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PREFACE

Because of the complexities in the geology of natural radioactive materials and
in the attenuation of gamma radiation emitted from them through absorbing media,
the interpretation of aeroradiometric data is as much a qualitative art as a quantita-
tive science. In this report the major variables in the measured intensity of gamma
radiation are discussed and a technique for interpreting the regional geology is
described. This technique has been used successfully in flights over a region suitable
for this type of geophysical survey to recognize several characteristic groups of rocks
and certain specific rock-units.

The theory was developed by the author, in part from research for the Crown
company, Eldorado Mining and Refining Limited, and was presented as his doctoral
dissertation at the University of Wisconsin. His recent investigations of rock radio-
activity at the Geological Survey of Canada resulted in the more complete interpreta-
tive technique described in this bulletin.

J. M. HARRISON,
Director, Geological Survey of Canada

Ot1TAWA, February 1, 1960
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GEOLOGICAL INTERPRETATION
OF AERORADIOMETRIC DATA

Abstract

FA Distinct contrasts in gamma radioactivity exist between various materials on the
surface of the earth. These contrasts may be mapped with sensitive airborne detectors.
Because of the many variables involved, the interpretation of radioactivity patterns so
obtained has been qualitative and very general.

The present theoretical study and its application to field measurements with inte-
grating detectors have resulted in a new quantitative technique for the interpretation of
regional geology. The theory of attenuation of gamma flux suggests that for multiple
scattering conditions, certain generalizations may be made which permit a simpler
assessment of flux variations than is required by the established complex mathematical
treatment. The major determinants of gamma flux density are: the air distance
between the source and the detector, the effective radiating area of the source, and the
specific surface activity of the source material. Over large air distances, the multiple-
scattered radiation approximates a state of spectral equilibrium and the attenuation
of this equilibrium flux may be described by a single, effective absorption coefficient.

The signal measured over a source, with both area and thickness effectively infinite
in extent, is expressed as:

—npzh
Sp =k 2r So€
ME

where Sy, is the signal intensity at altitude h above the source, s, is the theoretical signal
at the surface of an eclementary unit area of source material, ue is the effective
absorption coefficient of its equilibrium flux in air, and k is a constant.

In the interpretative technique, maximum values of signal intensity and flight
altitude above ground are used to plot a lithological clearance-signal curve for each
rock type in the survey area. Values of s, and 4= which are characteristic of the rock
may be determined from these curves. Accordingly, the automatic correction of data
for flight altitude, based on the assumption of a single absorption coefficient, is not
valid for comparative aeroradiometry.

The lithological clearance-signal data suggest that spectral analysis of gamma
radiation may provide useful data for a more detailed geological interpretation than
the present technique permits.

Résumé

La radioactivité gamma présente des contrastes nets selon les différentes matiéres
qui composent la surface de la terre. On peut déterminer ces contrastes avec des détec-
teurs aéroportés trés sensibles. Mais, & cause des nombreuses variables qui entrent en
jeu, Pinterprétation des courbes de radioactivité ainsi obtenues demeure qualitative
et d’ordre trés général.

La présente étude théorique et son application aux mesures obtenues sur le terrain
4 Paide de détecteurs intégrateurs ont abouti & une nouvelle technique quantitative
d’interprétation de la géologie régionale. La théorie de l’atténuation du flux de rayons
gamma porte 4 penser que, dans des conditions de dispersion multiple, on peut arriver
a certaines généralisations permettant une évaluation plus simple des variations de flux
quavec le traitement mathématique complexe actuellement en usage. Les principaux
facteurs qui déterminent la densité du flux de rayons gamma sont: I’épaisseur de la
couche d’air qui sépare la source du détecteur, le champ utile de rayonnement de la
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source et I'activité spécifique de surface de la mati¢re rayonnante. Quand I’épaisseur
de la couche d’air est considérable, le rayonnement & dispersion multiple est voisin d’un
état d’équilibre spectral, et I’atténuation de ce flux d’équilibre peut se décrire par un
seul coefficient d’absorption efficace.

Pour une source de superficie et d’épaisseur présumées infinies, le signal enregistré
en vol s’exprime ainsi:

—pzh
Sh =k 2_7r So€
ME

ol Sy, est I'intensité du signal a une altitude h au-dessus de la source; ol s, est le signal
théorique 2 la surface d’une aire unitaire élémentaire de la mati¢re-source, oll ME est
le coefficient d’absorption efficace de son flux d’équilibre dans I’air, et ol k est une
constante.

Selon la technique interprétative, les valeurs maximums de intensité du signal
et celles de I'altitude de I’appareil au-dessus du sol servent & tracer une courbe pour
chaque type de roche dans la région étudiée. De ces courbes, on peut déduire les valeurs
de s, et de ur qui caractérisent chaque roche. En conséquence, la correction automatique
des données déterminant laltitude de vol, données qui sont basées sur 1’hypothése
d’un seul coefficient d’absorption, ne peut pas s’appliquer a I’aéroradiométrie com-
parative.

Les données qui ont servi & construire ces courbes permettent de penser que
I’analyse spectrale de la radiation gamma peut fournir des renseignements qui aideront
4 une interprétation géologique plus détaillée que ne le permet la technique actuelle.



INTRODUCTION

Many thousands of miles of routine traverse have been flown with airborne radio-
activity detectors on a world-wide basis. Much of this work was performed under
pressure of the search for strategic radioactive minerals. Despite the broad range of
experience, aeroradiometric techniques and the significance of the data collected
remain highly controversial subjects.

Aeroradiometry is based on sound physical principles. A natural field of the earth
is measured and variations of this field are interpreted. The terrestrial gamma radia-
tion flux, however, is relatively weak and originates effectively only from the surface
of the ground. The analytical evaluation of gamma flux densities is very complex
because of the various interaction processes which may occur during transmission
through absorbing media.

The general aeroradiometric survey technique is based upon carrying a sensitive
scintillation counter in an aircraft. The choice of aircraft, flight pattern and flight
elevation depend upon the purpose of the survey and the known or anticipated nature
of the radioactive sources in the area of interest. Essential data recorded are: (1)
the detector signal (generally total gamma ray flux), (2) the terrain clearance (vertical
separation of aircraft and ground or water), and (3) a positioning filmstrip of the
flight track. These data generally are interpreted on the basis of previous experience and
semi-empirical relationships. Often the profiles are only scanned for anomalies of
interest and the remaining data are neglected.

Despite the complexities of correlating aeroradiometric data with geology, the
literature shows examples of correlation with stratigraphic units, acid and basic
intrusions, faults, soil types, and aquifers (Stead, 1955; Bates and Gillou, 1956;
Dempsey, et al., 1956; Gregory, 1956; Kellog, 1956; Gillou, 1957; Bowie, et al., 1958;
Moxham, 1958).1 The technique might also allow members of a consanguineous
intrusive series to be differentiated on the assumption that the youngest members are
the most radioactive.

In aerial mineral exploration, varying degrees of success have been experienced in
locating radioactive mineral occurrences (Gregory, 1955; Lang, 1955; Boyle, 1958).
Sedimentary and pegmatitic deposits having relatively large exposures were readily
located ; however, because of their very small natural exposures, few (if any) vein
deposits were found. Beach and stream placers containing radioactive minerals have
been detected (Kellog, 1956; Moxham, 1958), and also uraniferous phosphate deposits
(Moxham, 1954; Espenshade, 1958). Questionable success has been reported in the
aeroradiometric location of oil pools (Pringle, et al., 1953; Gregory, 1956; Kellog,
1957; Laibenbahl and Skrosyreva, 1958). In addition, the technique might be useful
in the exploration for potash deposits2, bauxite3 and bentonite3 and for minerals asso-
ciated with pegmatite dykes.

INames and dates in parentheses are those of references cited at the end of this report.

2Gamma-ray studies (H.C. Spicer, 1946) show that the radium equivalent of crude potassium ore
(sylvite and langbeinite) is about five times greater than that of the associated sedimentary rocks.

3The average radioelement concentrations for bauxite and bentonite, as given by Adams, Osmond, and

Rogers (1959, p. 326), suggest that these sedimentary rocks will be two to three times as radioactiveas
average shale.



Geological Interpretation of Aeroradiometric Data

The writer suggests that a more effective evaluation of aeroradiometric data is
possible. In the succeeding paragraphs the theoretical principles are discussed and
limited supporting experimental data are presented. An interpretation technique is
presented which uses total gamma flux data measured with an integrating detector.



THEORY AND MEASUREMENT OF GAMMA-RAY
ATTENUATION

The Transmission of Gamma Photons

Photons or discrete quanta of gamma radiation are emitted in the course of a
single transition of a radioisotope. The gamma spectrum of such an isotope is defined
in terms of the proportions and energies of the component photons and the spectrum
is characteristic of that isotope. For naturally occurring radioisotopes, the penetrating
power of a photon varies directly with its energy and inversely with the density and
atomic number of the absorbing medium.

In passing through matter, gamma photons may interact with its particles and
force fields with a consequent partial or complete absorption of photon energy
(Fano, 1953). For the relatively low energy photons (< 3 MeV) and media of low
atomic number (< 20) such as are encountered in aeroradiometric surveys, Compton
scatter is the dominant interaction process; other interactions may be neglected.
Under Compton scatter conditions, a photon originally directed towards the detector
is deflected from its path by collision with atomic electrons of the medium with a
consequent loss of energy. The magnitude of these changes depends upon the pre-
collision energy of the photon.

The probability that an interaction process will take place in a unit thickness of
absorber is termed the absorption coefficient. When expressed as an inverse distance
function (e.g., feet-1) this value is called the linear absorption coefficient (u). A more
fundamental value is the mass absorption coefficient (u.) which relates the probability
of attenuation to the quantity of matter in the absorbing medium (i.e., the thickness
times the density of the medium). Thus u=pX um and accordingly, any factor that
changes the density (p) of the medium will alter the absorption qualities and the
linear coefficient.

For each gamma-ray energy, there is a specific value of the mass absorption
coeflicient that is determined by the atomic number of the absorbing medium. For
heterogeneous media and spectra, the effective coefficient may be obtained by an
averaging calculation with the specific coefficients weighted in proportion to the
weight abundance of each absorbing element and to the relative abundance of photons
of each energy.

For Compton scattering conditions, the mass absorption coefficient is essentiall)"
constant relative to the atomic number of the absorbing medium (i.e., for air, water,
and rock), but varies with the energy of the photon (Davisson and Evans, 1952, pp.
79, 94; Glasstone, 1950, p. 170). The linear coefficient as generally used in aeroradio-
metric studies may thus be considered as a function of only the photon energy and
the density of the medium.

For the thicknesses of absorbing medium encountered in most aerial surveyss
multiple scattering conditions obtain and the scattered photons, although decreased
in energy, are not necessarily lost from the original path as succeeding scattering may

3
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Geological Interpretation of Aeroradiometric Data

deflect them back in that direction.! Furthermore, gamma photons not originally
directed towards the detector may be deflected into this path. Accordingly, the gamma
flux measured in aerial surveys is a multi-energy spectrum. The proportion of degraded
and more randomly directed photons increases with the distance from the source.
The transmission process more nearly resembles diffusion through the medium rather
than straight line penetration of it and there is a ‘build-up’ of flux density over that
predicted by the simple exponential, single-scattering relationship.

The progressive degradation of energy results in a tendency for the gamma
photons to accumulate in the low energy part of the spectrum and thus approximate
a constant energy state (Fano, 1953, p. 58). Mathematical calculations show that,
with increasing thickness of absorber, the energy spectrum approaches a state of
equilibrium and, that beyond a certain thickness, the spectrum does not essentially
change (Gorshkov and Suppe, 1957, p. 91). Limited experimental data (Gregory,
1958, pp. 145-149) suggest that the energy spectrum of radium degrades rapidly within
the first hundred feet of air and approaches a constant energy distribution thereafter.
Other experimental evidence (Davis and Reinhardt, 1957, p. 723; Sakakura, 1957,
p.- 7) shows that natural ground radiation reaches effective energy equilibrium,
although the lower elevation limit at which this occurs cannot be determined because
of the limitations of the experiments.

For the general aeroradiometric case, multiple Compton scattering predominates
and the attenuation of flux emitted by an elemental, monoenergetic source follows the
relationship:

—ud

1, = LB o

where d = thickness of absorber; Is = the total flux at distance d, corresponding to

the total flux emitted by the source, I,; » = the absorption coefficient of the primary

radiation in the absorber; B = the number ‘build-up’ factor for photons in the
radiation flux; and e = the mathematical constant, 2.718.

The build-up factor is the ratio of total flux (unscattered 4 scattered photons)
to the ideal primary flux (unscattered photons). The measurement of B is difficult as
it is dependent upon the photon energy, the crystal efficiency, and the absorber thick-
ness. Empirical determinations of B pertain to a given instrument and experiment.

Response of Detector to Incident Flux

The signal indicated by a detector in a constant flux is proportional to that flux
if spurious counts and coincidence errors are negligible. The ratio of signal intensity
to flux density is dependent upon the detector response.

Because of the large air distances and very short resolving time of the instru-
ment, airborne detectors rarely operate at high counting rates where coincidences
and spurious counts may be significant. In practice, such effects are probably negligible
and signal strength directly proportional to flux density is a valid assumption when the
detector response is constant.

1Sakakura (1957, p. 12) pointed out the futility of any analysis of gamma-ray attenuation in which
scattering is neglected.
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Theory and Measurement of Gamma-ray Attenuation

The response of a detector to a gamma flux is a unique characteristic of the instru-
ment. It is a complex function of the crystal efficiency and of several circuit param-
eters (Bell, 1955). The last are constant for specific operational conditions, as are
the efficiency parameters of crystal material, size and geometry. However, the crystal
efficiency also varies with the energy of the incident radiation. Accordingly, for a
particular detector, the response is defined by the sensitivity! which is unique for the
operating conditions and the energy spectrum under investigation.

Since the spectral components of a radiation may vary with the increasing pene-
tration of that radiation into an absorbing medium, the detector sensitivity, n, in
general may be expected to vary with the distance between source and detector. Thus,
where spurious counts and coincidence errors are negligible, the signal for flux
attenuated by passage through the absorbing medium for a distance, d, from the
surface of an elementary, monoenergetic source is sa = nala. The theoretical signal
corresponding to the unattenuated flux emitted at the surface of this source is
So = Mo Lo

The signal at distance, d, from an elementary monoenergetic source, in terms
of the parameters of the source and transmitting media, is expressed after equation
(1) by the relationship:

I’ldSoBe—’Ud (2)
n,d?

For the conditions of aeroradiometry, variations in instrument sensitivity with
change in air distance from source may be small. Thus, for crystals of thallium-
activated sodium iodide, efficiencies may be considered as relatively constant { £ 109)
over the energy range from 1.0 to 3.0 MeV and only slightly more variable (4 159%)
for the range 0.5 to 3.0 MeV (Bell, 1955, pp. 151-155). The latter range includes
the significant natural gamma radiations that usually are measured in aeroradi-
ometry. Because of the approach to spectral equilibrium at large air distances and
the smallness of these efficiency errors, the sensitivity may be considered effectively
constant, and na=n,. Thus for an elementary, monoenergetic source, the signal
variation for multiple scattering conditions is:

Sq =

_ soBe_'“d
8Sq = 7(12 (3)

Evaluation of Build-up

In practice, it is difficult to distinguish between the actual build-up of secondary
radiation and the effects of certain instrument parameters on the measurements. The
build-up factor can be expressed empirically in the form of a power series (Davis and
Reinhardt, 1957, p. 719; Sakakura, 1957, p. 8) such as:

B=1+apd + b(pud)? + -~ ---
where a and b are constants, u is the absorption coefficient and d is the air distance.
This empirical expression, however, includes both the actual flux build-up and the
effects of instrument variables.

1The change in signal intensity per specified change in the flux density under the specified conditions of
measurement.

84660-0—3%



Geological Interpretation of Aeroradiometric Data

Peebles (1953, p. 1284, fig. 17) calculated that the theoretical build-up factor in a
pure Compton absorber, which air approximates, is very nearly independent of the
photon energy. Thus, in conjunction with the approach to spectral equilibrium at
great air distances, the variation of build-up with air distance may be considered as
independent of the energy. Accordingly, in aeroradiometry, the extension of build-up
factors for a single energy in air to multi-energy spectra in air should occasion only
minor error.

It is concluded, therefore, that for the range of energies pertinent to aeroradi-
ometry (0.5 to 3.0 MeV), for multiple scattering in air, and for a detector with a sodium
iodide crystal, the variations of sensitivity and build-up factor resulting from natural
spectrum changes are minor. The indirect evidence that follows suggests that this is
true, although complete evaluation is not yet possible.

The build-up factor may be interpreted from curves showing the relationship of
measured signal to air distance. Such determinations of B for multiple-scattered,
radium spectra in air suggest that the value B=kd is a close approximation. The
applicability of this value over a wide range of air distance (100 to 1,800 feet) was
observed by independent investigators (Nelson, Sharp and Stead, 1952; Gregory,
1958, pp. 132-136). The power series evaluation of B approximates the value B=kd
for air distances greater than 500 feet (Davis and Reinhardt, 1957, p. 719), however
since this is empirical in origin, the value k may represent an instrument constant. A
more complete investigation of the variation of build-up of natural gamma radiations
with air distance is required for a better understanding of this factor and its effect in
gamma-ray transmission.

Using the evaluation of build-up, B=kd, the equation for multiple scattered
radiation from a monoenergetic, elementary source is (from equation 3):

e—ud
d 4)
For multi-energy, homogeneous sources, the effective absorption coefficient ug
may be determined by averaging the coefficients for each spectral energy weighted in
proportion to the relative abundance of photon of that energy. As B is considered
independent of the energy, the signal from a multi-energy, elementary source is

similar to that (equation 4) for the monoenergetic source except for'__the introduction
of the effective absorption coefficient, ug,
(5)

—urd
thus sd=k%

8g = k S0

Statistics of the Counting Rate Meter

The statistical error of integrating rate meters such as are used in most aero-
radiometric surveys has been previously evaluated by Kip, Bousquet, Evans and
Tuttle (1946). The absolute probable error of a single reading is shown to be
ep = 0.477 (C/7)* where 7 = the time constant of the integrating circuit, C = the
average counting rate and where e, 7 and C are all expressed in the same units of
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Theory and Measurement of Gamma-ray Attenuation

time. With constant air distance and constant source characteristics any particular
point on the output signal curve will show positive or negative variations from the
average with the following character: e, will be exceeded in magnitude about 25
per cent of the time; 2 e,, 9 per cent; 3 e,, 2.2 per cent and 4 e, 0.35 per cent. A
graphical evaluation of the probable error of a single point on the output curve may
also be made.

The probable error of the average counting rate is given by these authors as

o o 42t/
8 l-I-t/ T Rt
where t is the duration of observation in the same units of time as 7 and e,,.

For the time constants usually employed in aeroradiometers (one to three
seconds), the percentage probable error of a single reading is about 10 per cent at low
counting rates (e.g. 1,000 cpm) and less than 5 per cent at count rates greater than
5,000 cpm. Where the duration of observation is at least 50 times greater than the
time constant of the integrating circuit the probable error of the average counting.
rate is less than one-fifth the probable error of a single reading.



SOURCES OF RADIOACTIVITY

Four general classes of gamma-active sources may be encountered in survey
operations:

(a) Naturally occurring radioelements in rock and soil.

(b) Secondary gamma radiation from cosmic rays.

(c) Atmospheric and terrestrial contamination.

(d) Radioelements associated with the detector.

Naturally Occurring Radioelements in Rock and Soil

Certain members of the radium and thorium series and potassium 40 are the only
isotopes that are geologically significant and that have gamma photons capable of
penetrating through air to the altitude at which airborne detectors are flown. Radium,
thorium, and potassium occurrences vary from weak disseminations in rocks, through
increasing degree of concentration, to ore deposits. The elements may occur separately
or together in various proportions, depending upon the geochemical nature of the
source.

It is convenient to refer to the aggregate distribution of photons from the radium
series as the radium spectrum and to that from the thorium series as the thorium
spectrum. These primary spectra are both heterogeneous. The primary spectrum of
potassium, however, is homogeneous, as it arises from the monoenergetic gamma
emission of K*.

Secondary Gamma Radiation from Cosmic Rays

In passing through the atmosphere, high energy cosmic particles produce a
radiation complex that includes gamma photons. The significance of cosmic gamma
flux is incompletely evaluated, but there appears to be a relatively constant low back-
ground flux that only varies significantly at altitudes approaching 50,000 feet.

The duration and intensity of gamma flux associated with cosmic ray bursts are
also incompletely evaluated but such bursts are believed to be significant. Non-
reproducible, positive anomalies of short duration that were observed over the
Arctic Ocean and sea-ice (see Fig. 1 A) may have resulted from such cosmic activity
although radioactive contamination of an atmospheric air mass is another possible
origin.

Secondary radiation effects resulting from cosmic ray irradiation of rocks are
negligible as sources of gamma flux (Hess and Roll, 1948).

Awmospheric and Terrestrial Contamination

Gaseous radioelements existing in the atmosphere are considered to be of negli-
gible importance as parents of anomalous gamma sources, especially in the presence
of air turbulence and precipitation. However, they may contribute to the general
background radiation. The gamma effect from radon daughters accumulated under

8
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Geological Interpretation of Aeroradiometric Data

temperature inversion conditions in the atmosphere has not been fully evaluated, but
it is believed to be insignificant.

The radioactivity of natural particles in the atmosphere and in precipitation does
not appear to cause appreciable changes in the natural gamma field. It is unlikely
that such materials would be concentrated in soil or vegetation to form significant
gamma Sources.

The radioactivity of synthetic particles (e.g., fall out) in the atmosphere may
cause Important intensity variations. It is possible that such material could cause
sharp, intense anomalies or broad, irregular anomalies depending upon the size of the
contaminated air mass. Anomalous radioactivity observed over the Arctic Ocean may
have resulted from such contamination (see Fig. 1 A). Widespread air mass contamina-
tion may make aeroradiometric surveys of terrestrial sources unreliable for the dura-
tion of such atmospheric conditions.

Sharp, intense anomalies, the cause of which is generally obvious, may result
from certain industrial or mineral processing plants (e.g., facilities for storage, treat-
ment or disposal of radioactive materials).

Radioelements Associated with the Detector

A high background may result from radioactive material in the detector and
ancillary equipment. The most common sources of such interfering radiations are
radioactive luminous instrument panels and wrist watches. This background may be
decreased by the substitution of non-radioactive equipment and the use of shielding
where necessary.

10



FACTORS AFFECTING SIGNAL STRENGTH

For a given detector, the significant parameters influencing the measured signal
are: the specific surface activity of the source material, the effective radiating area of
the source, the air attenuation factor and the time of exposure to a particular flux
density. The depth of the source below the ground surface is not a significant variable
as, essentially, only surface activity is measured. It is probable that, in nature, thorium
and potassivm contribute, on the average, a greater proportion of the gamma radia-
tion than does radium.

The signal parameters and their determinants are summarized in Table I and are
described below.

Source Characteristics

Effective radiating area and specific surface activity are the source parameters in
the measured signal. Because of the complex interrelationship of these two para-
meters, signal variations (i.e., anomalies) do not result solely from variations of radio-
element concentration. Thus a strong anomaly does not necessarily indicate highly
radioactive material for anomalies of equivalent magnitude may also result from an
increase in the effective radiating area of a source containing average concentrations
of radioelements.

The Specific Surface Activity

The specific surface activity of a particular material is the theoretical gamma
radiation flux density emitted at the surface of an elementary unit area of homo-
geneous source material having effectively infinite thickness. It is proportional to the
specific activity of the source matesial but differs from it in that allowance is made for
area, density and thickness of the source material. As unit area and infinite thickness
are assumed, the specific surface activity is a function of the individual radioelement
concentrations and the density of the source material.

The signal corresponding to the specific surface activity (i.e., flux unattenuated
by air absorption) is termed the specific signal (=s.).

The source density effects changes in the emitted gamma spectrum as a con-
sequence of the self-absorption effect of gamma rays in the source material. The
denser the material, the greater is the self-absorption. Thus the density determines
the depth of material from which effective gamma flux is received at the surface of
the source. Quantitative evaluation is difficult because this depth also varies with the
primary energy of the flux. Effective infinity of depth is about one foot for ores
(Gregory, 1958, p. 150) and probably less than this for average rock types. Similarly,
because of gamma-ray absorption in the pore fluid, the specific surface activity of a
porous source saturated with a fluid (e.g., water) will be 10 to 20 per cent less than that
of the same material unsaturated.

The individual radioelement concentrations determine the spectral composition of
the radiation flux. The radioelements are assumed to be uniformly distributed in the
source matter; for the relatively thin surface layer that radiates effectively, this is a
reasonably valid assumption.
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Geological Interpretation of Aeroradiometric Data

The primary spectrum from an aggregate of radioelements in a source is the
summation of the separate spectra for each radioelement present. The proportion
of radioelements determines the relative abundance of spectral components in the
total flux and thus establishes the flux density. Radium series,! thorium series and
potassium differ greatly in their specific activities. The relative activity of each has
been investigated by Russell (1944) who showed that at very short air distances, the
ratios of specific gamma activity, Th: Ra: K are 2.86 x 10-7:1:1.25 x 10-1°.

Table II

Relative Activities of Selected Materials
(units of gamma radioactivity per gram, after Russell, 1944)

K Th Ra Total
Average acid igneous rock!...................... 4.1 3.8 1.6 9.5
Average intermediate igneous rock!............... 2.9 2.9 0.9 6.7
Average basic igneous rock’..................... 1.3 1.1 0.6 3.0
Averageshalel...................... .. ... ... 3.4 3.1 1.1 7.6
Average sandstonelS. ... ... ... ... 1.4 1.5 0.7 3.6
Average limestonel............................. 0.3 0.3 0.4 1.0
Average sea water?.,..........o.oiii it 0.05 neg. neg. 0.05
Average fresh waters. .......................... neg. neg. neg. neg.
Granitic pegmatitet............................ 15.0 12.6 6.3 33.9
Uranium ored....oovvnr v _— —— 4840, 4840,

References to concentrations of radioelements:

1 Clarke, 1924; Daly, 1933; Evans and Goodman, 1941; Rankama and Sahama, 1952; Adams,
Osmond and Rogers, 1959.

2 Pettersson, 1954; Rankama and Sahama, 1952.

3 Clarke, 1924; Koczy, 1954,

4 Assumed average values from references (1) above.

5 0.29, U;0s, nil Th, nil K,

6 According to the concentrations given by Adams, Osmond and Rogers (1959, p. 324), the activities
attributed to radium and thorium in this average sandstone may be too great by factors of 5 and 3
respectively, and thus the total activity may be too great by a factor of 2.

Using Russell’s approach, calculations may be made (see Table II) for the
relative activities of representative terrestrial source materials. These data, expressed
in terms of equivalent radium, are peculiar to the conditions of Russell’s work. They
are, nonetheless, approximately proportional to the specific surface activity of the
material and indicate the relative importance of each of the radioelements in determin-
ing the flux emitted by the different types of source materials. These average values,
however, have little geological significance when considering the data of a survey over
a specific sequence of rocks as field experience has shown that distinct contrasts in
radioactivity exist in various parts of one rock body as well as from one rock type to
another.

The major significance of the data in Table II is that they illustrate the relative
importance of thorium, potassium and radium in the gamma field of natural

1This usage implies that all members of the series are in radioactive equilibrium.
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Factors Affecting Signal Strength

rock sources. For such materials, it is estimated that potassium and thorium each
comprise about 40 to 45 per cent of the emitted field,! and radium only 15 to 20 per
cent.? The above statement applies, of course, only to fields from rocks and not to
those from radioelement concentrations which may be of economic interest.

With the exception of certain rare shales and sandstones, sedimentary rocks and
basic intrusive and extrusive rocks have relatively low specific surface activities.
Provided that radioactive material has not been introduced, the metamorphic equiva-
lents of such rocks will also have comparable low activities. Pegmatites and granites
vary greatly from moderate to high specific surface activity with, in general, the
potassium-rich varieties being the more radioactive. Intrusive and metamorphic rock
complexes show a wide and varied range of specific surface activities as a consequence
of the various rock types involved and the changes in radioelement concentration
which may have occurred. High concentrations of radioelements resulting from
sedimentary or hydrothermal accumulation have very high specific surface activities.
For glacial drift, residual soils and weathered rock surfaces in general, the activity
varies with the nature of the parent rock and with the amount of leaching or deposition
that has occurred therein.

The important concepts concerning the specific surface activity and the related
specific signal are:

(1) Although radium has a specific gamma activity much greater than that of
thorium and potassium, the relative proportions of these radioelements that exist in
most geological sources are such that all three radioelements are more or less equally
significant in determining the specific surface activity of the source material as a
whole.

(2) The specific surface activity and the energy spectrum are unique for a par-
ticular source material and the data for one cannot generally be applied to another.

The Effective Radiating Area

The effective radiating area is that surface area of radioactive material that is in
an effective radiating position relative to the detector. It is a complex function of the
size and flatness of the source exposure. Multiplication of this parameter by the
specific surface activity or the specific signal gives the total flux density or total signal,
respectively, from the source.

The size of the source exposure is a major signal determinant (i.e., the so-called
“mass effect’). A partial cover of non-radioactive rock, water or overburden limits the
source area, as effectively complete shielding is provided by about a foot of rock, 2
feet of water and 3 to 5 feet of overburden. As a consequence, all radiometers detect
radiations only from those sources at, or within a very few feet of, the surface of the

IKartashov (1957) reported comparable values for the proportion of gamma radioactivity from K in
the total gamma radiation background of rocks.

Since this paper went to press, the results of subsequent investigations have shown that the relative
activity of the uranium-radium series given by Russell is low with respect to thorium and potassium.
Thus the significance of uranium flux has been underestimated. Itis probable that the K and Ra values in
Table II should be reduced by about one-third. Recalculation of the radioactivities of these average rocks
shows that fluxes from thorium and radium (uranium) each comprise about 30 per cent of the emitted
field and that from potassium the balance. It is to be expected that measured values for specific rocks
will vary greatly from these averages.

15



Geological Interpretation of Aeroradiometric Data

terrain. Deeply buried sources cannot be detected except by locating surface activity
in some manner related to, or coincident with, the deeper source (e.g., radioactive
detritus, salts or emanations that have migrated to the surface).

Integration of the elementary source relationship (equation 5) over a planar
area defines the signal for various source areas (Gregory, 1958, pp. 158-180). Thus
for an infinite area source:

2 —
Sh,i =k _’7!'_ S50€ 'U'Eh (6)
ME
where h is the terrain clearance. For a general area of circular shape and finite radius,
and with the detector over the centre of the area:

Sh.c = k%sa <e"‘,U.Eh_ e_,U«E\/hz + RZ) (7)

where R is the finite radius of the circular area. For a source of small area (i.e., approxi-
mating an elementary configuration):

(8)

where d is the air distance ( = +/h? -+ r?), r is the range or horizontal distance
from source to detector and A is the small area of the source. Signals for other more
complex configurations may be similarly calculated by integration over the appro-
priate area.

The practical bounding limits of these sources may be evaluated (Gregory, 1958,
pp. 181-186) by comparing the difference between the signals from the pertinent areas
with the criterion of signal significance! for the operating conditions. Thus the finite
area that possesses infinite radiating area characteristics is that area for which the
difference between the signal from an infinite area source and a general area source
(equations 6 and 7) is less than the criterion of signal significance.

These calculations are valid only in the zone of multiple scattering, which for
radium gamma flux from ore concentrates is at air distances greater than about 100
feet (Gregory, 1958, pp. 132-137). For gamma radiation originating from thorium and
potassium ores, and from similar multi-element sources, this limiting air distance is
expected to be greater; probably about several hundred feet. However, further
investigation is required to establish these spectral degradation features.

Sources of finite dimension may be conveniently classified according to their
radiating character. Thus, sheet sources have the radiating character of an infinite area
source; spot sources have the radiating character of an elementary source; and area
sources are of intermediate character. In nature there are, of course, no sharp
boundaries between these source classes.

TThe criterion of signal significance is the change in count rate that is considered to be anomalous.
This change is a function of the possible error of the measurement, i.e., the probable error plus any error
inherent in evaluating the gross count rates from the records. A signal variation of greater than twice the
possible error is commonly accepted as significant.
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Factors Affecting Signal Strength

The flatness of the source exposure may be a significant signal determinant. In
areas with topographic relief, the departure from a plane surface configuration results
in a variation of the effective radiating area of the source (i.e., the so-called ‘solid-
angle effect’). The consequent signal variations become significant where local relief
is of the same order of magnitude as the flight altitude.

The amplitude of these signal variations is proportional to the change in effective
radiating area resulting from source relief. For the general case (three radioelements
and variable local relief), the equation of amplitude becomes complex. For the special
case of a detector traversing across topography with a linear trend, a simpler assess-
ment can be made by considering the ground traversed as a series of linear sources
(Gregory, 1958, pp. 188-189). For uniform source characteristics, the maximum
signal variation to be expected is from +30 to 4200 per cent over narrow valleys or
cliff scarps and about —25 to —50 per cent over narrow ridges (see also Smirnov,
1957, pp. 351-352). The observed variation, however, is greatly dependent upon the
detector-source geometry and the nature of the source (including degree of exposure).

Air Characteristics
The Attenuation Factor

The attenuation factor is a complex variable that includes the scattering, build-up,
and energy degradation effects of the transmitted photons. The emission spectrum
and flux density are determined by the source characteristics. The determinants of the
air attenuation factor are the air density and the air distance.

The air density is a signal determinant in that, under Compton scatter conditions,
density changes alter the attenuation characteristics. The linear absorption coefficient
varies directly with the density. Air density changes of up to 30 per cent from the
average may occur as a comsequence of variations in temperature, pressure, or
humidity. Comparable changes in the linear coefficient result in signal variations as
great as 25 per cent. This suggests that surveys should be performed under fairly
constant meteorological conditions if detailed correlation is intended. It is probable
that most diurnal variations in signal strength due to meteorological conditions are
about 5 per cent and thus may be neglected during any one day, although significant
variation may occur from day to day. Of course, air density variations resulting from
flights at different altitudes above sea-level may also cause significant variation in
the absorption coefficient.

The air distance is a measure of the amount of matter in which scattering and
build-up occur. Variation in air distance results in a complex inverse change in signal
strength resulting from simultaneous variation of flux density and energy spectrum.

Variation in terrain clearance causes a fluctuation in the signal strength with
peaks that may be greater than the amount considered significant, and thus appear to
be anomalous (see Fig. 1, B). An altimeter record allows correction for clearance
variations on the basis of an assumed equation and absorption coefficient. However,
automatic correction of records on the basis of one set of assumed constants is not
valid as the attenuation characteristics and area parameters vary markedly with the
source type.
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Geological Interpretation of Aeroradiometric Data

Relatively small variations in clearance (+ 25 feet) may produce significant
signal changes, especially for high intensity, low energy fluxes (see Fig. 3). Accordingly,
clearance should be very closely controlied and evaluated in aeroradiometric studies.

It is worth noting here that a source of small area and high specific-surface
activity will give a very weak signal that is detectable only at low elevations. Thus,
potentially economic, radioelement occurrences may be passed over and not recognized
during a mineral exploration survey.

Changes in energy spectra with air distance have an important effect on the
relative intensities of fluxes from each of the major radioelements (radium and
thorium series and radio-potassium). A radiation with a large absorption coefficient
(low energy) is attenuated more rapidly than one with a smaller coefficient (higher
energy). Radium has a complex multi-energy spectrum with a few moderate energies,
but dominant low energies. Thorium has a multi-energy spectrum with prominent
high energies. Potassium has a homogeneous spectrum comprising moderately high
energy photons. Accordingly, over large air distances, radium flux will undergo
a relatively greater attenuation than will the thorium and potassium fluxes. Thus the
flux intensity from thorium or potassium relative to that from radium can be expected
to increase with increasing air distancel and at a certain distance dependent on the
source characteristics, radium flux will be effectively shielded out by air absorption.
Over average rocks, it is considered that the fluxes from thorium and potassium
dominate over that from radium.

Detector Characteristics

The sensitivity (see p. 5) is a signal parameter that is unique for the specific
characteristics of the detector (i.e., voltage, crystal, etc.) and is invariant throughout
a survey or sequence of surveys with that detector. If these characteristics are changed
or if another detector is used, the variation in signal strength resulting from this change
in sensitivity must be evaluated for quantitative comparison of the resulting data.
‘With constant sensitivity, however, the only detector parameter influencing the signal
output is the velocity factor, time of exposure to a particular flux density. Inertia or
friction in the recording system may occasionally be an important modifier of output
signal in certain types of recorders.

Time of Exposure to a Particular Flux Density

The time of exposure of the detecting element to a particular flux density is an
important signal parameter under certain conditions. In moving the detector (with
otherwise constant instrument characteristics) through a flux gradient, the peak
signal representing a particular flux density will be decreased by an amount dependent
upon the response time of the detector, if the time interval (t) in that flux is less than
the time constant (7) in the integrating circuit of the ratemeter. If this condition exists
(t < 1), then the charge on the condenser of the integrating circuit will not reach its

1Such a relative intensity change was observed with Ra series and Co® (which is fairly close to K4 in
energy spectrum) by the writer (Gregory, 1958).
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Factors Affecting Signal Strength

maximum value for the particular flux density. Thus the comparable current to the
ratemeter and recorder is not the maximum value, and a lesser signal is indicated. It
has been shown (Pierson and Franklin, 1951; Sakakura, 1957) that for instantaneous
" flux (a very steep gradient), the decrease in signal strength is dependent upon the
aircraft velocity, the detector time constant, and the air distance. Maximum current
occurs for values of t = 7. Smirnov (1957, pp. 354-357) noted that in addition to the
decrease in signal strength over the source, there may be a distortion of the output
record that persists for a short time after the source is passed. This is attributed to
sluggishness of the instrument.

For spot sources (elementary character), the flux gradient is steep and a maximum
decrease in signal strength occurs. Depending upon the survey conditions, the decrease
in signal strength may be so great that the source remains undetected. For area sources
with the flux invariant for a finite time interval greater than the circuit time-constant,
there is no loss of signal strength, as the maximum current will be attained. For
certain small area sources between the above limits, the signal decrease, to a first
approximation, may be considered proportional to the time spent in that particular
flux (Gregory, 1958, pp. 162-167). )

The modification of the signal due to the flying speed may be an important source
of error in aeroradiometric surveys, especially over small sources where the clearance
is low and the ground speed high. Consequently, time constants, flight clearances and
aircraft velocities must be chosen to fit the nature of the sources sought.

19



ANALYSIS OF TOTAL FLUX AERORADIOMETRIC DATA

In 1955, aeroradiometric data were collected in a series of traverses over some of
the islands in the Arctic Archipelago. Nominal flight altitude was 800 feet above
ground and nominal speed was 120 mph. The terrain is barren of vegetation, with a
high proportion of bedrock exposure in some areas and a prominent residual or frost-
heave mantle in others. The relief varies from flat to mountainous. Rock types include
Precambrian igneous and metamorphic rocks and younger sedimentary rocks.

The records (see Fig. 1) for a specific rock type were originally analysed by
detailed plotting, on semi-logarithmic paper, the signal as ordinate against terrain
clearance as abscissa. These data provided a density plot (see Fig. 2) limited markedly
along its upper boundary by a straight line.
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Figure 2. Typical outcrop clearance-signal plot, Read Bay argillaceous limestone.

20



Analysis of Total Flux Aeroradiometric Data

On the assumption that, for constant source material, the maximum signal for any
one clearance is produced by the maximum area, this limiting line! was considered to
represent the signal-clearance relationship for sheet (effective infinite area) sources.
For the same clearance, all lower signal values represent lesser areas. The signal from
a sheet source of a particular rock may be called the lithological signal, and that from
an area source the outcrop signal. The corresponding curves showing the variation of
signal strength with clearance are termed the lithological clearance-signal curve and
the outcrop clearance-signal curve respectively.

It was subsequently determined that this curve of lithological signal variation
could be obtained, if a sufficient range of data were available, by scanning the records
and plotting only the clearance-signal data for peak signals and peak clearances.

On assuming infinite source area for the lithological signal, the equation express-
ing the relationship is:

from equation 6
L =k 27 gemush (1O "
KE
The slope of the curve is equal to —0.4343 ug, and conversely, the effective absorp-
tion coefficient,
slope
HE = 7 70,4343

log Ly, — log Ly,
" 0.4343(hy — hy)

The specific signal, s,, may also be derived from equation 9. In theory, the radia-
tion is never completely absorbed according to the equations used here, but in practice
the flux density may be so low that it is not measurable. No correction can be made
for photons not effectively represented numerically in the measured spectrum, i.e.,
for photons which are absorbed to a degree that their presence is not indicated by the
detector. Accordingly, the calculated value of specific signal, s., is not necessarily
equal to the source parameter, s,, although it may be. The actual significance of s,
relative to source parameters remains to be evaluated. However, for aeroradiometric
measurements obtained in the zone of multiple scattering, the calculated values of s,
and pg will define the source radiating characteristics and they are specific for a
particular, uniform source.? Probable error resulting from statistical error in the
counting rate will be less than 5 per cent for ug and less than 10 per cent for s..

The lithological clearance-signal curves for a number of rock types encountered
in the survey of the Arctic Archipelago, together with other comparative data, are
shown in Figure 3. Inspection of these curves reveals the character of the radio-
activity variations, both between rock types and within a single rock type. Three
general source groupings may be recognized on the basis of the specific signal (s,) and
the effective absorption coefficient (ug). Carbonate and siliceous sedimentary rocks

LA few values are expected to occur above (and below) the limiting line as a consequence of statistical
fluctuations and minor variations in the radioelement content of the source.

2The calculated value, s., of the specific signal here contains the constant k. This does not alter the
significance of the interpretation, however such values of s, are dependent upon the detector used.
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ME S¢ COMPARATIVE DATA
perfogt C.p.M. A Slope of natural ground radiation signal
ROCK TYPE %10 /sq.ft. curve, Fruita, Colo. «p=1.87x 1073/4t.
1. Peel Sd. sandstone................. 470...... 144 ; . :
2. Proterozoic qtzite. and dolomite. ... ... 4.44. ... 138 (Davis and Reinhardt, 1957, figure 8)
3. Peel Sd. conglomerate. ............... 448...... 160 B. Slope of natural ground radiation signal
4. Alien Bay limestone and dolomite......4.39.,.,..160 ott Ont =2.76x10"%/ft
5. Read Bay argillaceous limestone . ... .. 3.93...... 103 eurve, Dtlawa, U, METL ’
6. Cornwallis argillaceous limestone .. .... 3.93...... 103 (Gregory, 1958, fig. 4)
7. Somerset |. granite.......... e 6.20...... 181 C. Slope of radium radiation signal curve,
8. Devon |. granitic gneiss...............7.60,.. ... 118 - -3/
9. Bird Fiord fm. (shaly and slightly - 44g=8.91x1077ft,
carbonaceous ss.and Is.)............. 7.11...... 404 (Gregory, 1958, p. 135)
10. Okse Bay carbonaceous sandstone. . ... 4.38...... 250 . o
11. Bathurst |. shaleand arg. limestone ,..5.02, .. ... 477 D. Calculated slope for potassium radiation
_ signal curve, uE=5.30X10'3/ft.
(Gregory, 1958, p. 171)
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Figure 3. Lithological c'earance-signa! curves, Arctic Archipelogo.
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Analysis of Total Flux Aeroradiometric Data

have low to moderate values of ur and low to moderate values of s.; shales and
argillaceous varieties of the rocks in the previous group have moderate values of ug
and moderate values of s,; granites and granitic gneisses have moderate to high values
of ur and low to moderate values of s.. Three exceptions to these generalizations occur,
all on Bathurst Island, where the strata of the Bird Fiord, Okse Bay and Bathurst
Island formations are more strongly radioactivel than similar and correlative rock
types elsewhere in the archipelago.

The slopes of the curves for granitic rocks and Bird Fiord formation approxi-
mate the slope of the curves for the radium family (ug for Ra after Gregory, 1958, p.
135) whereas the slopes of the curves for other rocks are flatter (the values of ug for
Th and K have not been determined, but they should be appreciably less than ug for
Ra and thus the curves for them should also be flatter). Slopes of the family of lines
for two different ground radiations are also given for comparison in Figure 3. The
relationship of ug and s, to radioelement content of source is unevaluated, as repre-
sentative sampling of the rocks was not possible.

These lithological clearance-signal curves illustrate very effectively the variation
of signal with terrain clearance for each petrological unit and thus indicate the
fundamental differences in the source and attenuation characteristics of these units.
Variation of these values may be measured where suitable contrast in lithology exists.

The variation of signal with effective source radiating area may be illustrated by
plotting against source size the ratio of outcrop signal to lithological signal (equations
7 and 6 respectively), calculated for representative values of ug (Fig. 4). The ratio of
outcrop signal to lithological signal is:

L

e—MEh e—/-LEh

where R = A/r

The importance of evaluating the effective radiating area of the source is apparent.
The limits of effective source infinity are also indicated.

The clearance-signal analysis cannot be applied to data measured at low eleva-
tions (h < 200 ft. ?) as multiple scattering conditions do not prevail. Because of this,
the semi-logarithmic plots of signal strength against clearance will curve up rapidly
at low clearances where single scattering conditions attain and the inverse square law
of attenuation is approximated. Furthermore, if the value of ug is determined at air
distances beyond that of effective Ra photon penetration, a semi-logarithmic plot
may curve upwards at lesser air distances, if and when Ra photons become significant
in the total flux because of the higher value of ug for such a flux. It is possible that all
clearance-signal plots should curve upwards at lower elevations because of this effect,
but further evaluation is required.

The clearance-signal analysis of aeroradiometric data has been used to extra-
polate known geology into unmapped areas in the Arctic Archipelago and to

1The radiometric analyses of a few hand specimens of these rocks suggest that this radioactive contrast
is real.
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Analysis of Total Flux Aeroradiometric Data

recognize rocks of unusually high radioactivity relative to the activity of similar or
correlative rock types. The interpretationl was made by constructing lithological
clearance-signal curves for the known rock types and grouping these into the three
general groups previously noted: carbonate and siliceous sedimentary rocks, shales
and argillaceous rocks, granites and granite-gneisses. Aeroradiometric data from
adjacent areas which were not geologically mapped were then compared with these
curves on the assumption that the known radioactivity contrasts in the rocks were of
regional extent. Significant variations in radioactivity within a rock type may cause
that rock to fall into a different radioactivity grouping than it normally does, and
this anomaly is readily detected. Generally this technique cannot be applied to small
area sources as, in most cases, there is insufficient data to define the clearance-signal
curve and the actual surface area of the source is unknown.

This slope analysis of the lithological clearance-signal curve reveals variations in
the energy spectrum of natural sources. The differences in these curves (see Fig. 3)
suggest contrasting energy spectra and it is probable that a gamma-ray spectrometer
would provide greater detail in these degraded spectra.

For prospecting, an automatic correction based on the sheet-source equation
might be useful as it would emphasize the signal from localized sources of possible
economic interest. The correction applied to the measured intensity would be less
than that required by the equation pertinent to the actual nature and area of the
localized source. The attenuation coefficient to be applied would depend on the
geological nature of the source environment. However, no technique can allow for
sources that do not produce a measurable signal at the altitude at which the detector
is flown.

1The interpretation of aeroradiometric data was made in conjunction with an interpretation of aero-
magnetic data obtained simultaneously, the whole to be published at a later date.
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SUMMARY AND CONCLUSIONS

Naturally occurring radioelements (Ra, Th, and K) in an infinite number of dis-
tribution patterns are the targets of aeroradiometric surveys for geological purposes.
The gamma radiation effectively originates from the terrain surface and is of relatively
low flux density, but distinct contrasts in specific intensity may exist within and between
various rock types. These contrasts are measurable with sensitive airborne detectors
and aeromapping of gamma radioactivity patterns has been achieved.

Fluxes from thorium and potassium are believed to contribute more to the
natural gamma field at large air distances than does radium flux, except for concen-
trations of radium in uranium occurrences that approach ore grade. A decrease in
source intensity will result from loss of energy by absorption in porous sources that
are saturated with water or other fluid.

Radiations that interfere with the natural terrestrial flux exist, but can be
recognized. Their effects must be minimized if useful measurements are to be made of
low gamma flux densities. Effective discrimination against ‘anomalous’ variations in
cosmic or atmospheric gamma flux might be achieved by a monitoring detector
shielded from terrestrial sources.

The interpretation of gamma radiation patterns is complicated by many variables.
The gamma flux comprises a complex energy spectrum which degrades differentially
with increasing multiple scattering. The major parameters in the recorded signal are:
the specific surface activity of the source, the effective radiating area of the source,
and the air attenuation factor. The determinants of these parameters and their effects
on the signal are detailed in the test and summarized in Table I. Close control of
terrain clearance is a prerequisite for effective geological correlation of the data.
Variations in air density may result in signal changes as great as 25 per cent, and
comparative radiometry will require thorough meteorological control.

Activity and attenuation parameters are specific for each source material and
they cannot generally be extrapolated from one type of source to another. The auto-
matic correction of the records on the basis of one set of parameters cannot therefore
be made in comparative radiometry.

Acroradiometric data show a close correlation with the exposed bedrock forma-
tions, and the soil or water cover when interpreted under the foregoing conditions.
Because of the different attenuation characteristics for the Ra, Th and K spectra and
the variation, with the depth of air penetrated, in the relative importance of these
separate spectra in the total flux, the aeroradiometric data may or may not correlate
with surface radiometric data or surface distribution of equivalent uranium analyses.

Effective radiating areas are relative and specific for a particular elevation,
source character, and detector. A source may be an area source at one elevation, but
a point source at a higher elevation. Furthermore, for each source type and for each
specific source area, there is a critical elevation above which no significant signal will
be obtained. For a constant source material, the larger the area, the greater is the
optimum air distance at which that material may be detected. Small area sources of
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Summary and Conclusions

economic interest will cause signals that probably will not be recognized in surveys
with high terrain clearance. On the other hand, with low terrain clearance the signal
from such sources will be decreased due to the short time that the detector is exposed
to the peak flux density and the source may pass unrecognized. Exact values for the
clearance and velocity at which these effects take place are not significant as they must
be determined for the particular detector and survey procedure used.

The geological use of aeroradiometric mapping techniques is limited by the
variable areas of exposure. Overburden is no problem if radioactive contrasts in the
soils are of interest, however, if the interest is in mapping bedrock contrasts then the
limitation of exposure by cover may be a great disadvantage. For the latter usage,
the method has its greatest value in regions where cither the bedrock is widely exposed
or the associated cover is a residual soil.

The clearance-signal analysis used here suggests that significant spectral contrasts
exist in the natural gamma fields and that a procedure of spectral analysis may pro-
vide more useful detailed aeroradiometric data.
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