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‘UNITED STATES

2,656,471

2,656,471
“PROSPECTING

+ Gerhard-Herzog,. Houston, Tex., assighor: to The
Texas Company, New. ;York, .N..X,,.a. corpora-

tion of Delaware ~

:Application March 19, 1951;.‘Serial;N 0.216,443

.12 Claims. . (CL 250—83.6).

:'This :invention: is<concerned with prospecting:
eral.deposits, as distinguished from- depesifs of
hydroearbons such:as: oil .and: gas. -Altheugh it
employs radiation -detegtion; it is especially use-
ful: for- the-discovery: -and .delineation..of -.ore.
bodies: of ‘metals-which.themselves are substan-
tially non=radioactive. : In.one aspect,:it:is use~
ful for: surface. surveys, both along the- ground
and.airberne, for the:discovery-and location of:
geologic:features such: as faults, contacts, intru-
sions; efe..

This-is.a .continuation-in-part of my co-pend-
ing-application ;Serial; No. 13,842; filed-March: 9;
1948 (now: U..S. -Patent No.. 2,562,914, granted
August 7, 1951).

- Radiation- detection: has: been: employed-here-
tofore- as.a- method::for: distinguishing - between
different rocks and rock strata, a-well:known :ex-
ample:being-the method of gamma ray logging-in
which a radiation:detector-sueh as:an:ionization
chamher -or . a . -conventional: Geiger-Mueller
counter is passed along a bore hole, the:counting
rates: corresponding to -the-different rock : forma-
tions. penetrated by the hole-heing: observed:

< Anether practical-example of the:application
of radiation detection in geophysicsis:the use-of
poriable Geiger-Mueller - counters - which . are
moved along-the-surface of-the ground-while the
counting rate is.observed, the: object keing to
discover deposits . of- strongly- radioactive: min-
erals.such as: those of.uranium:or-radium. ~If
such-deposits- outerop or.are-buried under:shal-
low cover, rays: (particularly hard gamma rays):
which:-emanate. from the:deposit.may: penetrate
to the surface and register-at the:counter. The
bresence of such-strongly radioactive:depagsits,: if
these are not too deeply buried; will thus beman-
ifested by an-increase in:counting rate..

It --is . -theoretically - imgpracticable to - locate
buried-ore-deposits,-even :though:these:be. highly.
radioactive, by surveys -of. radioactivity :in::the
neighborhood of -the-deposits,: except: in..those
eases in. which: the-overburden:is:so thin:that:it:
does not absorb-the:-radiations from :the: ore de~
posit: to-the extent that significant variations in
intensity of.radiation:due to:the presence.of:the
deposit are-obseured. : The:naturally radioactive
elements-emit alpha, beta and:gamma-: rays.:in
various proportions and with different energies:
The.alpha and beta rays have-very little:pene-
trating .power. . The -penetrating : power:-of: the
gamma. rays.is- higher; the-absorption. ofthese
rays.by: any:surrounding medium;is governed:by:
the exponential law. Assuming a.reasonahle:ab=
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sprption ceefficient: of 0.1 per-em. for the:medium,
say: roek, a:thickness of -23 centimeters.will, re-
duce-the.intensity.of the hardest (. e, most pene-
trating)- gamma. rays of thorium C by a: factor
of 10; 46.centimeters reduces the intensity by a
factor of 100;.69.centimeters:by.a factor .of 1000;
92 centimeters by, a: factor of 10,000; 115 centi-
meters by .2 factor of 100,000; ete..

- Practically . all rogks.are radioactive to.some
extent,.and-even-with the most sensitive of avail-
able- detectors,: an: overburden. of. a. few;meters
reduces-the intensity. of. the gamma- radiation to
the;point .where it:becomes impossible to:recog-
nize- the:excess activity originating: in: the.ore
bedy over ithe. “background” originating in the
overburden. -.Nevertheless; I have discovered:that
it.-is ;possible to: recognize and locate are.bodies
through cover:in excess of several-meters by de-
tecting variations.in the.intensity. of gamma rays
originating-in ;the overburden itself, but.relating
indirectly.to the ore body. - Thus ore bodies may
be-revealed: through: detection- of variations:of
gamma. ray- intensity. at. poinis-,so’ far removed
from the ore body itself.as.to be; for all practical
purposes; beyond :the range at:which,significant
differences:of-intensity. of gamma .rays originat-
ingzin: the; ore hody: are .detectahble. --In short,: a
gamma. ray, detector-if it is sufficiently: efficient
and:is-.employed for:a .sufficiently. long :time. at
each-peint where a.measurement.of gamma: ray
intensity.-is.made, may be used to discover sig-
nificant, variations-in the gamma ray- emission
atdifferent, points in the overburden which;.in=
directly, reveal the:presence of the ore body:

: The:invention is-not restricted:to.the discovery
of -ore: bodies of: the radioactive elements. . In
fact, it finds-its:major -application in:prospecting
for.ore bodies of non-radioactive metals.includ-
ing base metals.such.as iron; .coppery.lead; zinc;
cadmium, tin; tungsten, etc., as.well.as. precious
metals:-such, as:.gold, silver.and: platinum. . The
country-roek..or;overburden -in. or:under: which
sueh deposits occur;generally gives: significant.de~
viations in gamma.ray intensity from:which:the
existence-and-location:of:the: deposit: may be: de-
termined. : In--other words, the .deposits- have:
faintly radioactive auras:which;:if. properly de-
teeted; act as:markers: for:the:deposits, whether
or;notithe: depositsithemselves are: radioactive.

--Barren country rocks,. i. e:.those i which
there::is no substantial. content:-ofi. commercial
minerals;:particularly - the . non-radicactive: me-.
tallic. minerals;.aredn generalxradioactive t0; some
extent,;;and: many..show: radioactivity..equal. to
severalmicro-micrograms:(10-12.;gms.) of radium
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per gram of rock. It is the relatively slight dif-
ferences in this radioactivity, particularly gam-
ma, ray intensity, at spaced points in the general
neighborhood of an ore body which indicale the
presence of the latter. As indicated above, the
determination of these differences in reasonable
observation times and with detectors of reason-
able size, requires the use of ‘detectors having a
high gamma ray counting efficiency, several
times the efficiency of the conventional Geiger-
MMueller counter consisting of a tubular cathode
around a wire anode. Such conventional count-
ers have an efficiency of not to exceed about
5% i. e. they detect on the average only one
ray out of 200 received. At this low efficiency
significant differences in gamma ray intensities
may well be obscured. Gamma rays are emitted
sporadically and at random and unless the ob-
servation time is long enough the count taken at
any point may not be representative of the
source. Moreover, even though the counting effi-
ciency be increased or the time made long encugh
to counteract this tendency to error, significant
differences may be obscured by accidental varia-
tions including those due to cosmic rays.

To state my discovery in another way, I have
determined that it is entirely feasible to discover
ore bodies by a method involving the detection
of -.gamma radiation intensity, even though the
bodies themselves are buried by overburden so0
thick that no practicably measurable amount of
radiation emanating directly from the ore body
penetrates to the surface at which the measure-
ment is taken and even though the ore body be
one which contains no material amount of ra-
dioactive minerals and would generally be clas-
sified as non-radioactive. The invention, in this
aspect, is based upon my discovery that the sub-~
stantially barren country rock or overburden
which effectively prevents significant amounts
of radiation emanating from the body from
reaching the surface, in many cases manifests
sufficient variations in gamma. ray emissivity to
act as a “marker” for the ore body. In other
words, even though the ore body itself be sub-~
stantially non-radioactive or if radioactive, so
deeply buried that its emanated rays do not-pene-
trate to the surface in significant amounts, gam-
ma rays emanating from the barren ground (in
which the ore body occurs) penetrate to the sur-
face and will, by proper detection, yield an in-
tensity pattern which reveals the ore body. In
short, the invention contemplates the improve-
ment in prospecting for deeply buried mineral
deposits which comprises locating a related ra-
dioactivity anomaly at a remote earth surface
by accurately determining the gamma ray in-
tensities along said surface, the term *“deeply
buried” being employed herein to mean that the
deposit is so far removed from the points at
which the gamma ray intensity measurements
are made that there is no significant variation
in the measured intensities due to gamma rays
emitted directly from the deposit.

In a series of investigations conducted in a
number of mining districts throughout the west-
ern United States, including Butte, Montana;
Bisbee and Miami, Arizona; Cripple Creek and
Climax, Colorado; the Coeur D’Alenes, Idaho;
Grass Valley and Idria, California; and the
Tintic and Bingham Canyon areas in Utah, it
has been determined that useful gamma ray
anomalies indicative of a variety of types of
mineral deposits may be discovered through the
practice of the invention. These anomalies have
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been found where the country rock in which the
ore body occurs is igneous and also in cases in
which the country rock is sedimentary. The rea-
sons for the radioactivity of the country rock in
the neighborhood of the ore body are not.com-
pletely understood and may be various, depend-
ing upon the manner in which the ore body was
formed and its subsequent alteration. The natu-
rally radioactive elements include those of the
uranium, thorium and actinium families and
potassium. In some instances, radioactivity in
the country rock adjacent to an ore body may
be due to introduction of one or more of these
elements at the time the ore body was formed,
say by magmatic intrusion. In other cases, it
may be due to radon, actinon, or thoron which
penetrated the rock subsequently either in
gaseous state or in solution in water. Whatever
be the reasons, the radioactivity of the country
rock and the variations in this radioactivity are
sufficient to enable discovery and delineation of
associated ore bodies in a great variety of cases.

Theoretically, perhaps, a gamma ray detec-
tor of any efficiency might be employed for the
detection of deeply buried deposits through the
detection of gamma ray anomalies originating
in the overburden, provided that a sufficient time
were allowed for each reading. With ordinary
detectors however, this time is so long as to be
completely impractical, and if less than the re-
quired time is taken, the readings will be with-
out significance. As already noted, the conven-
ticnal Geiger-Mueller counter consisting of a
tubular cathode disposed around an anode wire
has a detection efficiency for gamma rays of
approximately %%. At this efficiency, the time
required for each observation becomes a matter
of hours and even then the results may be vitiated
by accidental variations. Consequently, from a
practical standpoint, a detector having a con-
siderably higher counting efficiency for gamma
rays only, say a crystal type of detector, should
be employed.

Any type of gamma ray detector may he em-~
ployed for the discovery of auras of raineral de-
posits through the practice of the invention,
provided that the gamma ray intensities to be
measured are sufficiently high and differ great-
ly from point to point along the traverse being
prospected, and provided further that sufficient
time is employed for each reading. In the ma-
jority of instances, however, the gamma ray in-
tensities to be measured (and more especially
the significant differences in gamma ray in-
tensity to be determined) are small, so that spe-
cial equipment is desirable.

Generally speaking, ionization chambers are
less desirable than tube counters, for example
Geiger-Mueller detectors, in the practice of the
invention. In turn, conventional Geiger-Mueller
counters are not as suitable as other types of
detectors which have a higher counting efficiency
for gamma rays and substantially the same effi-
ciency for all other types of radiation. Thus the
crystal type of detector (employing g diamond
or some other gammsg ray-sensitive crystal as
a detecting element) or detectors of the type
described and claimed in U. S. Patent No. 2,397~
071, granted March 19, 1946, are presently pre-
ferred.

Since, in general, the gamma ray intensities
to be measured are of a low ordar, counting rates
tend to be small. The counting rates may be
increased by employing a single Geiger-Mueller
detector of large size, i. e. by increasing active
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counter voluiie, but;eounting rate as well;as.efii-
eiency of detection,may be increased by increas-
ing cathode area in the Geéiger-Mueller detector,
‘for:example,’ by :employing -a tbundle .of vGeiger-
Muelleridetectors ¢preferably:disposed-in-a single
-envelope-asiis-disclosed, ‘for-example, in Patent
No. 2;486,944 issued ‘November -1,:1949 :to D. G.
C."Hare) . “Other factors: being :equal, it ‘is: better
to ~employ ~a -number of small sGeiger~Mueller
-deteetors ~connected +in parallel -than :a .single
such detector-of equivalent:active volume, sinee
in this way the advantages of increased cathode
area and increased-active:volume are obtained.

-As:indicated .above,:a- Geiger-Mueller .detector

wcongsists . essentially . of .a tubular eathode .and .a
coaxial wire anode running:through.it. ‘The.two
are-enelesed in.an.envelope .within .which a.suit-
ahlegaseous atmosphere: (say-a mixture:of argon
g#nd alechol) .is:maintained, usually at.a sub-
atmospheric :pressure. Hormally the .potential
difference between -the cathode.and .the.anode
ds ;nearly, -but not guite, high.enough- to cause
a-discharge -fo .take. place. If .an Jonizing .ray
-passes .into the.deteetor a.discharge.may take
Dlace-with-resultant current flow. The, discharge
ceases.after a-short period: of .time, .after which
the.ecounter .is again in-condition.to register or
“eount” .ionizing ;rays.

-For -all -except -.gamma, ;radiation, the Geiger-
Mueller-counter -is.highly.efficient. . It will detect
-alpha and- beta .radiations and  the-penetrating
partieles.of . cosmic:rays with, substantially. 100%
-efficiency. -However, -its -efficiency :for -gamma
radiation-is low,say-only - % % or on the average
only one out-.of-each;200 gamma -rays entering
ifs;aetive-volume-triggers: the counter. ‘We have
diseovered.that.for the loeation-in.a surface ser-
~vey-of -the - faint - differences in:gammsa ray in-
tensities that are indicative of most:deeply buried
.ore-deposits, as-well:as most contacts,-faults, and
similar .geologic :features, -the sutvey rshould be
made with a detector which has a substantially
higher efficiency for ‘gamma rays than the con-
ventional Geiger-Mueller “detector (preferably at
least 4 or 5 times) and substantially the same or
no greater efficiency “than the conventional
-GeigersMueller :counter for :all .other:radiation.
Tonization chambers do not serve :this;purpose,
but crystal type detectors.(which, employ a crys-
tal, such as a ‘diamond that becomes momen-
sbarily. conductive upon. the-entry: of  radiation and
permits the passage of current), détectors:em-
ploying a fluorescent -screen .of -napthalene to
obtain scintillations which are measured by a
photomultiplier tube and-détectors-ofthe muiti-
ple cathode plate type,sas described and claimed
in'U. 8. Patent No. 2,397,071, granted March 19,
1946, are well suited to_the practice of this aspect
of “theinvention. “Thus my invention contem-
‘plates the conduct of ‘a survey along.or above
the earth’s surface by.measuring the gamma ray
intensities at a seéries of points on or above the
-surface “with -an - efficieney  substantially -greater
‘than-that ‘obtainable with a ‘conventional Geiger-
Mueller counter while-simultaneously measuring
“together with the gamma, radiation intensity, the
intensity of other radiation present but with sub-
stantially the same or no greater. éfficiency.than
‘that  obtainable .with .the - conventional Geiger-
Mueller counter. .In this way.faint-differences
An.gamma ray intensity which.are,indicative. of
:geological. features such-as faults, contacts, min-~
:eralized - zones, : efc., ymay “be . detected swith air-
‘borne :instruments vat :elevations “up :to :at ;least
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800 7feet sabove: the rearth -while :moving =5t thigh
velocity.

-Afurther explanation:ofithe:advantaces of the
employment :in s surface : surveys, :and especially
surveys.conducted :at-substantial :elevation: above
thersurface, ofa defector -having :the.character-
istics :described:above isigiven hereinafter.

{These-and other :aspects of -the -invention -will
‘be clearly understood in-.theilight:ofthe:follow-
iing -detailed :description, <taken :n wconjunction
with!the-accompanying:drawings inswhich:

“Fig. 11 is:a graphical :comparison- of recounting
rates of .a:conventional (Geéiger~Mueller .counter
and . preferred reounter for ithe :practice:-of ;the
invention; .

‘Fig. 2.isaigraphic: representation of :a, surface
survey :made -in :accardance :with :the -invention
over-aburied . copper.depositiof :the: massive: dis-
seminated: type;

«Fig. 3 is a:similarrepresentation of a-surface
-survey-made over:a:series efiburied:replacement
typelead-zine deposits;

{Fig.-4:is:a.graph:showing the results.of:a hori-
zontal ‘underground ; survey iin-a limestone seut
‘by .porphyry-dikes:and «a -zinc :replacement .type
‘depeosit;

‘Fig.:5’is a .graph ;of :the results -of ‘an under-
ground .survey along :a :crossseut :through
porphyry:sills and leadszinc replacement deposits
.occurring in quartzite;

Fig. -6 shows the :results sof :an -underground
‘survey ‘through granite cut:by:a:zinc-copperivein
indicated by .a:positive :anomaly and:a zinezlead
vein indicated by a negative;anemaly;

Fig. 7 illustrates a strong positive:anomaly:en-
countered:in an-underground siirvey:across a-zine
vein-occurring inigranite;

“Fig.r8 gives:aicomparison-afssurvey results with
-airberne equipment:fown :at ;various elevations
-ACross -a.: granite :plug -oecurring inisandstone;

~Fig.:9.gives azcomparison-of:survey: results-with
equipment flown at various elevations: and :car-
ried along the-.surface.across the granite plug
of Fig. 8;

1Pig. ;10 :illustrates i thie reffect of 'a ‘radiogetive
survey marker-employed ito-correlate survey re-
sults with terrain.in.airborne gperations at vari-
ous altitudes;

‘Fig. “I1'is~a -diagram- illustrating -5 * préferred
‘mounting' arrangement’ for-a*battery-of detectors
‘employed ‘in -g -sufface suivey- with ‘a° vehicle ‘or
‘the like;and .

~Figs. '12 ‘and 13 ‘S$how -modifications “of ‘the
mounting: arrangement of'Fig.-11.

‘Substantially -any radiation-'detector which ‘is
ssensitive ‘to -gamma <radiation -will also -detect
-alpha -and ‘beta - radiation ‘and -other radiation
-such’as the-penetratinig paiticles of cosmic radi-
‘ation, 'In ‘fact, “deteetors -in “general ‘have a
“higher efficiency for-other types-of: radiation than
‘for gammarays. In-geophysical Prospecting-em-
ploying radiation deteetors, the gamma radiation
is detected along with-other radiation, some of
‘which originates in the deteetor itself because
of contamination of the materials _employed in
‘the :construction of “the detector and some .of
“which is cosmic:radiation, which has components
"so "penetrating that i they .are “encountered ‘in
mines, etc., several: thousand _feet below. the sur-
‘face. “Hereinafter, the detected radiation other
:than gamma radiation is ‘réferred to .as “back-
ground,” "and this -background “because ‘it is
emitted sporadically ‘and at‘random and also be-
.cause of its relatively high intensity may well
-0bscure significant variations in gamma ray in-
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tensities ‘between. different. points.along a trav-
erse and under the most favorable conditions re-
duces the contrast between. readings obtained at
different points. I have: discovered that with
certain types of radiation detectors the efficiency
for: :detection of “background” does not increase
proportionally .to the increased efficiency of the
detector. for gamma rays;: with the result that
as the detection efficiency for gamma rays is in-
creased, a greater contrast between. readings is
obtamed -and-there is less chance that small but
significant. variations in gamma. ray intensity
“from point to point along or over the earth’s sur-
face will be vitiated by variations in background,
particularly cosmie rays.
two of these certain types: of radiation. detectors
are ‘the crystal type and the type employing a
multiplicity of cathode plates disposed transverse
to one or more anode wires which pass through
apertures in the plates. . The virtues of a detec-
tor of this type over a conventional Geiger-Muel-
ler counter have been demonstrated in compara-~
tive tests.- The results of these tests -are illus-
trated in Fig. 1, which is a plot of counting rates
obtained -wtih " a conventional Geiger-Mueller
counter at a series of points along traverses on
the earth’s surface against the counting rates
obtained at ‘the same points with a multiple plate
type_of counter having 12% less active volume

due to minor differences in length and diameter. -

The observed. counting rates of the multiple
plate ‘type of counter (hereinafter called the T
counter) -are plotted as crdinates against the
counting rates with. the Geiger-Mueller counter
plotted as-abscissa.

All the points fit very closely to -3 stralght line
relation. 'The straight line, which is shown in
Fig. 1, was calculated with the method of least
squares.. If T and G are the counting rates per

second for the T counter and for the Geiger- :

Mueller counter respectwely the equation for the
stralght line is:

=4.945(G—10.843) ()

Theoretically one should expect a relé,tibnship
between T and G according to Equation 2.

T—1=K(G—9 @)

where ¢ and ¢ are the constant background rates
for the T counter and the Geiger-Mueller count-
er, respectively. The difference T minus ¢ on the
left side of the equation is then the counting rate
due to the gamma rays from the ground alone.
Similarly the difference G minus g is the count-
ing rate due to gamma rays alone for the Geiger-
Mueller counter. Eguation 2 expresses that the
gamma ray count for the T counter: is a multiple
of the count for the Geiger-Mueller counter.
Accordingly, K is the relative efficiency to gamma
rays of the T counter as compared to the Geiger-
Mueller counter. HEquation 2 can be rewrltten
in the form of Equation 3.

t .

)] ®

-~

The experimental relation as expressed in
Equation 1 has the same form as has Equation 3
and by comparison it appears that the relative
efficiency of the T counter compared to the
Geiger-Mueller counter is 4.945. The difference g
minus t divided by K must be equal to 10.843.
By substituting the letter C for the value 10.843
in Equation 1, one arrives at Equation 4,

As already -indicated, -

20
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of the Geiger-Mueller counter.

8
This equation can be written as follows:
t=K(g—C) o %)

showmg that the backsround % for the T counter
is not equal to a multiple K of the background ¢
One has to .sub-
tract the value C from g and then multiply with
the efficiency K in order to get the background i.
The T counter had a volume which is 12.per-
cent smaller than the Geiger-Mueller counter.
This changes the constants of Equation 1 to those
in Equation 6. . ‘ S
T=5,54(G—9.97) - ... (68)

or in other words the relative efficiency is ap-
proximately K=>5.5 and the constant C is equal to
10 counts per second.

The background counts ¢ and g each cons1st of
two parts, which shall be indicated by an index
o and an index c¢. o and go shall be that part
of the respective backgrounds which is caused
by gamma rays. ' These gamma rays are partly
due to contamination of the metal parts of the
counters. It is proper to assume that the num-
ber of contamination gamma rays is equal -for
the two counters.  Because of the hlgher effi-
ciency of the T counter in detecting gamma rays
the background count due to the gamma rays fo
will be K times go. The second part of the back-
ground e and gc is due to directly- ionizing par-
ticles such as penetrating particles of cosmic
rays and of alpha rays which-are emitted by the
metal. Since the cosmic ray contamination for
the T counter would be somewhat less than for

the Geiger-Mueller counter due to the smaller

cross-sectional area of the T counter, and since
the alpha ray contamination for the T counter
would be somewhat more for the Geiger-Mueller
counter due to the larger amount of metal in the
cathode of thé T counter, it can be assumed in
good approximation that . is equal to g.. These
relatlonshlps are expressed in Equations 7 to 10.

t=to{1c (D)
g=go}gec (8)
To=K X 0o 9
te—=gec am

Combmmg Equation 5 with 7 and 8 one ob-
tains:Equation 11.

‘totte=K (gotge—C) an

By inserting values 9 and 10 into Equation 11 one
obtains Equation 12.

KXgo+Q'c=K(go—|—gc—C) (12)
and finally the relationship 13
KXC ;
=K—1 (13)

By inserting the numerical values for K and C
into 13 one obtains for gs the value 12.2 counts
per second.

ge=12.2 ects./sec. (14)

This figure then represents that part of the back-
ground for the Geiger-Mueller counter which is
due to directly ionizing rays.

From cosmic ray measurements it is known that
the counting rate due to cosmic rays is approxi-
mately one count per minute per square centi-
meter of counting area. The counter in question
had a cross sectional area of 700 square centi-
meters. One may expect, therefore, a counting
rate of approximately 700 counts per minute due
to cosmic rays alone or a counting rate of 11.5
counts per second.  This value agrees very well
with the one which was calculated from the field
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observations- and which is reported. in. Equation
14, and supports. quite- strongly the validity of
the calculations made above. .

The- foregoing calculations. show plainly that
the background of the T counter  (which is. de-
scribed more -fully in U. S, Patent No. 2,397,071).
does net increase proportionally to the increased
efficiency for gamma rays. This-is emphasized
by the following tabulation of counting:rates::

T=. 50 100 150 200 250!

G= 21 31. 41 51 61

55X G=115 170; 225 280~ 335
The second line gives the observed counting
rates with the Geiger-Mueller counters for the
counting rate which is listed.in.the first.line, for
the. T counter. In the third.line are the:values
which would. be obtained if K==5l. Geiger-
Mueller counters were used simultaneously.
From the first and the last column it.is apparent

that the counting rate for the T counter in- ¢

creases by a factor 5, whereas the counting rate
for 5% Geiger-Mueller counters. increases only
by a factor of 3. In other words, let us assume
that. there are two. regions in the. field, cone: of

which- shows. a. low counting rate.and. the. other. ©

one a high counting rate.. In the first region the
T counter gives a: rate of 50:-and in the second
region. a. rate of 250 counts. per second. The T
countter, therefore, shows a contrast.by- a factor
of 5.
by using simultaneously 5% Geiger-Mueller
counters each one of which has.the same active
volume as. the. T. counter one. finds. in the first
place a counting: rate-of 115 and in.the. second

location one of 335 counts per second. The ag- 5

gregate-of:the 5% Geiger-Mueller counters, there-
fore,. indicates a; contrast which. is slightly less
than 3. This indicates clearly that. the T count-
er has advanfages which cannot be made up by

using. a.large number of Geiger-Mueller:counters. 4

In underground gamma.ray. surveys, the cosmic
ray. effect and hence. the: background,. is dimin-
ished substantially by absorption in. the: oyer-
burden. However, in surface surveys (as shown

by Fig. 1) the cosmic ray effect is high and in

airborne- surveys: the: background. due- to. cosmic
rays is even higher, and the tendency. to. obscure
slight differences in gamma. ray-intensities from
point to point .is:greater: This. tendency may: be

overcome: and satisfactory results obtained by -

If one now- measures the same loecations :

10

15

Lt

employing a detector of the: type just: described;

or- any other type which. has a substantially
higher efficiency for gamma. rays than: the-con-
ventional Geiger-Mueller detector and.in which

this- increased. efficiency is obtained: without. in~

creasing: proportionately the: counting: rate for
background. Hence- anomalies. in. surface sur-
veys. that cannet be detected: in. reasonable time
or- reliably with- Geiger-Mueller counters, even
though a:-bundle-of these are employed to:increase
cathode-area and:counting rate; may be detected
with the multiple plate or crystal types: of: de-
tectors.

From. the foregoing,; it. is. apparent that the
multiple plate type of detectors  may be: con-
structed with- an. efficiency. for gamma- rays. of
approximately 2.5% or say 5 times that of the
conventional Geiger-NMueller counter.

If the relative-aceuracies.of the T counter and

and. the. Geiger~-Mueller: counter. are. considered -

as they affect the useable portion of: the: total
counting rate observed, it is readily apparent-why
the results obtained with the T counter-are more
accurate than those obfained: with: the: Geiger~

Mueller counter, even though a-longer observa= °

1e

tion time is.employed in.using the Geiger-Mueller
counter,

Assume the application. of. a. T counter and a
Geiger-Mueller counter of equal active. voliumes
and. a reading time for each which. will. result in
the:same number of total counts.observed.. This
will give readings. which: are subject. to the. same
probable statistical error.as applied tothe.average
counting rates. observed. However, due. to the
lower efficiency for gamma. rays. of the. Geiger-
Mueller counter, this probable. error. is- a- much
larger percentage of the. useable counting rate
(the-observed. counting rate-with the background
subtracted) than. is. the case. with the. higher
efficiency T counter where the useable. counting
rate.is a.much.larger portion.of the total count-
ing.rate observed...

The invention, as applied. to the. location: of
buried. mineral- deposits- through  the discovery
of radioactive. anomszlies: associated with the
country - rock, contemplates. underground;. sur-
face, and airborne.operations.employing. any.type
of  detector. of. requisite size.and. efficiency. Es-
pecially- in undenground. operations; where: the
gamma. ray intensities- may. be. relatively. high,
Geiger-Mueller counters. are sometimes useful.
In surface and: airborne surveys.for the.detection
of faint. anomalies characteristic. of some. min-
eralized. zones as.well. as. some. faults, contacts,
ete., i. e.. when the invention.is-applied .as-an: aid
in geological mapping, the invention.contemplates
the use. of the high. efficiency. counters already
deseribed.

Either positive or negative gamma.ray. anoma-
lies may characterize a buried ore body.. In.some
cases the country. rock.is:more:radio~active:than
the ore body. and.as the latter is approached the
intensity of detected.gamma.radiation: decreases.
This. is. considered. a negative. anomaly,. the. re~
verse. case in- which . gamma. ray intensity in-
creases-as the-ore:body-is:approached being. con-
sidered. a.positive anomaly. .

A: positive: anomaly discovered.in: a. survey: of
a deeply buried disseminated copper deposit. in
Arizona is illustrated in. Fig. 2: In.this survey
a. single. multiple. plate-multiple wire. detector
was: employed.. The envelope. was. a- gas tight
brass-cylinder 15’’ long.and 3!’ in.diameter.. The
cathode plates were silver and:. were. grounded. te
the envelope.. There were- 65. such: plates;. each
.010’" thick and spaced.on '’ centers-with their
major surfaces. perpendicular to: the. eylindrical
axis. Seven tungsten anode wires (.005' dia).
were passed-through 1%/’ holes.in the plates:. At
each station-the detector was laid approximately
flat on the ground and 8000 counts were-taken;
the-average probable statistical error for such a
length of count being +349:.

In.all cases except stations T and- 8 where: the
top-of: & hill had been flattened with a: bulldozer;
the stations: were on: substantially. undisturbed
ground, i. e: bed'rock;

Consideration: of” the: plot’ of - gamma: ray- in-
tensities, beginning at the right, shows:substan-

) tially- uniformy and- relatively low values over:the

schist. The contact of the schist with the granite
porphyry is shown by an inerease in intensity:
Save for the readings at stations.7 and 8 (which
may be less. reliable than the others dite to.-the
disturbed surface), the intensities. increase
markedly as the depth to the.ore body decreases
with .a . strong. increase in. intensity: at. the. lef
where- the ore-body is. close to:the surface.. It

_will: also be apparent that. the: detector distin-
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guished between the granite and the gramte
porphyry of the overburden.

Fig. 3 is a vertical geological section through

a mineralized zone in Colorado with a graph of
intensities observed at a series of stations on
the surface above the section. In this work a
single 3’’ diameter by 15" long multiple plate-
multiple wire detector (similar to that used in
the survey of Fig. 2) was employed. The ore
bodies underlying the traverse are sulphide re-
placement deposits occurring along bedding planes
in limestone. 'The limestones are interbedded
with sandstones, grits and mudstones and there
are several post-mineralization faults as shown.
The rocks of the section are covered throughout
by glaciofluvial gravels of varying depth and at
no point is there a surface exposure of the ore.
- The survey was besun on the uphill side of the
section (the left side in Fig. 3).. The first station
was above unmineralized limestone overlain by
gravel and a low intensity level of about 70 counts
per second was recistered. The second station is
still to the left of the first ore body but the count
at this point is substantially higher. The next
four stations overlie the upper lead-zinc sulphide
deposit, which is overlain at one point by a de-
posit of pyrite and pyrrohotite.. All of them are
points of high intensity, as is the next station
(No. 6). Having in mind that the ore of this
first body is nowhere closer to the surface than
10 feet and is over 100 feet below the surface at
station 6, it is plain that the detector is beyond
the rance of detectable differences of gamma
radiation oricinating in the ore body. This in-
dicates the presence of a radioactive aura in the
country rock overlying the body.

A second ore body of lead and gzinc sulphide
underlies the surface at the richt of the section
by depths in-excess of 200 feet, Its presence is
indicated by an increase in gamma ray intensity
at stations 9, 10, 11, 12 and 13 which overlie it,
the unmineralized zon"e,between the two bodies
being characterized by low intensities of stations
7 and 8. '

Fig. 4 shows the results obtained in a hori~
zontal underground gamma ray survey conducted
along a crosscut in limestone in an Arizona mine.
Three different limestones were crossed, as
shown. A replacement deposit of zinc sulphide
ore occurs in one of the lime formations and
another one is cut by porphyry dikes. A marked
aura occurs in Limestone A in the neighborhood
of the dikes, i. e. there is a marked increase in
gamms ray intensity from this lime at a sub-
stantial distance, i. e. in excess of 50 feet, from
the dike.

. An even stronger positive anomaly is associated

with the zinc deposit which occurs cloge to a
contact between the Limestone B and Limestone
C. This anomaly is detectable at a distance of
almost 200 feet to the left of the deposit in:Lime-
stone B in which it occurs but-is less evident
to the right, possibly because station No. 14, at
which the intensity is relatively-low, occurs al-
most.on the contact between- Limestone C and
Limestone B. In other words, the contact or
interface may have retarded the migration of
gamma, ray sources toward the right. .

The survey illustrated in Fig. 4 was conducted
with a 3”7 x 15" multiple plate multiple wire
detector similar to. that used in the survey of
Fig. 2, the. points of highest intensity being
checked with a smaller multiple plate single wire
detector 27 in diameter and 4’" long.” The de-
tectors were stationary and substantially vertical
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in the center of the cross-cut at each station.

Fig. 5 illustrates an underground survey in a
Utah mine in which lead-zinc sulphide deposits
have replaced thin limestone beds inn quartzite,
with porphyry sills intruded along the bedding
planes and generally parallel to the ore bédies.
In this work a single small multiple plate de-
tector was employed (2’ diameter, 4’’ lohg)
with 12 lead plate cathodes and a single coaxial
tungsten anode wire. The porphyry sill, as
might be expected of an acid intrusive, shows a
marked positive anomaly, its aura in the quartz-
ite being apparent at least 406 feet away. The
vein on the left likewise is accompanied by a
strong positive anomaly which is apparent in the
quartzite at a substantial distance, indieating
again the presence of an aura. Having in mind
that in many cases expleration openings have
missed valuable ore bodies by a matter of a few
feet, the ability to locate an aura of a deposit,
and thus in effect “see” through the intervening
rock, is an extremely valuable aspect of the in-
vention.

Pigs. 6 and T illustrate actual underground
gamma ray surveys made in accordance with
the invention in a Montana mining district. In
these surveys a single detector was employed
with a metallic envelope 2’’ in diameter and
10157’ long. It was provided with 51 silver
cathode plates spaced as in the case of the ap-
paratus employed in the survey of Fig. 2 and
wth a single coaxial anode wire of tungsten.
The surveys were made along crosscuts about
2000 feet underground. In both cases the coun-
try rock was granite.

To consider Fig. 6, the gamma ray intensities
beginning in the granite at the left are relatively
high. In the neighborhood of the slight stringers
of zine ore a marked negative anomaly is en-
countered. Immediately thereafter however, the
country rock to the left of the zinc-copper vein
gives a high intensity which increases markedly
as this vein is passed and then drops to the
intensities observed in the unaltered granite.
Continuing to the right, another sharp negative
anomaly appears in the neighborhood of the
zinc-lead vein.

'The relationship of the stations at which the
readings were taken to the position of the veins
is shown at the bottom of Fig. 6. From this
relationship it will be plain that the anomalies
appear in the country rock well outside the veins.

Fig. 7 illustrates a traverse across a zinc vein
which shows a marked positive anomaly. This
anomaly is apparent in the country rock on both
sides of the vein, as well as in the vein itself and
illustrates clearly a situation in which the de-
tector can apparently “see” the vein through
several meters of granite, although what is ac-
tually -being detected is the aura in the country
rock, in this case granite, which lies adjacent
to the vein.

One of the important fields of application of
the invention is in surface reccnnaisance, the
detector being moved along the fraverse con-
tinuously with continuous integrated observa-
tions.” An efficient detector together with the
associated power supply, preamplifier, amplifier,
integrating circuit, registering meter, etc., with
a total weight of less than 40 pounds has been
constructed, and this unit may be carried by
an .observer walking along the traverse, g con-
tinuous - indication of gamma ray intensities
along the traverse thus being cbtained. ILarger
detectors having a higher counting rate may be
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truck-mounted’ or ‘aifborne-and: anomalies: have
been. detected while: moving’ thes detector: along:
thes traverse at’-speed’up* to-206: miles: per Hour
and ‘at:elevations up:to-mere:-than-one-thousand
féet.. :

All' things- Heihg- equal: greatef contrast: is
obitained, i e: the:détection:of significant anom-
alies“is .mere: pronounced; if.thHe: détectorss are
carried along: the traverse: at: o substantiall dis~
tance: above: tlis: ground; improvement: in result:
being: obtained: as- thie” distance i§: increased: up
to a-height of'about:150 feet; above whiehsresults
become: lessw satisfactory: and® mores diffitult: to
interpret..

A’ number: of. comparative: surveys: have: been:
made«ilt which theidetectors:were first:mounted
ifr aitruck and runialong the -traverse and:there~
aften: flown: across: the: traverse: in a helicopter
at: different:. elevations.. In: this work six:large
multiple plate-multiple wire.deteetors were:em=
ployed.. E&ach: was:3: inches: in: diameter and: 30
inches:long ‘and: they:were: mounted:side:byr sidée
toform: a: panel;. Each: detectors contained 135
silver: cathode plates. .010¢’" thick: mounted on

%47 centers: and: 77 tungsten: wire:anodes: ((005!° o

di&:); passing: perpendicularly.” through: %/’ di=
ameter: holes: imy: the plates;. Each detector:was
separately: preamplified: and: quenched,. the: out=
puts:of the: several . preamplifiers being: sent ta
ans electronic: mixing circuit;. which: in: turn.: fed
aisingle amplifier;. The:output:ofs this- amplifier
was integrated;. and: recorded: By an: electronic
voltmeter. The: infegrator: employed was: so
designed: that. its: time- constant; ii. e.. the: time

over-whichr the input.pulses:were averaged, could

be-varied:.

In: the -girborne: surveys;. as: will. presently-ap=
pear: fronr: a. discussion: of Figs: 8 and’ 9;. it was
found:that: optimmuim: results: wererchtained while
flying: ab:an . elevatiori: off 100:t0-200 feet: above
ground;. & hreight: off about: 150: feet: being: best.
Extremely useful results however: were:obtained
up:r-tor heights: of - 800: feet while: flying: over an-
omalies: of relatively- lows gamma: ray intensity;
These~ effects: of: height: upen: result. appear: to
be’ due: to: the: interplay- of a:number- of factors:
viz. .

1: Attlow-altitudes=above:ground;.i: e: less:than
about 75 feet;. slight: differences: in: the: altitude;
encountered;. for: example, . when:the-instrument
is:carried: over: a:diteh;. cause marked-deviations
iny recorded intensity. Since. these: deviations
are-not-related-tas the: geological features being

investigated, they- tend to.abscure:results; Above

about.-75-feet, these- effects: are-less: pronounced
and: hence: there:is less.requirement for:the pilot

to; attempb. to: fiy. at constant: elevation. above

ground:. :

2.. As. height. is incressed; cosmic; ray backs
ground .increases and-the intensities of.gamma
rays.from.the ground:decrease; so.-that at above;
say. 800. feet, significant: changes: in - gamma ray
intensity due to-geological. differencessto:be dis~
covered-tend-to. be obseured:unless-they: are: very
pronounced: As-altitude: inereases, the:path:of
the.gammas rays.through:the air lengthens.. This
in.turn-reduces theintensity due to.absorption by
the-air.

3: As-height is-increased; gamma ray-intensity

from any given point in the earth’s orust. de: ;

creases ‘according to: the: inverseisgquare-law, but
at:the:same time:the area from:which: the detecs
tor ‘receives: gammea; radiation: increases:. These
factors: oppose each: ather;. so; that: the: inverse
square law:issnat: thessole controlling: féetor:.

3
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4.. At low:elevations; radiation:emanating:from
a buried source off to one side of/the:detector-has
topass: through: a. relatively: long path:in High
density overburdenswith: consequent:high:absorpx
tion.and:marked decrease:in intensity:. As:elevas
tion:above ground is.increased the:path: through
the: overburden: decreases;.the net result: being
that this.radiationr:may: have:a:greater-effect: on:
the measurement; . even though: the:total’ distance

- that the. radiation trawvels: through: ground and

air- (which. because: of: its: low: density. hias: low
absorptive:power): is:increased::

In the:light of: the foregoing; it:would: appear
that.even:when:the detector: is carried:along:the
surface atrsubstantially; constant. distance:above
ground - by animal: orr vehiclé;. and even: when
readings: are: made above: the surface: with the
detector stationary; advantages: acerue to: in-
creasing” the:elevation: of the: instrument: above
ground: Hence it isrbetier to.mount:the detecton
above a:truck:rather: than below amd stilli better
to: mount’ the: detector ~so: that. screening: effect
of: the:truck:is:minmized: .

Several. preferred: mounting: schemes: for
ground.berne:detectors are:illiistrated in Figs: 11
to 13.

Referringito Figr 11:it will:be:seen that a:panel
of ' multiple- plate-multiple: anode: detectors: are
mounted: on:a- support: above: & vehicle, say’an
automobile,.with their:major:axis: (as:defihed:by
the anodés of the: detectors) substantially:pars
allel: toy the': direction: of: travel: of: the: vehiele:
They are. mounted sufficiently high: above: the
vehicle, say. 3:or 4 .feet; that the absorption:effect
of the vehicle'on gamma raysemanating fiom:the
surrounding terrain.is.reduced:whilé: the:ground
area from which:the detectors:receiveigamma;raz
diations is:increased:. The: detectors:are -50: dis=
posed that their maximum cross sectional-arearis
dispoesed: approximateély. parallel: to: thes path: of
travel.and:in.a substantially: verticali.plane; so
that they'infercept: gamma: radiation: from: the
sides:ofithe traverse..

Pig: 12 illustiates: o modification: of: the- ars
rangement of! Pig: 11{in which: the:detectors:are
broken: into tworseparate: panels: of three-each
dispesed:respectively on.thetwo sides-of the:vehi-
clerbut-electrically;connected:as already deseribed
with: separate -preamplifiers: feeding: a: common
mixer:. - .

Figs 18-illustrates:another modification:.of: the
arrangement: ofi Fig: 12:inswhich -the . axes: ofi-the
detectors: are: vertital;. the: arrangement- beihg
otherwise the same..

All: threeof: the' foregoing: arrangements: are
advantageous in surveys: conducted over undiss
turbedssurfacestand.alsoralong established roads,
where fills, . pavement;. etes, may: tend: tor obscure
results.. They- permit! increased: reception: from
undisturbed. terrains along: the: side: of: the: road
andithus.tend toiimprove relidbility -of result.

A.comparison.of:resultsiobtained with: automos
bile:mountet:and:airberne:detectors: employedito
traverse. a: granite: plug: ocourring in: sandstone
it Texas is given in:Figi.9. The lowestitrace on
thi§ figure was obtaimed with:the paneliofisix des
tectorssraounted herizontally:on:the roof:of: an
automobile:drivern: along: the traverse-at:asspeed
of’ abeut 35:amiles:per~hour:. Tire: other: traces
were obtained:with: thessame: panel: ofi:detectors
mowinted inis helicopter and:flown alongithe:trav=
erseiat:the elevations and:speeds indicated: for
each-trace: Ih 2llicasesithie:“time delay?” i e.the
integration: constanti of: the: integrating: circuit
interposed: between - the - amplifiers and. thes res
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corder was the same, so that the results are.di-
rectly comparable.

..To consider the lowest trace, obtained with the
detectors mounted on the automobile and begin-
ning on the right, it will be seen that the contact
between the sandstone and the granite and schist
oceurring on the right of the plug is marked by
a substantial increase in intensity of gamma
rays.  The contact between the: granite-schist
and the fresh granite is less marked but is dis~
tinguishable as a small negative anomaly, where~
as the contact between the fresh granite and the
sandstone at the left of the figure is marked by a
sharp decrease in intensity as the detector passes
toward the sandstone. This trace shows clearly
the pronounced effect of surface features on the
detector at low elevations. Thus when the de-
tectors were carried across a bridge over a dry
creek bed, so that their distance above ground in-
creased a few feet, there was a sharp drop in
intensity. The survey which the lowest trace
represents was made along a paved highway, and
it is to be expected that better results might be
obtained over undisturbed ground, although not
as good as those obtained with the airborne in-
struments.

The {race obtained when the detectors were -

flown across the traverse at an elevation of about
100 feet has the same general shape as that of the

trace taken immediately above ground level. In :

general, however, the trace at 100 feet is
smoother and non-significant variations in in-
tensity (such as that due to the dry creek) are
less pronunced, so that the significant deviations

representative of geological features are easier

to detect. For example, at 100 feet the contrast
between granite and sandstone and that between
granite ‘and granite-schist: are substantxahy
greater.

The trace obtamed at 150 feet above ground is 4

still better than that obtained at 100 fest, de-
spite the fact that the speed of travel was con-
siderably greater (i. e. 60 M. P. H.). Thus the
trace is, in general; smoother, insignificant varia-
tions being minimized while the indices. of the
contacts between rocks are more easily rec-
ognized. So, although the trace has the same
general shape as those taken at the lower eleva-
tions, the several formations are more sharply
defined and there is less “hash” on the trace.
At an elevation of 200 feet, as shown by the
upper trace, the several formations are still suffi-
ciently defined to be identified. However, con-
trast between formations has in -part been-lost,

and the trace:is not so easy to interpret as that

made at 150 feet above ground.

Fig. 8 continues the comparison of traces made
with airborne detectors at different elevations
across the same granite plug surveyed in Fig. 9.
The detection equipment and the aircraft were
the same as in the operations illustrated by
Fig. 9, but a different time delay, i. e. integration
constant was employed in recording the traces.
Surveys were run at elevations of approximate-
ly- 109, 200, 400 -and 800 feet above ground at
approximately the same air speed (35 M. P. H.).
The .four traces thus obtained are shown. All
of the traces follow the same general pattern,
but ~as  elevation is increased minor and in-
significant variations tend to be removed. The
traces at 100 and 200 feet show the greatest
contrasts for the several geological formations
and features to be identified, but differences be-
tween the sandstone and the fresh granite, be-
tween : the granite and the granite-schist and
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between the granite-schist and the sandstone are
still apparent at 400:and 800 feet. In short, Fig,
8 shows that the optimum -altitude for airborne
gamma, ray surveys. in accordance with the in-
vention is between about 100 and 200 feet, but
that useful results, even with relatively low in-
tensity anomalies, can be obtained up to 800 feet.
In still other tests, flown in an airplane as dis-
tinguished from a helicopter and at much higher
speeds and elevations, high- intensity anomalies
(such as a shore line where there is a strong con-
trast between gamma ray intensities emitted by
land and water) were detected clearly.. 800 feet,
therefore, is not necessarily an upper. limit. of
usefulness of the invention, although. it is well
above the optimum elevation of about 150. feet,
at which height the effects of deviations: in
elevation above ground are less pronounced, and
less care need be taken 1n maintaining con-
stant this elevation.

From the foregoing discussion of Figs. 8 and
9, it will be plain that by continuously integrating
the pulses as a function of time and adjusting
the integration time constant in relation to the
speed of movement of the detector over the sur-
face being investigated it is possible to'emphasize
contrasts - in . gamma - ray intensities ' due  to
geological changes (say at a contact between dif-
ferent rocks) or geological differences in:the
earth underlying the line of movement of the
detector while suppressing contrasts in gamma
ray intensities due to surface features (say the
presence of a ditch). For any given speed of
movement of a detector at a given elevation,
there is an optimum integration time constant,
and the invention contemplates the adjustment
of time constant in relation to speed of detector
movement or height above ground or both, in
order to secure maximum contrast between
significant gamma radiation along:the line of
detector movement, either at substantial eleva-
tions or at the surface. .

It will also be plain that for a given integra-
tion time constant, the speed of movement of
the detector over the terrain should be kept suf-
ficiently low that differences in gamma ray in-
tensities due to geological changes in the earth
underlying the line of movement of the detector
are not obscured by the integration. '

In airborne surveys conducted in accordance
with the invention it is essential that the traces
obtained, say those .of Figs. 8 and 9, be corre-
lated with the terrain over which the survey is
made. This may be done in several ways.

One simple ‘way is to provide an automatic
time marker in the recorder, so that the time
each portion of the trace is recorded is known.
The operator of the detector notes the exact time
that the aircraft is directly above prominent
landmarks along the traverse, or above monu-
ments or markers disposed on the ground along
the traverse, and thus is able to-correlate sur-
face with trace by means of time.

Another, but more complicated method, is to
employ a camera which is geared to the recorder
of the detector. In this way a series of pictures
of the underlying terrain is taken as the traverse
is' flown simultaneously with the recording of
the trace of radiation intensity and correlated
therewith.

A third- method - involves the use of radio-
active markers which are disposed at selected
points along the traverse and are registered on
the trace itself. It has been established, as shown
in Fig.-10, that a 5 mg. source of radium gives a
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sharp: “pip” on .the: trace at:.elevations.:up:to
ab:least. 160 feet:. These. “pips,” should:. they
happen to coincide: with:a-gamma ray anomaly
in the ground, may be confusing. In order:-to
avold. possibility- of such: confusion it-is: desirable
to: repeat the survey without. employing - the
radioactive. markers: and comparing: the two
traces thus obtained. Another  way to avoid
confusion is to employ two radioactive: markers
spaced from each.other far enocugh to. produce
two pips on: the: trace-and thus produce:a:char=
acteristic and easily. recognizable pattern.

Referring to Fig. 10, the - trace “A’” was: ob-
tained while flying at an elevation of.20 feet:ab
a-speed of about 30 miles per hour-over a:point
at which a 5 mg. source of radium- was:subse=
quently placed, the detectors employed-being the
panel of 6-previously-described. The flight was
repeated at an elevation of 206 feet (trace.“B”)
with- the radium source in- place and:a .pro-
nounced “pip” was obtained, so. pronounced,.in
fact, that it ran off the scale. Additional res
peat runs were made-at elevations:respectively: of
40, 80, 160, 300 and. 400 feet (traces C, D, E, F
and G). The pip is pronounced- up to 160: feet;
and: recognizable:even at:400 feet..

A 5-mg. source: of- radium-is .extremely -small,
again.indicating the -surprising nature.of the re-
sults: obtained. and: the. high efficiency- of: the

multiple-plate .type . of detector for gamma. rays. ¢

This efficiency is further:illustrated by the fact
that a- 100-mg. source.of radium:. buried- in' the
ground to a.depth of 6-feet is undetected by a
modern. ionization: chamber, but may:-be; found

easily with a. multiple: plate-single. wire counter 3

of the type described in: connection with- Fig, 5.

The-aspect .of the:invention illustrated:-in-Fig.
10. (which involves determining the-location. of
an aireraft: with respect to .terrain over: which
it is flying by- detecting:from- the- aircraft the
increase:in gamma. radiation from-a. source; such
as a small quantity of radium, located at-a
known .point- on. the: terrain) - is- useful outside
of the prospecting - field and-is; in fact, of gen-
eral utility in blind.flying. Thus the position of
an airfield or any. other ground.installation may
be. marked by placing: radioactive: markers: at
known locations;. say. at the. four-corners- of a
field. A gamma ray- detector:of relatively hisgh
efficiency is mounted in an-aircraft, and a strong,

“pip” will be indicated.by: the:recorder: or:in-.
dicator of ‘the detector when the-aircraft is over.
In order:to distinguish one. monu-
ment. or: marker- from .another; the: size- of:the,
radioactive sources employed may-be: different, :
or a:monument may: consist: of a-plurality: of:
separate- sources spaced far:-enough. apart.in.a’
horizontal direction that each:produces a-:sub--
stantially separate pip, thus: producing at. the:
recorder a-distinetive pattern. For example; one:
corner of a field may: be marked with one-source,:

the source:

a- second with two, etc., or-a. distinctive: pattern
may be produced by employing: as-a: monument

a. plurality of spaced sources of -different sizes.
The: height at which the: gamma- ray point:
AS.

source is detectable is a function of the.size..
shown in Fig, 10, a very small source-is-easily

detected at heights in excess of two hundred.feet,.

and by increasing the:size of the source.the height
may be increased to several thousand feet...

Air navigation, through the application of. a-
system of radio-active markers (say point sources.

of radium) .at known ground locations, offers out-

standing advantages, first because:the emission.

of gamma rays by the marker is.assured, where-

10
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as:lights;.. radio beacons; etec.,.may. fail through
failures of. current:. The:radioactive . marker. is;
therefore, . more-~reliable-and- may be detected.
with:: simple- reliable - equipment: irrespective: of
weather conditions, etc:.. Seeondly; the intensity
of - the-received: radiation, as indicated by the
height-of: the-pip;, is: an-index:of. the -height of
the:aircraft above-theimarker.

Although:150 -feet;. or: at:least: some distance
between. 100--and:200:feet now appears:to be:the

 optimum: height : for: observation: of: gamma, ray
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intensities:in:airborne. surveys -conducted .in.. ac-
cordance-with my:invention;local conditions may.
require-a; different height for. maximum. contrast,
and theinvention contemplates-broadly: the:prac«
tice-of: flying.a detector across-terrain of:an ele-
vationabove: ground. such that maximum con-
trast is:obtained:between.gamma radiation. from
the-earth.and other: detected.radiation.. Stated
otherwise, the-detector-is:preferably moved over
the surfaee-of the-earth:at.a.height-above and
below: whichthere-is a.decrease:in .the-contrast
between .the intensity.- of. the: detected- gamma
rays-fromthe-earth:and:the-other-detected radi-
ation;,i. e.,. “background.’  Preferably-this de=
tection. is:made continuously-and the courseflown:
Is at- least: approximately: a, constant- distance:
above ground.

Surveysimadein:aecordancewith my invention
have:shown: -that argiven type-of occurence-in-a
given:lecality (say. a.copper:vein.in granite:in
one mining:district .where-the -copper:veins have
been-formed under.similar:conditions.and some--
times:at about.the-same:time) will.manifest:a,
typical:anomaly;. In- such-case;, it is:advantas-
geous: to.-survey-one orrmorer-known deposits.to
determine-the -typical :anomaly: and-to look- for.
similar anomalies-in. theneighborhood. which-are
not asseciated.. with known. deposits,, but: which.
may;reveal one-hitherto undiselosed:. This is an.
imporbant feature of the invention and one which:
tends.-to-reduce the:prospecting: risk.substantial--
ly-. It is-not.necessary.that-the known.deposit:
which-is -surveyed-be intact at the-time it is.sur-
veyed;, for -it s has: been : demonstrated, that. the:
an'omaly - remains:. after; the. deposit: has: been:
mined:outb; in-whole-or;in part:. Consequently a.
survey; insithe-neighborhood::of ~a .deposit .whichr
has.- beenr. removed: may. establish the- type: of,
anomaly:to -be-seught- in. surveys: conducted: in:
the:neighborhood: to locate:extensions:of. the. de~-
Dposit-or similar new occurrences..

As-applied-to:the: diseovery-of anomalies mdl—
cated.by: differences.:in the:intensity:of-gammas
raysyemitted .from:. different.points in:thesovers:
burden of a mineral deposit, the invention -con-
templates- surface-and underground operations,
the:term.surface being.employed to include those.
conducted - on-the surface-.as:well as above the
surface;. i.. e: with. airborne - instruments. The:
discovery-of .the-anomalies in underground_ opera-
tions may-be-made- by. surveys.conducted along:
bore:holes or:development openings such as-raises:
and crosscuts. .

When employing:. counters.having:a..substans--
tially. higher.efiiciency than conventional Geiger--
Mueller counters-but.in-whieh -the counting. ef-
ficiency for background.does not increase Dropor-
tionately.to the increase.in gamma, ray -counting:

. efficiency; the-invention has more: generalappli--

cation in surface operations.and.may-be used not:
only: to-discover -such anomalies-but-also. as-an-
aid in geological mapbing, i. e. in-the :discovery: of:
contacts, ete. ~ The-method may thus-be: used-to.
cover-a: large area rapidly; and; cheaply with: ajr-.
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borne instruments. The results obtained will
permit accurate geological mapping of the ter-
rain, but in the normal case most of the area
will yield only negative results from the stand-
point of locating mineral deposits, i. e. no sub-
stantial anomalies will be observed. In those por-
tions of the area in which anomalies are observed
in this large scale reconnaissane, detailed inves-
tigations should follow, either with airborne
equipment or on the ground using a detector
which is carried by man, animal or vehicle.

An anomaly, once it is detected (say from the
air) may be outlined by travelling over it (and
preferably flying over it) repeatedly along dif-
ferent courses, which may be laid out in the form
of 3 grid. In this way points of equal intensity
may be located over the surface and mapped.
A convenient way of outlining the anomaly is to
join points of equal gamma ray intensity with
lines, which may be called “isoradins.”
ily, the isoradins associated with a mineral de-
posit will be closed loops, which have the ap-
pearance of contours around a hill or a depres-
sion. If gamma ray intensity increases toward
the center of the region enclosed by an isoradin,
the anomaly is a positive one. If it decreases
toward the center of the region enclosed by the
isoradin, the anomaly is negative.

One way of quickly ouflining the horizontal
proportion of a mineral deposit associated with a
radioactive anomaly is by altering the source of
the aircraft to fly along the line (isoradin) at
which radiation intensity (say intensity of gam-
ma, radiation) is substantially constant, marking

the course of the flight by aerial photography of 3

the ground over which the plane passes, or by
dropping markers, such as sacks of flour.

The isoradin or isoradins may be considered as
a projection on the surface of the earth of the
outline of the mineral deposit associated with
the isoradin, and the invention contemplates the
evaluation of mineral deposits by making an
aerial radio activity survey, as described above,
to obtain the outline of the deposit as a projec-

tion on the surface of the earth and then drilling .

test holes within the outlines as projected on the
surface to determine the thickness of the deposit.
In this fashion the shape of the deposit in three
dimensions is determined. The mineral concen-

tration along the source of the bore holes may .

be determined by actual sampling, as with cores,
or if desired, the same result can be obtained in
many cases by logging the holes by passing a
radiation detector along them and correlating
determined intensities with depth in each hole.

1 claim:

1. In prospecting, the improvement which
comprises measuring the gamma ray intensities
at a series of points along and a substantial dis-
tance above the surface of the earth ares being
prospected with an efficiency substantially
greater than %% and detecting together with
the gamma radiation the intensity of back-
ground radiation present but with an efficiency
no greater than that obtainable with a Geiger-
Mueller counter having an efficiency no greater
than one-half percent for gamma rays.

2. In prospecting, the improvement which
comprises measuring the gamma ray intensities
at a series of points along and from about 100
to about 200 feet above the surface of the earth
area being prospected with an efficiency substan-
tially greater than one-half percent and detect-
ing together with the gamma radiation the in-
tensity of background radiation present with an
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efficiency no greater than that obtainable with
a Geiger-Mueller counter having an efficiency
no greater than omne-half percent for gamma
rays.

3. In prospecting, the improvement which
comprises measuring the gamma ray intensities
at g series of points along and about 150 feet
above the surface of the earth area being pros-
pected with an efficiency substantially greater
than that obtainable with a conventional
Geiger-Mueller counter and detecting together
with the gamma radiation the intensity of back-
ground radiation present but with an efficiency no
greater than that obtainable with a Geiger-
Mueller counter having an efficiency no greater
than one-half percent for gamma rays.

4, In geophysical investigations involving the
continuous movement of a pulse type detector
for gamma radiation over the surface of the
earth at a substantial height above it and the
continuous detection of the pulses produced in
the detector by gamma rays emanating from
the earth surface, the improvement which com-~
prises measuring the intensity of gamma rays
through the pulses produced in the detector
with an efficiency substantially greater  than
one-half percent and measuring, together with
the intensity of the gamma rays, the intensity
of other radization present but with an efficiency
no greater than that obtainable for such radia-
tion with a Geiger-Mueller counter having an
efficiency of no more than one-half percent for
gamma rays, integrating the detected pulses as
a function of tiine, employing a selected in-
tegration time constant in the integration, and
keening the speed of movement of the detector
sufiiciently low that differences in gamma ray
intensities as indicated by the integrated meas-
urements and due to geological differences in the
earth underlying the line of movement of the de-
tector are emphasized and not obscured by the
integration.

5. In geophysical investigations involving the
continuous movement of a pulse-type detector
for gamma rays over the surface of the earth
and the continuous detection of pulses produced
in the detector by gamma rays emansaing from
the earth surface, the improvement which com-
prises detecting the intensity of gamma rays
through the pulses produced in the detector
with, an efficiency substantially greater than
onz-half percent and detecting together with
the intensity of the gamma rays the intensity
of other radiation present but with substantially
an efficiency no greater than that obtainable for
such radiation with a Geiger-Mueller counter
having an efficiency no greater than one-half
percent for gamma rays, integrating the de-
tected pulses as a function of time, and adjust-
ing the integration time constant in relation to
the speed of movement of the detector over the
surface so as to emphasize contrasts in gamma
rays intensities as indicated by the integrated
measurements and due to geclogical differences
in the earth underlying the line of movement
of the detector.

6. In geophysical investigations involving the
continuous movement of a pulse-type detector
for gamma rays over the surface of the earth
at a substantial height above it and the con-
tinuous detection of pulses produced in the de-
tector by gamma rays emanating from the earth
surface, the improvement which comprises de-
tecting the intensity of gamma rays through the
pulses produeced in the detector with an eficiency
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substantially higher than -one-half ‘percent -and
deteeting together with the intensity of the
gammsg rays the intensity :of ether radiation
bresent but with substantially an eficiency no
greater than that obtainable for such radiation
with a Geiger-Mueller counter having an effi-
ciency no -greater than one-half percent for
gamma rays, integrating the defected pulses :as
g function of time, -and adjusting the integra-
tion time -constant in relation %o the height of
the detector above the surface .of the earth :so
as to emphasize contrasts in gamma ray inten-
sities as indicated by the integrated measure-
ments and due to geological differences in . the

earth underlying the line of movement of the 1

detector.

7. In geophysical investigations involving the
continuous movement of a pulse-type radiation
detector for gamma rays over the surface of

the earth at a .substantial height above it and ¢

the continuous detection of pulses produced in
the detector by gamima rays -emanating from
the earth surface, the improvement which com-
prises continuously detecting the intensity of
gammg rays emitted from the-earth through the
pulses produced in the detector with a detec-
tion efficiency substantially greater than %%
while also detecting together with the gamma,
rays the intensity of other radiation present but
with substantially an efficiency for such radia-
tion no greater than that obtainable with a
Geiger-Mueller counter having an efficiency no
greater than one-half percent for gamma rays,
integrating the detected pulses as a function of
time, and adjusting the integration time con-
stant in relation to the speed of movement of
the detector over the surface of the earth and
the height of the detector above said surface so
as to emphasize contrasts in gamma ray inten-
sities as indicated by the integrated measure-
ments and due to geological differences in the
earth underlying the line of movement of the de-
tector.

8. In geophysical investigations involving the
continuous movement of g pulse-type detector
for gamma rays over the surface of the earth
and the continuous detection of pulses produced
in the detector by gammsg rays emanating from
the earth surface, the improvement which com-
prises detecting the intensity of gamma rays
emitted from the earth through the pulses pro-
duced in the detector with an efficiency substan-
tially greater than one-half percent and detect-
ing with the gamma rays the intensity of other
radiation present but with an efficiency no
greater than that obtainable for such radiation
with a Geiger-Mueller counter having an effi-
ciency no greater than one-half percent for
gamma rays moving the detector over the sur-
face of the earth at a height above and below
which there is a decrease in the contrast be-
tween the intensity of the detected gamma rays
from the earth and the other detected radiation,
integrating the detected pulses as a function of
time, and adjusting the integration time con-
stant in relation to the speed of movement of
the detector over the surface of the earth so
as to emphasize contrasts in gamma ray inten-
sities as indicated by the integrated measure-
ments and due to geological differences in the
earth underlying the line of movement of the
detector.

9. In geophysical investigations involving the
continuous movement of a pulse-type detector
for gamma rays over the surface of the earth
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ot a substantial height above it and the con-
tinuous detection of pulses produced in the de-
tector by gamma rays emanating from the earth
surface, the improvement which .comprises con-
tinuously ‘detecting the intensity of gamma, rays
emitted from the earth through the pulses pro-
duced in the detector with a detection efficiency
substantially greater than %% while also de-
tecting together with the gammsa rays the in-
tensity of other radiation present but- with no
greater efficiency than that obtainable for .such
radiation with o Geiger-Mueller counter hav-
ing an efficiency no greater than one-half per-
cent for gamma rays and while moving the de-
tector over the surface of the earth at a height
at ‘which contrasts in gamma ray intensities due
to geological differences are -at g maximum, in-
tegrating the detected pulses as a function of
time, and maintaining the time constant of in-
tegration in such relation 4o the speed of move-
ment of ‘the detector over ‘the surface of the
earth that contrasts in gamma ray intensities
as indicated by the ‘integrated measurements
and due to geological differences in the ‘earth
surface underlying the line of .movement of the
detector are emphasized.

10. In geophysical investigations involving the
continuous movement of & pulse-type detector
for gamma rays over the surface of the earth
at a substantial height above it and the con-
tinuous detection of pulses produced in the de-
tector by gammag rays emanating from the earth
surface, the improvement which comprises con-
tinuously detecting the intensity of gamma rays
emitted from the earth through the pulses pro-
duced in the detector with a detection efficiency
substantially greater than one-half percent
while also defecting together with the gamma

‘rays the intensity of other radiation present

but with no greater efficiency than that obtain-
able for such radiation with a Geiger-Mueller
counter having an efficiency of no more than
one-half percent for gamma rays and while
moving the detector over the surface of the
earth at a height at which confrasts in gamma
ray intensities due to geological differences are
at a maximum, integrating the detected pulses
as a function of time. and maintaining the time
constant of integration in such relation to the
height of the detector above the surface of the
earth that contrasts in gamma ray intensities as
indicated by the integrated measurements and
due to geological differences in the earth under-
Iying the line of movement of the detector are
emphasized.

11. In geophysical investigations involving the
continuous movement of a pulse-type detector
for gamma rays over the surface of the earth
at a substantial height above it and the con-
tinuous detection of pulses produced in the
detector by gamma rays emanating from the
earth surface, the improvement which comprises
continuously detecting the intensity of gamma
rays emitted from the earth through the pulses
preduced in the detector with a detection effi-
ciency substantially greater than one-half per-
cent while also detecting together with the
gamma rays the intensity of other radiation
present but with no greater efficiency than that
obtainable for such radiation with a Geiger-
Mueller counter having an efficiency of no more
than one-half percent for gamma rays, and
while moving the detector over the surface of
the earth at a height at which contrasts in
gamma ray intensities due to geological differ-
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énces are at a4 maximum, integrating the de-
tected pulses as a function of time, and main-
taining the time constant of integration in such
relation to the speed of movement of the de-
tector over the surface of the earth and the
height of the detector above said surface that
contrasts in gamma ray intensities as indicated
by the integrated measurements and due to
geological differences in the earth underlying the
line of movement of the detector are empha-
sized.

12, In geophysical investigations involving the
continuous movement of a pulse-type detector
for gamma radiation over the surface of the
earth at a substantial height above it and the
continuous observation of the pulses produced
in the detector by gamma rays emanating from
the earth surface, the improvement which com-
prises measuring the intensity of gamma rays
through the pulses produced in the detector with
an efiiciency substantially greater than one-half
percent and measuring together with the in-
tensity of the gamma rays the intensity of other
radiations present but with an efficiency no
greater than that obtainable for such radiation
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with a Geiger-Mueller counter having an effi-
ciency of no more than one-half percent for
gamma rays, integrating the detected pulses as
a function of time at a selected integration time
constant, the speed of moverent of the de-
tector relative to the surface of the earth being
correlated to the selected time constant so that
differences in gamma ray intensities as indicated
by the integrated measurements and due to
geological differences in the earth underlying the
line of movement of the detector are emphasized
and not obscured by the integration.
GERHARD HERZOG.
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