying is used, which implies that natural terrain features 
such as valleys and ridges are followed. For this kind o f  flying a helicopter is 
best suited. However, unless a large and expensive helicopter is employed, 
because o f the smaller detector volume that can be carried, the distance to the 
ground must be lowered to about 50 m. The amount o f flying required for a 
given degree o f  ground coverage is consequently greater under these survey 
conditions.

5.3.3. Anomaly chasing

Most airborne surveys produce a large number o f small radioactive anomalies 
caused by environmental effects (see section 2.4). These small anomalies seldom 
provide a direct indication o f uranium mineralization and are therefore usually 
o f minor interest. However, in some circumstancessmall anomalies may be o f 
critical importance. For example, in glaciated regions, anomalies caused by 
boulders originating from a uranium deposit at a distance. These boulders will 
contain a high relative concentration o f uranium and may consequently produce 
distinctive peaks on an aerial gamma-ray record. By plotting the locations of 
these anomalies on a map it may become possible to pinpoint a uranium deposit 
from the trace o f  a boulder train.

5.3.4. Follow-up measurements
The hopeful outcome o f  a systematic reconnaissance survey are one or 

more anomalous zones showing a preferential enrichment o f  uranium in the ground. 
The follow-up work may begin with a more detailed aerial gamma-ray survey 
o f the area in which anomalies occur. For this purpose it is adequate to fly
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a spectrometer equipped with about 10 000 cm3 o f  detector volume at low 
altitude (~  50 m) and at close line spacings (~  500 m).

When the exploration area has difficult ground access it is advantageous 
to make use o f a small helicopter in the continued follow-up work. The instal
lation o f a small gross-count detector (~  1000 cm3 o f  Nal) with ratemeter makes 
it rather easy to relocate even a small area of above-normal radioactivity. A 
subsequent landing can then be made for inspection, plotting, and sampling 
o f the locality.

5.4. DATA PROCESSING AND PRESENTATION OF SURVEY RESULTS

5.4.1. Reduction o f spectrometric survey data

The tapes with digital data from a spectrometric survey are normally 
processed on a large computer equipped with disk, plotter, and on-line terminals. 
If the information is not arranged as blocks o f 80 character standard card images, 
it may be advantageous to produce a new set o f tapes on which the data have 
this format.

Background subtraction

The first step o f  data processing is to correct the window count rates for 
background. Any set o f  two consecutive background determinations can be 
used to calculate an average background which is assumed to be representative 
o f the intermediate series o f survey data. When the atmospheric and/or the 
cosmic-ray background have been monitored continuously, it is possible to 
make allowance for rather short-term background variations.

Data smoothing

The background corrected signals in the high-energy windows are generally 
o f poor statistical quality and are, therefore, characterized by substantial random 
fluctuations. These fluctuations can, to some extent, be removed by the use o f 
smoothing techniques. The most simple kind o f  data smoothing is obtained by 
calculating a running average, in which a count rate is replaced by the average

TABLE XXVII. BINOMIAL WEIGHT FACTORS FOR SMOOTHING OF 
AERIAL SPECTROMETRIC DATA BY WEIGHTED AVERAGING OVER 
3, 5 OR 7 COUNTING INTERVALS

0.250 0.500 0.250
0.064 0.250 0.375 0.250 0.064

0.016 0.094 0.234 0.313 0.234 0.094 0.016
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count rate over a small number o f counting intervals, five for example. This 
procedure results in a considerable loss o f ground resolution. It is more con
venient to introduce a running average in which the data points are ascribed a 
decreasing weight the more they are separated from the central data point.
Weight factors forming a binomial distribution do not seriously, affect the ground 
resolution. Values for weighted averaging over 3, 5, and 7 counting intervals are 
listed in Table XXVII.

Stripping and height correction

For each data point a ‘stripped’ uranium count rate and a ‘stripped’ 
potassium count rate are calculated from the Eqs (11). It is often sufficient 
to directly use the three stripping ratios determined from measurements on 
large concrete calibration pads. However, to be fully correct, the altimeter 
signal should be used to calculate a set o f height-corrected stripping ratios for 
each data point, see Eqs (12).

The stripping procedure is followed by the application o f exponential 
height correction factors to all the window count rates, by which these become 
normalized to the nominal survey altitude. The exponential height attenuation 
coefficients are determined from calibration flights over a test strip. If the 
coefficients are stated in terms o f attenuation per metre o f standard air, the 
altimeter readings should be converted into metres o f standard air. For this 
reason it is desirable to know the temperature and the barometric pressure 
when the survey data were recorded.

Conversion into concentration units

Equations (10) are finally used to calculate the ground-level concentrations 
o f potassium, uranium and thorium along the survey lines. The data acquired 
in the total-count window are conveniently converted into units o f radioelement 
concentration (ur), cf. formula (7). Reliable estimates o f the three spectro
meter sensitivities and the factor correlating the total count rate and the number 
o f ur are most easily obtained from a calibration flight over a test strip with 
known radioelement concentrations.

5.4.2. Data presentation

Radiometric profiles

One way o f presenting the result o f a spectrometric survey is to prepare 
a set o f radiometric profiles from the data acquired along each survey line. An 
example o f such profiles is shown in Fig.5. They give, in compact form, a
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picture o f both the four spectrometric signals -  total-count (integral), potassium, 
uranium and thorium — and the concentration ratios — U/Th, U/K, and Th/K — 
derivable from these. Anomalies are picked up from one or the other o f  these 
seven survey signals. A preferential uranium enrichment is detected by inspecting 
the profiles U/Th and U/K. The matching between a specific radiometric feature 
and the corresponding terrain position is facilitated by also plotting the navi
gational fixes as well as the profile shown by the altimeter signal.

When the survey lines are essentially straight and parallel, the profiles shown 
by any survey signal can be stacked in order to obtain a two-dimensional 
representation o f the survey result.

Contour maps

Data recorded in a high-sensitivity reconnaissance survey carried out along 
parallel lines can be contoured using special computer algorithms. Figure 6 
shows a contoured map o f surface eU concentration over a 14 000 km2 
standard map sheet in Manitoba, Canada. The map is based on 5 km spaced, 
north-south flight lines. This survey delineated a 40 km wide south-west to 
north-east extension o f the Wollaston trend worthwhile o f a follow-up survey 
in which line spacings o f  1 km were used.

Histograms

Another approach is to divide the survey data into groups or classes which 
do not depend on the actual survey pattern. The classification o f  the data is 
only governed by such factors as bedrock or soil geology, degree o f bedrock 
exposure, and type o f terrain. Aerial photographs or existing geological maps 
may be used to determine the boundaries o f  the subdivisions. Each parameter 
within a specified class has a certain frequency distribution which can be plotted 
in the form o f a histogram. By comparing these histograms it may be possible 
to judge whether a particular geologic unit has any interesting radiometric 
characteristics. These latter may be recognized as an unusually long tail shown 
by the histogram o f the eU, eU/eTh or eU/K frequency distributions.
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6. GROUND GAMMA-RAY SURVEYS

6.1. GENERAL

Ground surveys are carried out on foot along random or surveyed traverses 
or in light vehicles along roads and tracks. In open country vehicles may make 
systematic traverses. The characteristics o f  ground gamma-ray surveys which offer 
potential advantages or disadvantages to an exploration programme are

(a) The area o f ground sampled by a simple ground gamma-ray traverse is 
very much less than the area sampled by simple airborne gamma-ray traverse.
The narrow width covered by a ground gamma-ray traverse makes the method 
unsuitable for the primary exploration o f large areas. However, the resolution 
possible with a ground gamma-ray survey is a distinct advantage to search for 
and investigate small or weakly radioactive sources;

(b) The operational plan for a ground gamma-ray survey can be varied during 
the course o f the work to suit changes in the level o f radioactivity, changes in the 
distribution and nature o f outcrop, or to follow up sources o f radioactivity located 
during a survey;

(c) Equipment for ground gamma-ray surveys is o f  comparatively low cost 
and operators require only a small amount o f training;

(d) The reduction, correction and presentation o f  ground gamma-ray survey 
results is simple and can be carried out in the field;

(e) Ground gamma-ray surveys can be corrected for the effects o f very rugged 
terrain by using a differential filter;

( f)  Ground gamma-ray surveys can be carried out in conjunction with other 
geological, geophysical or geochemical surveys.

6.2. APPLICATIONS

Because ground gamma-ray surveys have the advantage o f  high resolution 
and the disadvantage o f a high cost per unit area, the method is most effectively 
used to

(a) find and investigate anomalies indicated by more regional surveys,
(b) provide preliminary information on the radioactivity and radioelement 

concentration o f outcrop and soils in an area prior to the design and execution 
o f an airborne gamma-ray survey,

(c) systematically search for additional radioactive outcrops or areas o f 
abnormal radioactivity in areas adjoining known anomalies, or along controlling 
geological trends,

68



(d) provide a primary exploration tool when organizational problems prevent 
the use o f airborne surveys,

(e) assist during routine geological traversing and prospecting by examining 
the radioactivity and radioelement concentration o f  rock specimens and outcrops,

(f)  provide a guide to ore grade by indicating the radioelement concentration 
o f exploration pits and trenches.

6.3. INSTRUMENTATION

A major factor in the success o f a ground gamma-ray survey is the choice 
o f  a suitable instrument. Instruments used in ground surveys are the Geiger-Miiller 
counter, the scintillation counter, and the gamma-ray spectrometer. A wide variety 
o f these instruments are produced commercially and a comprehensive review o f the 
technical requirements o f  gamma-ray instruments has been made by the IAEA.
A useful summary o f  the characteristics o f  scintillation counters and spectrometers 
available in 1975 was made by Hood.

Instrument characteristics which are most important for field work are sensi
tivity and reliability.

Sensitivity. As explained in section 3, the sensitivity o f  a gamma-ray survey 
instrument is a measure o f its intrinsic response to uranium gamma radiation and 
depends on the efficiency and size o f the detector. The sensitivity o f  an instrument 
greatly determines whether useful results will be obtained whilst it is moving.

Reliability. To ensure that work can proceed according to schedule and results 
are obtained from field gamma-ray surveys, instruments must be designed to with
stand moderate physical shocks and extremes o f temperature and humidity. In 
particular, it is important that the electronic circuits remain stable during the 
course o f a survey.

6.3.1. Geiger-Miiller counter

The Geiger-Miiller counter (GM) is the cheapest type o f field radioactivity 
instrument. It is robust and easy to use but is insensitive.

6.3.2. Scintillometer

A scintillometer is the most useful gross-count instrument and is an essential 
tool in uranium exploration.

The portable scintillation counters are light, sensitive and simple to use.
They are most commonly hand-held but can be operated while traversing with 
a light vehicle, bicycle or even animal. The detectors in portable scintillation 
counters are 25 X 25 mm or larger Nal crystals and the intensity o f  gamma 
radiation is displayed on a ratemeter having time constants o f from 1 to 20 seconds.
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( a )  Me a s u r e m e n t  wi thout  F i l t e r  ( I o )

( b )  M e a s u r e m e n t - w i t h  F i l t e r  ( I f )

( c )  C a l c u l a t i o n  o f  R a d i o e l e m e n t  C h a r a c t e r i s t i c s  ( Q )  of  S o m p l e  

Q  = K ( t o -  I f )

w h e r e  K is a c a l i b r a t i o n  c o n s t a n t

FIG. 7. A pplication  o f  the differential filter  to  quantitative in situ radiom etric assays.
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Continuous monitoring o f gamma-ray intensity is simplified by the provision o f  a 
variable pitch audio signal which responds to the ratemeter count rate and can be 
set to operate above a pre-set threshold, with rising pitch as count rate increases. 
Applications for the portable scintillation counter in uranium exploration include: 
locating and delineating the extent o f gamma-ray anomalies detected by airborne 
surveys; making in situ grade estimates; selecting material for sampling; mapping 
o f  gamma-ray intensity along surveyed and random traverses.

Scintillometers specially designed for surveys from vehicles are heavy, bulky 
and consequently expensive. They are usually modifications o f  airborne systems.
The detector is usually mounted on the vehicle roof or on a boom above and 
behind the vehicle to increase the area sampled by the detector. The detector 
commonly consists o f a 76 X 76 mm or larger Nal crystal and requires special 
shock, thermal, dirt and moisture protection. Output o f  the vehicleborne scintillo
meter is normally by ratemeter and the results are recorded continuously on analogue 
charts. An audio signal should be available to monitor the output. Applications for 
such equipment include the preliminary reconnaissance o f  prospective areas by 
mapping changes in the radiation intensity along tracks and roads, and the detailed 
exploration o f small areas in open flat country by close spaced traverses.

The ability o f scintillometers to make in situ measurements o f  radioelement 
concentrations is enhanced by the use o f  a brass filter to eliminate the problem 
o f  background corrections and provide a standard sample geometry. The principle 
o f  the differential filter is illustrated in Fig.7. The most important application for 
the differential filter is in making radiometric surveys in mines and pits where it is 
necessary to correct for strong radiation arising from a three-dimensional source 
surrounding the area to be sampled. The effects o f  extraneous sources are removed 
in differential filter measurements by subtracting the reading with the filter in place 
from the reading obtained without the filter. Sample geometry remains standard 
if all measurements are made with the source, shield and detector in a fixed 
geometric configuration.

To ensure a fixed geometric configuration, it is necessary to employ a suitable 
frame which can be placed in contact with the ground or sample, and into which 
the filter and detector can be inserted in a fixed position. The size o f  the sample 
investigated by differential filter measurements is governed by the height o f the 
detector-filter assembly and the solid angle subtended at the detector by the 
filter. The accuracy o f  measurements with the differential filter is greater when 
the difference between the results obtained with and without the filter is large.

6.3.3. Threshold spectrometer

The threshold spectrometer uses pulse-height discriminators to measure the 
gamma-ray intensity above one or more energy thresholds which are located below 
the 40K photopeak and the principal photopeaks o f  214Bi and 208T1. Stripping

6
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ratios for threshold spectrometers are large and introduce high statistical errors 
into stripped uranium channel count rates at normal crustal concentrations o f 
uranium. Hence, in modern exploration programmes, the differential spectro
meter has largely replaced the threshold spectrometer for field gamma-spectrometer 
surveys.

Most threshold spectrometers have small detectors which produce count 
rates which are too low for satisfactory use in systematic surveys. Threshold 
spectrometers are suitable for crude spot-checking the source o f gross-count 
anomalies.

6.3.4. Differential spectrometer

This instrument is designed to accept gamma pulses in selected portions o f 
‘windows’ within the gamma spectrum. Differential spectrometers used in ground 
surveys generally have four windows or channels which should be set as shown in 
Table XVIII.

The portable differential spectrometer commonly consists o f  a 76 X 76 mm 
or larger Nal detector and counts in the four windows are recorded simultaneously 
by digital scalers. Counting time can be varied, commonly from 1 second to 
10 minutes and the total count channel can often be used with a ratemeter output. 
The cost and weight o f  a differential spectrometer, and the greater care required 
in its operation tend to preclude its casual use by geologists and prospectors in the 
way a scintillometer may be used. The differential spectrometer is essential in 
uranium exploration whenever there is a need to positively identify uranium rich 
zones as distinct from thorium. The instrument should be operated at all times 
by trained personnel who are familiar with standardizations and calibration 
procedures, and follow them rigorously. A ground spectrometer survey proceeds 
much more slowly than a scintillometer survey because o f  the greater time required 
to obtain readings and therefore a quick ground reconnaissance with a scintillo
meter may usefully precede systematic ground work with a spectrometer. Spectro
meters can be advantageous in the search for buried deposits which only produce 
a small uranium anomaly at the surface in the presence o f more abundant thorium 
and/or potassium. Detailed work is best carried out by systematic traversing along 
surveyed grids, the spacing o f which will depend on the dimensions o f  the target 
sought. The differential spectrometer can be used to investigate the uranium 
concentration o f rock specimens and ores including those high in thorium, but 
only if suitable standards are available.

Differential spectrometers are commonly used in vehicleborne surveys but, 
due to the short counting time or time constant demanded by the moving detector, 
an Nal crystal o f at least 150 X 100 mm, preferably larger, is required to achieve 
a statistically satisfactory count rate in the potassium, uranium and thorium 
channels. In general, vehicleborne differential spectrometers employ a ratemeter 

«
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TABLE XXVIII. COST OF GROUND GAMMA-RAY INSTRUMENTS

Instrument Features Cost (US$)

Portable GM counter 300 -  500

Portable scintillation counter 25 mm X 25 mm detector. 
0.1 MeV threshold.
Audio alarm

- 800 -  1200

Portable differential spectrometer 76 mm X 76 mm detector.
4 channels simultaneously recorded. 
Digital scaler.
Facility for remote ratemeter. 
Spectrum stabilizer.

■ 6000 -  8000 

2000

Carborne scintillation counter 152 mm X 102 mm detector 
package.
Counter, power supplies, 
analogue recorder.
Mounting.

4000 -  5000

2000 -  3000 
1000

Carbome differential Two 152 mm X 102 mm detector 
package.
4-channel spectrometer, 
spectrum stabilizer, power 
supplies, multichannel 
analogue recorder.
Mounting.

9000 -  12 000

8000 -  10 000 
2000

output. The vehicleborne spectrometer provides a lower cost alternative to an 
airborne gamma-ray spectrometer survey when terrain and access is favourable. 
(See section 4.2.)

Cylindrical lead-shield collimators can be used in conjunction with a gamma- 
ray spectrometer detector to provide a small but standard sample geometry.
To be effective, the lead collimator must be 50 mm in thickness. The resulting 
mass is inconvenient for most applications.

6.3.5. Cost o f  instruments

The cost o f ground gamma-ray instruments is mainly governed by the size 
o f  the detector and the degree o f  sophistication o f  the electronic circuits which
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count, record and control the response o f the detector. A guide to the cost of 
typical ground gamma-ray instruments is shown in Table XXVIII.

6.4. INSTRUMENT CALIBRATION

6.4.1. Gross-count instruments

To ensure that the results o f  gross-count surveys are consistent and can be 
compared with the results o f  other surveys it is important that the response 
characteristics o f  gross-count instruments are known and monitored.

Gross-count instruments should be calibrated in radioelement units (ur) 
using the method described in section 3.5.4. Any convenient reference source 
can be used to monitor the consistency o f  an instrument in the field.

6.4.2. Calibration of spectrometers

To ensure that the results o f  gamma spectrometer surveys are meaningful, 
consistent, and can be compared with other surveys, it is essential that gamma-ray 
spectrometers are carefully calibrated according to manufacturers’ instructions.

A gamma-ray spectrometer should be calibrated at least at the beginning 
and end o f  each field season, but between calibrations instrument response can 
be checked by using small thorium, uranium and potassium sources.

6.5. INSTRUMENT OPERATION

Most ground gamma-ray instruments are reasonably easy to use in the field. 
However, the instruments must be treated with reasonable care if reliable results 
are to be obtained. Furthermore, as the relationships between the response o f a 
ground gamma-ray instrument and the geometry, radioelement concentration and 
geology o f  radioactive sources is very complex, it is necessary to operate instruments 
in a standard and systematic manner if results are to be interpreted in detail.

Some o f the procedures which should be observed when operating a ground 
gamma-ray instrument in the field are:

Operator training
Before commencing to use an instrument, an operator should have a thorough 

knowledge o f  the operating procedures and the requirements for testing and 
maintenance. It is particularly important for the operator to know what constitutes 
normal and abnormal results, so that he can check for instrument malfunctions.
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To facilitate the proper care and use o f  instruments, a comprehensive handbook 
describing the equipment and its operation should be supplied by the manufacturer 
when the equipment is purchased.

Handling

Although ground gamma-ray instruments will operate satisfactorily under 
a wide variety o f field conditions, the detector assemblies are relatively fragile 
and can be broken by mechanical shocks. Hence care should be exercised when 
using, transporting or storing ground gamma-ray instruments. It is essential for 
instruments to be placed in a strong, well-padded container during transport or 
storage. It is not sufficient merely to label equipment as ‘fragile’ .

Temperature
As the operating characteristics o f the photomultiplier tubes in scintillometers 

and spectrometers are temperature dependent, these instruments should be allowed 
to reach ambient operating temperature before calibration tests or surveys are 
undertaken. Detector crystals can be damaged by rapid changes in temperature and 
therefore instruments should not be subjected to sudden changes in temperature 
or left exposed to the sun for long periods. Crystals should be protected from 
overnight cooling.

Moisture

Since detector crystals are hygroscopic, they must never be exposed to 
moisture. For this reason, detector-photomultiplier assemblies are hermetically 
sealed and should never be opened in the field. The electronic circuits in a gamma- 
ray instrument may also become inoperative if subjected to excessive moisture. 
Hence instrument cases should be water-tight and contain a satchel o f hygroscopic 
material such as silica-gel.

Batteries

The battery charge should be checked before and during a survey. Batteries 
should be removed from an instrument if it is to be shipped or stored.

Circuit testing

Care should be exercised if for any purpose the electronic circuits o f  a 
gamma-ray instrument are exposed. The high voltages used in the detector assembly 
can damage circuit components if incorrect testing procedures are employed. Also
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note that some gamma-ray instruments can be damaged if the equipment is operated 
with the probe disconnected.

Contamination

If for any reason an instrument or probe comes into direct contact with 
radioactive material, it is essential that the surface o f the instrument be thoroughly 
cleaned to avoid contamination o f  the instrument by the radioactive material.
Note that a very small quantity o f  strongly radioactive material can cause a serious 
contamination problem. Care should also be taken to ensure that calibration 
standards, rock samples and other radioactive sources are kept well away from the 
instrument during the course o f a survey. This particularly applies to vehicle- 
mounted surveys.

Calibration

The performance o f ground gamma-ray instruments should be regularly 
checked by calibrating the response against standard reference sources. A simple 
check can be performed by making a measurement at the same point at the 
beginning and end o f  every field day.

Measuring range

The sensitivity o f  a ratemeter output is controlled by a range switch. Typical 
scintillation counters offer measuring ranges o f from 10 to 2000 ur, and it is 
important to choose a measuring range which suits survey objectives. In general, 
the measuring range chosen should be no more than two or three times the expected 
average response.

Counting time
The measurement o f gamma radiation is subject to statistical errors and the 

accuracy o f measurement increases with increasing counting time or time constant. 
To ensure that a measurement will have sufficient accuracy to detect the response 
being sought, an estimate o f the required accuracy o f  measurement should be made 
using the statistical relationships outlined in section 3.3.4.

For most applications where a portable scintillation counter is used to search 
for radioactive sources, a time constant o f about 3 seconds is suitable. However, 
if it is intended to record the response at stations on a grid, a time constant o f 
around 10 seconds is more practical.

Before commencing a spectrometer survey, thought must be given to the 
minimum number o f  counts required to achieve the desired statistical accuracy 
and counting times should be varied as necessary to reach the minimum.
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Instrument dead-time
Measurements o f  very high levels o f  radiation may require dead-time cor

rections as described in section 3.3.4. Dead-time corrections are rarely required 
in exploration surveys but may be essential if ore-grade material is being assayed.

t

6.6. FIELD MEASUREMENTS

6.6.1. Background
The gamma radiation measured in a ground gamma-ray survey is derived 

from a variety o f  geological and non-geological sources. Radiation which does 
not arise directly from the earth is called ‘background’ .

The intensity o f ‘background radiation’ varies with altitude, geographic 
location, and especially meteorological conditions. At sea level, under stable, 
dry conditions, the background measured by a ground scintillation counter is in 
the range from 2 to 5 ur. Under similar operating conditions the background 
measured by a typical differential spectrometer operated with window settings 
similar to those described in Table XVIII is equivalent to about 0.5% K for the 
potassium channel, 1 to 3 ppm eU for the uranium channel and 1.5 ppm eTh for 
the thorium channel.

For these reasons, in order to maximize the sensitivity o f  exploration infor
mation, the ‘background’ should be subtracted from all field measurements.

6.6.2. Detector-source geometry

The response o f a ground gamma-ray instrument is very susceptible to changes 
in size, location and geometry o f  radioactive sources. To ensure consistent measure
ments on a traverse, the relationship between the detector and ground should be 
constant. With hand-held instruments it is convenient to hold the detector at waist 
height to minimize the effects o f  local variations in surface topography and radio
element concentration.

Significant changes in the response o f a gamma-ray detector will occur in 
rough terrain. Geometric changes o f this nature will occur if measurements are 
being made in steep ravines or on irregular angular outcrops.

6.6.3. Size and location of sources

The results o f ground gamma-ray surveys are expressed or interpeted in units 
o f  apparent radioelement concentration. However, the concept o f  apparent 
radioelement concentration implies that radioactive sources are large and
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( a )  D E T E C T O R  A T  O N E  M E T R E

Detector-source Distance (m)

Geological threshold -t 3 ppm eU t 12 ppm e T h , 3 % K

......... . Gross-count

—  —  Spectrometer

1 5m diameter source , 3 0 0 0  ppm eU

2 2m diameter source, 1000 ppm eU

(b) DETECTOR AT TWO METRES

Detector-source Distance (m)

FIG .8. E ffe c t  o f  source size and location on the response o f  ground gamma-ray instruments.
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homogeneous. In many ground surveys the sources o f interest are likely to be 
small or located away from the detector and in these cases the response o f the 
detector may not indicate the true radioelement concentration o f the sources sought 
(Fig. 8).

In ground gamma-ray surveys, the area sampled by a detector is quite small 
and strongly radioactive sources, located away from a traverse, may not be detected 
as significant radiometric anomalies. For example, if a 5 m diameter source 
containing 3000 ppm eU were located 10 m away from a hand-held spectrometer 
traverse made across typical metasediment, the spectrometer response would 
indicate a less than five-fold increase in the apparent concentration o f uranium. 
However, if the traverse were again made with the spectrometer at a height o f 
2 m, the spectrometer would indicate up to an eight-fold increase in the apparent 
concentration o f  uranium. Alternatively, if the hand-held spectrometer traverse 
was made only 5 m from the source, the spectrometer would indicate a greater 
than thirty-fold increase in the apparent concentration o f uranium.

Other points have important implications for the design and interpretation 
o f ground gamma-ray surveys:

(i) to investigate a survey area thoroughly by a ground gamma-ray survey 
it may be necessary to use a very close traverse and station spacing which might 
be as small as 5 metres;

(ii) the area o f search o f  a gamma-ray survey is increased if the detector is 
placed as high as possible above the ground;

(iii) spectrometer surveys are potentially more sensitive to uranium than 
are gross-count surveys;

(iv) quite small radiometric anomalies may arise from strongly radioactive 
sources which are only a few metres away from a gamma-ray detector;

(v) in many ground gamma-ray surveys, the radioelement content o f the 
ground may vary considerably over small distances due to changes in lithology
and cover. Hence anomalies may need to be several times larger than the geological 
threshold before they can be considered as significant. Anomalies which are at 
least three times the geological threshold would be considered significant in most 
ground gamma-ray surveys. At normal crustal concentration o f  radioelements, 
a gross-count anomaly o f three times geological threshold could indicate a ten
fold increase in apparent eU. Similarly a three times geological threshold anomaly 
in a spectrometer survey would indicate a three-fold increase in apparent eU;

(vi) a moving detector will respond to small or remote sources for only a 
very short time;

(vii) in gross-count surveys the concentration o f  radioelements other than 
uranium will influence the ability o f a survey to detect changes in uranium 
concentration.

(viii) roadbed material is always taken from the most convenient source, 
which may be a quarry or mine dump containing material which is not representa
tive o f the geology adjoining the road; in vehicle traverses roadbed material should
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always be checked as the possible cause o f a high uniform radioactivity response; 
narrow, minor roads with the minimum amount o f extraneous material are 
preferable for vehicle mounted surveys if it is not possible to drive across country.

6.6.4. Systematic traversing

Systematic traversing is usually the best sampling pattern when a ground 
gamma-ray survey is to be the principal means o f  locating uranium mineralization. 
In systematic traversing, the variation o f gamma-ray intensity (or radioelement 
concentration) in the survey area is thoroughly investigated by gamma-ray 
measurements along close spaced, predetermined lines. The traverses are preferably 
parallel and are perpendicular to strike, but may parallel strike if a single rock 
unit is being investigated in detail. The lines are located by pegging or by the use 
o f  air photographs and good quality topographic maps. If the results o f a survey 
employing systematic traversing are to be interpreted in some detail, it is ncecessary 
to ensure that the location o f measurements is well controlled with respect to 
geological and geographic maps o f the survey area.

The spacing o f  traverses and stations required for systematic traversing 
depends on the instrument characteristics, the height o f the detector, the survey 
area geology, and the expected size o f  the target being sought. As a guide to the 
traverse and station spacing required for poor exposed uranium mineralization, 
a station spacing o f  5 m and a traverse spacing o f  about 5 m may be required to 
cover ground thoroughly. In general, it is desirable to extend traverses beyond 
the area o f  immediate interest so that the radioelement concentration o f the 
prospective area can be compared with its surroundings.

In systematic traversing with a hand-held instrument it is desirable to record 
the measurement o f  gamma-ray intensity at regular intervals (stations) along 
traverses. Between stations, gamma-ray intensity should be continuously 
monitored.

Vehicleborne surveys using large detectors usually permit continuous moni
toring o f the gamma-ray intensity if the vehicle is moved at a slow speed. For 
very high accuracy in vehicleborne spectrometer measurements it may be necessary 
to stop the vehicle for a suitable time at each station.

6.6.5. Random traversing

In random traversing the variation o f gamma-ray intensity (or radioelement 
concentration) in the survey area is investigated by gamma-ray measurements 
along random traverses determined by the distribution o f  roads and tracks in the 
survey area or the location o f  outcrops and favourable lithologies. A moving 
detector (foot or carborne) is the normal mode with which gamma-ray
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measurements are made during random traversing, but stationary measurements 
may be made on outcrops or in areas where a high radioactivity is indicated.

Note that random traversing does not result in the thorough investigation 
o f  the radioactivity o f a survey area.

Random traversing is most commonly used when the gamma-ray survey is 
not the primary exploration tool but is being used in conjunction with other 
investigations such as geological mapping. However, random traversing may be 
a useful prelude to an extensive systematic survey. Similarly, random traversing 
with a vehicleborne detector is a low cost method o f making a preliminary 
reconnaissance o f  the radioelement distribution and exploration potential o f 
new areas.

6.6.6. Spot measurements
In some stages o f  an exploration programme, gamma-ray measurements will 

be required for the detailed investigation o f the radioelement concentration o f  
selected outcrops, costeans, rock samples and drill cores. Surveys o f  this type 
may be made during the reconnaissance stage o f exploration or after an area 
which contains significant concentrations o f uranium has been found. Spot 
measurements are normally carried out using a hand-held instrument. If direct 
assays are required, a differential filter or collimator will be essential as will 
appropriate standards.

6.6.7. Survey sensitivity

The sensitivity o f a ground gamma-ray survey to changes in the apparent 
concentration o f uranium is largely determined by the counting statistics which 
are a function o f detector volume and counting time. The required sensitivity 
o f a survey is dictated by the survey objectives, particularly the size and radio
element concentration o f the anticipated targets. In practice sensitivity is a 
compromise between equipment cost, survey time available and theoretically 
desirable detection limits.

6.6.8. Documentation

It is essential that the results o f all ground gamma-ray surveys are properly 
recorded. Depending on the instruments used and the objectives o f the survey, 
the results o f  a ground gamma-ray survey may be recorded in notebooks, on paper 
charts or in rare situations on magnetic tape. As a minimum the location o f  all 
measurements should be recorded and some attempt made to record the results 
in a descriptive or quantitative form. The principal facts required are:

(i) the area o f  the survey
(ii) instruments used and their sensitivities
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(iii) survey mode (vehicle or foot mounted, random or systematic traverses 
or spot measurements, moving or stationary detector)

(iv) location o f  measurements: A map or air photograph showing the location 
o f  all traverses, station and spot measurements should be presented with 
the survey results. Ideally this map will provide information on the 
geography, geology and topography o f the survey area

(v) radiometric results
(vi) background

(vii) geological and geographic information: To assist in the interpretation 
o f  results, all notable geological and geographic features should be 
recorded.

6.6.9. Presentation o f  results

Compilation o f  the results o f ground gamma-ray surveys is an important 
prelude to interpretation. Hence even the simplest surveys should be recorded 
and presented in some form. Results are commonly presented as tables, profiles 
or contours, but statistical analyses might be appropriate in some cases.

If surveys are conducted with a moving detector, it is not usually possible 
to present the results in a quantitative form unless the results have been automati
cally recorded.

Tables

The listing o f  ground gamma-ray survey results in a table is a simple method 
o f presenting the results o f  surveys involving measurements at station or irregular 
locations. In addition to radiometric results, tables should also show the location 
o f  measurements and a description o f  the rocks sampled.

Tables provide a guide to the distribution o f radioelements in various units 
but do not easily show the distribution o f  radioelements in the survey area. 
Because o f the limited scope for interpretation offered by tables, this form o f 
presentation is best reserved for surveys where the distribution o f measurements 
is too wide and irregular for spatial interpretations to be meaningful.

A good alternative to the presentation o f results in a table is to show the 
radiometric results as numerical values directly on a suitable geological or topo
graphic map.

Profiles

Gross-count surveys. The plotting o f gross-count survey results as profiles 
is a very effective method o f  presenting the results o f surveys where results are
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continuously recorded or regularly spaced such as in systematic or random 
traversing. Profiles present survey results in a graphical form, where one axis is 
the distance along the traverse and the other is the magnitude o f  the gamma-ray 
measurement. To assist in correlating geological and radiometric data, the profiles 
along all traverses should be plotted on a transparent base map which is the same 
scale as other geological and topographic maps. The vertical scale chosen for the 
profile should allow variation in geological threshold to be easily observed and 
should ideally permit a profile amplitude o f  50 ur to be accommodated between 
adjacent traverses. Depending on the accuracy o f  measurements and the objectives 
o f  the survey it may be necessary to correct gross-count measurements for back
ground before profiles are plotted.

Gross-count profile maps provide an excellent means o f investigating the 
radioelement concentration o f rock units, assessing the spatial distribution o f 
radioelements in the survey area, correlating radiometric, geological and topo- 

’ graphic features and, most importantly, identifying anomalies which might 
indicate the presence o f  uranium mineralization.

Spectrometer surveys. Profiles are also an excellent method o f  presenting 
the results o f  spectrometer surveys if the results have been continuously recorded 
or obtained at regularly spaced stations along random or systematic traverses.

In a spectrometer survey, profile maps should be prepared for the total-count 
and stripped uranium channel results. Results should also be presented as eU:eTh 
profiles and/or eU:K profiles.

In common with profiles o f  gross-count surveys, spectrometer profiles provide 
an excellent means by which to investigate the radioelement concentration o f an 
area and to seek indications o f uranium mineralization.

Contours

Contouring tends to emphasize the broad features o f radioelement distribution 
and implies a continuity o f radioelement distribution between data points. Hence 
contouring o f  ground gamma-ray surveys should only be used if sufficient data are 
available to reasonably interpolate between traverses and if the objectives o f the 
survey are to look for broad features in the radioelement distribution.

Both gross-count and spectrometer data can be contoured if necessary. 
Computer controlled calculations and plotting procedures are usually the most 
effective and efficient methods o f  contouring. Manual contouring is best carried 
out if the appropriate contour intervals (contour cuts) are first plotted onto the 
traverses. Contoured data should be prepared at the same scale as other geological 
and topographic maps.
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Statistical analyses

A variety o f  statistical methods can be used to aid in studying the radio
element distribution o f rocks and soils, but frequency histograms based on geologi
cal and on geographical subdivision o f the data are probably the most useful 
(see section 5.4.2).

6.7. INTERPRETATION

In the final analysis the quality o f the interpretation o f a gamma-ray survey 
is dependent upon the quality o f the radiometric data, the knowledge and 
thoroughness o f the interpreter, and the comprehensiveness o f complementary 
information. Where large quantities o f data are involved, as are produced by 
most airborne surveys, automated computer routines are a necessary preliminary 
in order to label, assemble and summarize the maximum amount o f ‘anomaly’ 
information in the minimum time. Where the amount o f  data is smaller, as in 
most ground surveys, automated processing is less essential, but the same principles 
apply.

Occasionally the importance o f certain anomalies can be recognized from 
the earliest stage in the interpretation process. This is the case, for example, 
where there are prominent coincident spikes in the eU and eU/eTh profiles of 
an airborne spectrometric survey, which do not relate to topographic or man-made 
features, but which do relate to what is known to be a favourable geological 
situation. Follow-up action could be initiated immediately on such anomalies.
The more usual situation, however, is to be faced with the problem o f trying to 
detect faint indications o f  concealed mineralization in a known uraniferous 
region amongst numerous small anomalies generated by the combination o f 
random variations in counting statistics and geological and topographical 
heterogeneity. The only way in which significant anomalies can be identified in 
such circumstances is by searching for coincidence with other independent para
meters which may also relate to mineralization. These other parameters may be 
geological, geochemical or geophysical, and may relate to a particular lithology, 
alteration zone or structural feature. There may be an association with other 
geochemical elements characteristic o f a certain type o f uranium mineralization.
In order to facilitate the search for significant correlations these other types o f 
data should be available in map format, to the same scale as the radiometric data.

The importance o f valid basic data cannot be overemphasized. Given that, 
a productive interpretation requires an interpreter who is thoroughly familiar 
with all relevant methods, and their limitations, and who is able to digest as much 
complementary information as possible about the geography, geology, geochemistry, 
and geophysics o f the area for which the interpreation is required. Obviously the 
more familiarity the interpreter possesses in terms o f  the characteristic features
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o f  uranium deposits that may occur in the area, the greater the value o f his 
interpretation. In practice interpretation on such a comprehensive basis requires 
a team effort, because the breadth o f knowledge required extends well beyond 
the limits o f any single technique, such as gamma-ray surveys. Integration o f 
techniques is the key to successful exploration, and the interpretation process is 
not complete until all relevant geoscience data has been integrated and digested 
to the greatest extent possible.

Gamma-ray survey interpretation procedures will vary in detail according 
to the purpose, scale and type o f survey involved, the location o f the area, and 
the types o f  complementary data that are readily available. Appendix I provides 
an example o f interpretation instructions available to the public with each release 
o f radiometric and geochemical data prepared as part o f the Canadian Federal- 
Provincial Uranium Reconnaissance Program.

Appendix I

EXAMPLE OF INTERPRETATION INSTRUCTIONS

FEDERAL-PROVINCIAL URANIUM RECONNAISSANCE PROGRAM 
HOW TO USE OPEN FILE DATA RELEASES

1. A  single parameter is usually an unreliable guide to the presence o f  uranium mineralization. 
The greater the number o f  parameters which give a positive response for a particular small 
area, the greater the potential o f  that area, but in difficult situations only a single para
meter may be relevant.

2. A  rapid assessment o f  the overall potential o f  each sheet o f  a new release can be obtained 
by looking at the geochemical uranium and the radiometric uranium maps.

3. It is convenient to transfer the locations o f  anomalies o f  interest directly onto 1:250 000 
topographic sheets. This is the same scale as the Open File data. Prime attention should 
be given to areas where there is coincidence between two or more o f  the following 
anomalies: geochemical uranium; radiometric uranium; uranium to thorium ratio.

4. These reconnaissance maps do not necessarily show the exact location o f  the highest 
concentrations existing in the ground. The flight line and geochemical sample spacing 
employed are such that better anomalies may exist between flight lines and sample points. 
More detailed surveys will be necessary to find these.

5. The most detailed information available from the reconnaissance survey is contained in
the radiometric flight line profiles, and for each area o f  interest reference should be
made to these in order to examine the amplitude and width o f  individual anomalies and
obtain more precise locations. Narrow anomalies comprising only three or four records
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are usually more significant than wide anomalies, and any surface occurrence o f  uranium 
minerals within a few hundred feet o f  the track o f  the aircraft will normally produce 
coincident anomalies in three parameters on the flight line profile: eU, eU/eTh and eU/K. 
Lake sediment uranium anomalies will normally be present in the vicinity o f  radiometric 
anomalies.

6. The absence o f  sharp discrete anomalies on the flight line profile crossing a broad regional 
anomaly does not mean the regional feature should be ignored, merely that there is no 
exposed mineralization immediately adjacent to the flight line. Discrete anomalies may 
be found by a more detailed survey between the reconnaissance flight lines. Similarly, 
sampling o f  other lakes in the vicinity o f  an anomalous lake sediment will assist in 
defining more precisely the centre o f  each anomaly.

7. Lake sediment uranium anomalies may be present in an area where there are no signifi
cant radiometric anomalies, because mineralization is not exposed. These may be the 
only sign o f  important mineralization.

8. The geological information shown on the geochemical maps is the best available 
compilation for the whole area o f  the survey. More recent information is available for 
parts o f  the survey area, and reference should be made to this to assist in assigning 
priority to the less prominent anomalies in the data release. Weak anomalies may be
a consequence o f  thick overburden.

9. Geochemical maps for elements other than uranium are important for two reasons.
Where there are coincident anomalies between uranium and one or more other elements 
this information may be significant in subdividing groups o f  uranium anomalies and in 
classifying the types o f  uranium mineralization to be anticipated. They may also point 
to mineralization o f  base or precious metals.

10. Magnetic maps have been published for this area, and they should be used in order to 
assist in determining structural trends and breaks, and the boundaries o f  major intrusions, 
all o f  which may be relevant to the distribution o f  mineralization.

11. An explanation should be sought for every anomaly. An anomaly may have nothing to 
do with mineralization, but remember that size o f  anomaly is usually a very unreliable 
guide to  significance, and no anomaly should be too readily dismissed.
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