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PREFACE

In December of 1947 lMr., Robert Van Nostrand and
the writer became interested in the problem of the
distribution of naturel radiocaciivity and the applications
of rad;eaetivity to geclogy, A coopsrative survey of
the literature on the subject was undertaken,

Later the writer decided to follow up the survey
with a research project, Consultations with Dr, Z,

Ve Harvalik of the Missourl School eof Hines Physies
Department, and Dr. E. L. Clerk and lr., 0, M, Bishop
of the Missouri Geologieal Survey, followed. The
nature of the project was evolved when Dr, Clark, with
the consent of the U. S, Bureau of lMines, offered to
loan the writer the igneous section of the Bourbon,
Missouri, well core.

The equipment was designed and bullt, ssmples
prepared and measuremenis talken durlng the summer
months, June through September, 1048,
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RADICACTIVITY OF THE PRE~CAMBRIAN SECTIOH
OF THE BOURBON, MISSOURI, WELL CORE
BY MEASUREMENT OF THE TOTAL HARD GAMRBIA RADIATION

I+ Introduction
{ Radicactivity and the Thermal State of the Earth)

Of all the elements of the earth, relatively few
are known to be naturelly radiocactive., The list is
comprised of uraniwg and thorium and their decay pro-
ducts, potassiunm, samarium, rubidium, lutecium and

possibly rhﬁniumil) and illiumfz).

{1) Naldrett end Libby, Natural Radiocactivity of
Rhenium, The Physical Review, Vol, 73, No. 5,
p. 487, Hareh 1, 1948,

{2) Es O» Brimm, A4 Study of the Possible Radicactivity
of Illium: Pa 7’ Ul‘bm, Illimi&, 1940’ Abstract
of Doctort's Thesis,

0f these only uranium, thorium and potassium are
active or sbundant enough %o contribute appreciably
toward the thermal state of the earth,

For an average igneous rock,; Evans and Goodmanis}

(3) Re D, Eveans and €, Goodman, Bulletin Geol. Soc,
Am,., No. 58, p. 459, 1941,

compute for the heat production per year, per gram of rock:

U= 2.2 % 0,2 x 10°° ca1,
Th = 2.6 £ 04 x 10™° cal.
K= .14 2 0,06 x 107° cal,



but recent work by T. Grafgé) has shown the contribubtion

{4) T, Graf, Significance of the Radloactivity of K40
in Geophysics II, The Phys. Rev., Vol. 74, p. 831,
Cebe 1, 1048,

due to K to be somewhat higher {0.6 2 .1) x 107° cal.
This heat productlon is by no means small., The
temperature gradient in deep mines and wells has been
found to be 1 degree centigrade for each 125 feel below
the surface. Since much is lmown concerming the heat
conductivity of rocks, it has been possible to estimatbe
that 1012 calories flow out Ifrom the earth's interior
during each second of time. If the radicactive content
assoclated with rocks at the surface were constant with
depth to & depth of 12 miles, the consequent heat pro-
duetion would provide all of the 1012 calories leaving
the earth's interior.€5} If this radioactive content

(5) Thornbon Page, The Origin of the Earth, Physies
Today, Vel. 1, No. 6, p. 18, October, 1948.

extends to greater depiths, the sarth mmst be heating upi
v Since the earth is probably not heating up (all
evidence being %o the contrary), we are left, according

to Jeffries,{ﬁ} with three possibilities:

{6) Harold Jeffries, The Thermal State of the Earth,
imerican Journal of Seience, Vol. 239, Ho. 11, p.
826, 1941,




1) The radiocsctive content of rock decrsases with
depth,

2} The phenomenon of radiocactivity itself iz in-
hibited at depths greater than twelve miles,

3) Healt generated below that level 1s incapable

of reaching the surface.

The second and third, sccording to Jelffries, seom
quite Inadmissable.

With regard to the sscond proposal, direct experi-
ments have shown that pressures and temperatures likely
to occur et that depth have no signifiecant effect on
radioactivity.

With regard to the third proposal, enough iz Inown
about the conductivities of rock to say this is not
possible.

This leaves the first proposal, A mechanism for
this is given by Goldschmidt, "“The struetures of
silicates is determined by the possible srrangementa
of the oxygen atoms. Netals can form pert of silicate
crystals if thelr atoms have the right slize to fit into
the interstices between the oxygen atoms., If they are
too large they cammct enter the eryatals, 1f they are
too small they are apparently still unable to be there.
The stoms of urenium and thorium sre very large and
Goldschmidt shows that the interstices are too small to

1]
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accommodate them. Hence when a silicate magnma crystallisges
these aleﬁants remain in solution to the last. Since

the crystals tend to sink te the bottom these elements
would be concentrated at the top.

*This argument is confirmsd by Piggot by the obser-
vation that uranium and thorium do not occur in the
interior of ecrystals but on the interfaces where the
crystal structure is defective, and on the cleavage

planes of mica.“{7}

{7) Ibid., p. 828

After discussing possible sources of information
conesrning the decrease of ra. foactivii, with deptl,
Jeffries statesy ¥In fact we have really no ‘nlor Llicn
to tell us how fast radloectivity decrcowcs wiill Jopth

except what is provided by the eguation of heat prcduction."(c)

{8) Tbid., p. 829

The asccepted hypothesis derlved from thermal con-
siderations is that of an exponential decrease, Vhy
igneous 'ali cores have not been sxasmined is not certain,
except that such well cores are generally not economic
and therefore scarce, are ususlly quite limited in depth,
and most measurements of the radicactivity of igneocus

rocks are qguite laborious,



Many well cores have been drilled into sedimentary
rocks for o0il exploration and exploitation, Dut the
variation of radiocactivity in sedimentary rocks is an
entirely different story, being not dependent on depth
or density bub upon the derivation of the rock and its

organic content,

14

n icneours >oclm many obrervoTe have fomnd a2 steady
decrease of radioasctivity with lncreased density, but I
have cone across nothing in the literature on the varistion
with density in one rock typee.

It should be apparent by now that the problem of
the distribution of radicactivity with depth is one
of the unsolved problems of geophysiecs, or at least
convineing proef is lacking for any one hypothesis,

Thet is why I considered myself forbtunate to have
had the igneous section of the rock core drilled at
Bourbon, Crawford County, Missouri, by the U. S, Bureau
of Mines, loaned to me for this study by Dre E. L.
Clark, State Geologlist, lissourl Geoclogical Survey.
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1I. Geology of the Well Core

Three diamond eoré holes were drllled at the site
of the Bourbon magnetic snomaly to aseertain the cause
of the anomaly, The pre-Cambrien igneous section of the
second drill hole is the one dealt with in this paper,
The pre-Cembrian core extended into almost 700 feet of
rhyolite porphyry overlaln by 1405 feet of Cambrian
and Urdovician sedinentaries,

The following is guoted from U. 5. Bureau of lilnes

Hdeport of Investligation 5951{9} wnich may be referred to

{8) W, D. Hemillan, Exploration of the Bourbon Hagnetic
Anomaly, Crawford County, Missouri. U. S. Buresu
of Hines, Re I. 35961, CQctober, 1948,

for further informetion, The geoclogic loz for the
portion of the core dealt with in this paper is on page 55
of this report,

"The Hourbeon magnetic =2nomely is on the northeastern
flank of the Osark dome, which is the outstanding
structural Teature of lissouri. The sedimentery rocks
of the area, which are mainly dolomites, sandstones,
shales, and chert, belong te the lower Paleozoic {Cam-
brian and Ordovicien) eand rest upon a basement of pre-
Cambrian igneous fccks.

"The igneous rock penstrated in the drill holes
consists essentially of rhyolite porphyry similer to
the host rock of the specular-hematite deposits in the



$t. Francois Mountains in southeastern Missocuri. Before
the general subsidence of the area and encroachment of
the Palozoic sea, the igneous rocks were subjected to a
long perlod of srosion, with 8 resulting lnmown relief
in adjacent areas of over 1,000 fett.se

f7he pre-Csmbrian igneous rock encountered in the
holes is a rhyolite porphyry similar to the rhyolite
porphyry of the 5t. Francols Mountalns of Hissouri,
rRose to gray porphyry composed of quartz and pinkigh
feldspar phenocrysts in a dark-gray semitranslucent
ground mass 1s most sbundant, It grades into pink
porphyry and rose felsite., The pink porphyry differs
from the rose porphyry in that 1% contains more mega-
gcopically erystalline feldspar, |

"gagnetite is an accessory mineral in the rhyolite
porpliyry where it eccurs as dissemlinated grains in the
ground mass or matrix. The magnetite greins range up
to 10 mm. in dismeter. With inereasing smounts of
magnetite, the rock becomes darker in color, In hole
No. 3 between 2,000 and 2,300 feet the rose to gray
porphyry is estimated to contaln between 15 and 20
percent and the pink porphyry between 6 and 15 percent
iron.

"gagnetite alsc occurs as veins ranging from 2
knife edge to € inches in thicimness...

"The Us S. Geologlcal Survey measured the tem-
perature at wvarious depths in the hole, 4 temperature



of 59.401«“. was recorded from 25C to 500 feet. Deeper
than this, thse tempersture increased gradually to a
maxivmm of 71.0° P. at 2,000 feet, which 18 equivalont
to a rise of 1°F, for each 130 feet of depth beyond
500 feet."

The fo}.}.ouing enalysis is & composite sample
from 1,752 to 1,805 feet:

Pa Insol. B510g 3 P cald .&1205 Tiﬁz

43624 37,61 30,48 0,021 0,023 0,05 5678 Ca92



I1I. Hethod of Yeasurement

With the advent of radiocactivibty well logging as a
succeasful teool in the exploltation of oll, 1t became
necessary to investigate the radiosctivity of a largs
mumber of samples of sedimendary rocks to aid in the
interpretation of radicactivity logs. 3Since the logs
woere of gamma ray activity, 1t was necessary to measure
the total gamma ray activity of the samples. This has
the advantage of including in the estimate of the total
radlosctive content the contribution of potassium which
does not emit alpha particles.

Previous to 18939 most measurements had been of the
alpha activity of igneous rocks and the results of

{10)

different investigators were in serlous dissgrecment.

(10) R D, Evans, ¢, Goodman, N, B, Keevil, A, C. Lane
and We Dy Urry, Intercsliibration snd Comparison in
Two Laboratories of Measurements Ineldent o
Determinations of Geologic Ages of Rocks, Phys.
Rev., Yol. 55, pp. 931-946, 1939.

The absorption of alphe particles is much greater then
for photons, and varies greatly from one substance to
enother, causing extreme veriatlions in eount from
samples of the same radlioacilve content.

Another method, direct chemical analysis, 1is
difficuld and regquires a sample of large mass, ‘hen
measuring the radloactivity of a well core by direct

anelysis, a large section must be consumed for one sample.
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It is not possible, then, to choose small samples repre-
senting small sections of well core, All fine structure
would be lost in a radioactivity depth curve.

Wa Lie Russell(ll) {then of Stanclind 011l Compsany)

{11) Ve Le Bussell, The Total CGammua Ray Actlvity of
Sedimentary Rocks As Indicated by Geiger Count
Determinations, Geophysics, Vol., 9, Ho. 2,
pp. 180-216, April, 19844,

published the results of a large number of determinations
of the total gamma ray activity of sedimentary rocks,

As far as I can discover, there have been very few, if
any, determinstions of the botal gemme ray activity of
igneous rocks,

Because of the above consideratlons and because it
represented a somewhat new approach, I decided to measure
the total hard camma radiation of the igneous section of
the Bourbon well core.

The gamme method has the advantage of being relatively
simple. The count is determined with the sample in the
chamber, and then wlith & non-radicactlve salt (chemically
pure NaCl). The count wiﬁh salt in chamber 1s the base
count due to cosmic radiation and contamination, The
difference, corrected for absorptlion, is a measure of the
radiocactivity of the sample and 1s referred to the gammas
radiation of radium vhich is primerily due to Ba (B + (¢J).



11

The unit used is the radium sgquivalent which is

12 grams of radium

the gamma radiation produced by 10~
per grem of rock excluding the softer characteristic
radiatlon, It is lmown that the gamma activiity in
question is produced almost entlirely by uranium and
thorium {plus decay products) and potassium. Since
urenium, thorium and potessium are believed o account

for all but a negligible part of the natural radicactivity
oceurring in rocks, the results should be a good estimate

of total radlosctivity of the rock in question.



IV. Apparatus

A). Geiger tube:

The Geiper tube is of the gamma ray type, designed
for externsl quenching and operation at about 850 wvolts.
The eathode is of ccpper, 15 om. long end 1 em. in
diameter, The wall thiclmess is approximsately 1.5 mm,
BE)« Electronic circults:

1). Quenching and amplifylng {(see circuli diasgram,
Figure 1, page 15 ): The design 1s of the Pickering-leher
type. The circult dlesgram was obtained from Strong's

"Experimental Physics”.{lg) However, a 6J7 tube was used

{12} Jolmn Strong, Procedures in Experimental Physlcs,
He Yo, Prentice Hall, Inc., p. 283, 1946.

Instead of a 57 and certain modifications were necessary.
The original circuit called for 5 megohms resistance from
grid to cathode of the 57. It was found that the 6J7
became very unstable with this grid-cathode resistance.
This difficulty wes resolved by reducing the grid-eathode
resistance to 3% megohms, increasing the cathode to
ground resistence to 13 megohm, and hesting the filament
wWith 4,5 vA.C. rather than 6,3 vA.C« A part of both

the gri&~eéthoda and cathode ground resistance were made
-variable to enable the fixing of the operation at the
most stable peint, These modifications produced the
desired result, and the operation was stable throughout

the experiment.



13

2). Driver circult: The driver circuit was of the
gas tube type, the gas tube acting as a vel ve to control
the discharge of the .254fd condenser through the
mechanical message register, The maximum reactlon speed
was 20 cycles per second (cps) which wes no handicap
considering the relatively low count measured (see data
sheet, page 53) and the fact that it 1s not desirable
to count coincident particles,

3). Power éupplies: Since the voltages needed were
not critical in megnitude, unregulated halfl wave recti-
fication was used for both high and low voltage supplies.

However, it was found that the 115 vA.C. source
was quite wvariable., A constant volbtage transformer was
used to hold the voltage comstant at 115 vA.C. for
variations in the supply from 95 to 130 vA.C. In addition,
an electric clock with a red dot signal to show voltage
Interruptions was used, If the red dot was showing during
any messurement, the reading was cast out. An alternative
method would be to have two synchroniszed clocks, one
mechanical and the other electrical. Thls would enable
calculation of the lengih of the time of voltage inter-
ruption, This wes not feasible, however, since the poor
frequency regulation of the 115 vac. supply did not enable
the use of an electric elock te tell correct time, An

accurate stop watch was used for all time readings,



14

4)e A shielded coaxlel cable was used for the lead
from Geliger itnbe to the grid of the 6J7 to prevent tripping
of the eircult by exbternal electrical impulses,

5. The mechanlcal message register was manufactured
by the Central Scientific Company. I1Its D.C. resistance
was 3,300 ohms. It required 10 me. D.Ce for operation,
The messeage rogister 1tselfl limlted the maximum rate
of count to 20 cps. This was determined empirically by
bringing a large sample of carncotite in proximity to the
Gelger tube while the eircult was in operation.

8)s Cycle of coperation: A phobton entering the
Geiger tube causes lonizatlon, The effective resistance
of the Gelger tube becomes wvery small, which sffectively
grounds the grid of the 637, cutting off the tube, The
amplified impulse is passed through the .00l 4fd coupling
condenser to the grid of the gas tube, The pulss now
Inverted and positive causes the gas tube to conduct,
allowing the .254/fd condenser %o discharge through the
message register. Recovery is rapid. Yhen the 6J7
ceases to conduct, the voltage at the cathode which
operates the Gelger tube falls to a point that will not
maintaein lonization. Meanwhile the volitsge at the plsate
of the ges tube, due to the discharge of the .2511fd
condenser, also falls to & point which will not maintain
ionization in the gas tube. This repid recovery eliminates

any danger of mulbtiple counting.
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C)e Semple chamber (see diagram, Figure 2, page 17):

The chamber is surrounded on all sides by at least
7.5 cm. of lead. This reduces the base count from 32 to
36 counts per mimute {cpm) to 15 to 17 cpm. depending, of
course, on such factors as weafhgr and time of day. The
sample conbtainer consists primarily of two cylinders of
steel closed at the bottom by an eluminum plate, The
Geilger tube (15 om, long) is axially located, The inmer
cylinder (2 mm. thick) is slightly longer than the cathode.
A hole drilled in the inner cylinder just above the
helght of the cethode acts as a fiduelal mark {tc enable
the paciking of conitainer to constant volume for all
samples ). A fiber disk holding bindlng posts rests on
the outer cylinder. The disk is held in plsce by the
two handles end by an alumimm flange which fits on the
inner ecylinder. Electrical connection is made from the
Geiger tube to the binding posts. The Geiger tube 1s
held in place by 8 rubber flange at the top {four screws
attached to the aluminum flange clamp the rubber flange
to the Geiger tube); and by aluminum strips at ths
bottom, The four screws snd the sluminum strips enable
the centering of the Geiger tube, The entire assembly
is placed on legs to isoclate the Gelger tube from the

lead sontainer.
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Ve Calibration

Ideally the equipment should be calibrated with a
mown emount of radium in equilibrium with its decay
products. However, since a suitable radium stendard
wonld be expenslive and hard to obtain, it wes decided
to use anothsr calibration method,

Recent work on the radiocactivity of potassium {K40)

has established the inscecuracy of previous workﬁls} solved

(13) E. Gleditsch and T. Gréf, On the Gamma Hays of
K40, Phys. Rev., Vol, 72, Ho. 7, p. 040, Oct. 1,
1947.

certain problems concerning the effect of the radio-

sebivity of potassium on geological praccaaaﬁfzél(15;(16)(17)

{14) E. Gleditsch =snd T, Graf, Significance of the
Radiomctivity of Potassium in Geophysies, p. 641,
Phys. Rev., Vol., 72, No. 7, October 1, 1947.

{15) Hans E, Suess, On the Radloactivity of K40,
Phys. Reves Vole. 73, Hoe 10, p. 1209, May 15, 1948.

{16) Frencis Birch, HRadiocactivity of X and Geophysics,
Phys. Rev., Yol. 72, No. 11, p. 1128, December 1,
1947.

(17) Ta Gréf, Significance of the Radivactivity of
K40 I3, Phys: B@?mg Yol,. 7&. Hoe 7y Pe 853.,
Oetober 1, 1048,

and established new and more genalstent values for its

activity relative to radium (B + C), its half life,



1o

mass absorption coefficient, and so forth.(la)(ngczg}{gl)

{18} B. Gleditsch and T, Gréf, Loc. Clt., footnote
2;0. 130

(19) V. Fo Hess and J. D. Roll, Identification of the
Surplus Gamma Radiation from Granite, Phys. Rev.,
Vols. 73, lio. 8, pp. 918-918, April 15, 1948,

{20) We L. Russell, Loe. Cit,, see footnote Ho. 11, p. 185.
{21) Re D, Evans and R, U, “vans, Studies of Self Absorption

in Gaoma-Ray Sources, Rev. of Hod. Phys., Vol, 20,
lio. 1, pp. 305-328, January, 1948,

Table Mo. 1 on page 20 represents & summary of old
and new values for the equivalent radiosctivity of po-
tagsium and for 1its mass absorption coefflcient, The
graph, Figure No. 3, page 20 is a plot of the newer
values, showing the variation of the equivalenes of X teo
Ra when varying amountw of lead are placed between sample

annd counter. The ons low value 1s that of V, Fe Hoss.(lg)

{19) V. F, Hess and J. D. Roll, Loc. cit., sse footnote
Ho. 19 above.)

ITowever, he points out that his experimsntal resulis would
be in closer conformity with theory Iif he had used a
larger wvalue for the equivalent radloactivlity of potassium,
I used steel rather then lead screening, but Hevesy and
{22)

Paneth point out that for the hard gauma rays of

(22) George Hevesy and F. R. Paneth, "A Mamal of Radlo-
activity”, London, Second Edition, @mford Univer-
8ity Press, ». 51, 1958,
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RA/K % 10' GRAMS

MM. OF LEAD

Figure 3

Table 1

Author 1l g K eg. to A For ¥ Rays Publicstlion
of K

#. Kohlmdrster .510 x 1077 Ra 0.00250 em®/g Zeits. f. Geophys.
6,340 (1930)

W. Mihlhoff .344 x 10"% BRa 0,0520 em®/g Ann. 4. Physik,
7,205 (1930)

F. Béhounek 1.30 x 10" % Ra 0.0513 em®g Zelts. f. Physik.
69,654 (1931)

L.e He Gray & ~10 )
G.T.P. Tarrant .160 x 10 ~ g Ra 0.0477 em“/g Proc. Roy. Soc. A
143,681 (1934)

¥W. L. Russell 1.25 x 10”19 Ra Geophysics, 9,185 (1944)
E. Gleditsch & 1.06 x 10-10, g,

T. Graf &1.23x 10°19% Ra 0,0513 em?/g Phys. Rev. 72,639 (1947)
R. D. Evans 8 x 10'105 Ra

& R, 0. Evens & 1.2 x 1019 Ra ?ﬁgie?f Mod. Phys. 20,325

V. F. Hess .89 x 10710z Ra .0523 cw®/g Phys. Rev. 73,917 (1948)
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radiun (¢) (the energy of the gamma rays of K is nearly
the same) the mass absorption coefficlents for different
elements are nearly the same, Thus 2 mm. of steel is
equivalent in its absorbing effect to about the ratio
of the densities of steel and lead times the thiclkness

?’86 x 2‘5'1.4 rm. of lead, For this
.

of steel, or
amount of lead, from the graph, Figure 3, on page =C. 1
gram K is very nesarly equivalent to .85 x 10-10 grams

of radium,

In view of the uncertalnty involved, it is not
necessary to isclate the true value to a closer degree
of mccuracye Ithe calibration will not eflfect the relative
values of radioactivity within this experiment, but
serves the purpose of enabling comparison with work done
elsewhere,

The calibration then consisted of placing varying
mixtures of KC1 and BaCl in the sample chamber, obtaining
the count difference in counts per minute between the
mixture and pure NaCl {base count), and plotting the
measured results against equivalent weight of Ra contained
within the chamber., PFour wvalues were obtalined which
established the expected straight line relationshlip, then
one point was established very accurately (see calibrabtion
table, Table HNo, 2, page 23, calibration Ho, 2), This
accurate point and the origin then were made the two
points through which the straight line was passed. (See

graph, Flgure No. 4, page 24).



To calculate the equlivalent radium content, if one

gram K 1s equal to .85 x 10'10g Ra, then 1 grsm KCl1 is

equal to 525 x 85 x 10-10 grams Ra, since only part of

KCl is K:
The weight of Radium eguivalent in its gamma ray effect

= {.525) x (% ECL in Mixture) x (Welght of mixture)
x (.85 x 10'10grams Ra)

From the slope of the straight line it was found that
1 count per minute corresponds to an equivalent radlum
content of 5,36 x 1030 grams of radium.

Then to obtain the radiocactivity of an unknown samples

Rad. sq. = fcpm for unknown) x 5,36 x 10"10grams Ra
{Nass of sample) x 10712 cpm




Table 2

CALIBRATION DATA

Calibration Parcent‘Wt. of

Equivelent Base Sample Count
Number KC1 Mixture weight of 1 count count difference Remarks
in grams radium x 10* 0 per mine per min, count per
ninute

1 1009 1986 83,9 16,04 31,02 14,98 Base count for two
hours =» 19286
Sample count for two
hours = 3730

2 1009 222 96,9 15,62 34,10 18448 Base count for 3
hours = 2811
Semple count for 3
hours ® 6148

3 7445% 176 5842 15436 26,03 10,67 Bese count for one
houy = 0922
Sample count for one
hour = 1564

4 74 5% 192 6345 18,00 26,78 10,78 Base count for only
one=-half hour % 480
Sample count for only
ong~half hour % 804

5 50,954 198 44,8 15,45 24,20 BeT75. Base count for

one houyr = 927
Sampls count
for one hour = 1466

3]
(]
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VI. Sample Measurements

The procedurs for sample measurements is as followss

1) Pack the contalner to fiducial mark with pure
NaCl, Tamp the contalmnsr sand add more salt until about
210 grams are in sample container.

2) Check the operation of the electronic circuits
for optimum operstion by bringing a specimen of carnotite
near the Gelger tube.

3) Place the sample container in the lead chamber;
set the stop-watch at zeroc and the message register at
an even value,

4) Record the time snd reading of message register.
When all is in readiness, start register and stop-watch
simultaneously.

5) At end of half hour period, stop reglster and
record readings.

6) Pack and tamp the container with unknown sample
to maximum bulk density.

7} Proceed as before for two one-half hour periods.

8) Pack a2nd tamp the contalner with NaCl as before
and proceed as before for sanother one-half hour periocd.

9) Welgh unknown sample,

The bulk density of the EC1l and NaCl was approximately
.92 {(chamber volume 230 c¢c). Chemically pure HaCl was
used at first. However, 1t was found that there was no

difference in the base count when ordinary NaCl wes used.
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The calibration, of course, came at the beginning of the
experiment and not as much care was taken In the packing
at that time. The chemically pure NaCl was less dense
than the KCl, but the ordinary NaCl had very nearly the
same density as the KCl. This accounts for the varying
welghts during calibration. The weight of NaCl used for
base counts throughout the sample measurements was kept
at 210 grams. The bulk density for the samples varied
from 1.34 to 2.41.

That self asbasorption must be taken into considerstion
is obvious from the results of sample No. 13 (see dats,
Table 3, pagar55}. The count difference 1s «.69; that
is, the base count is hisgher than the sample count.

That absorption of the contsminstion count and secondaries
produced by cosmic radistion must 2lso be taken into
consideration 1s apparent from the fact that ths count
with nothing in the sample container is hlgher thsn the
base count with the Nall in place., This elsc establishes

the very low radicsctivity of NaCl (assumed zero).
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ViI. Comparison of Mineral Densitlies with Bulk Densities

The well-known formula for the computation of
mineral density from pycnometer readings is:
Dy = "(Bs+3)- T(B)
(w - W ) - (¥ - W )
(B+Hp0) (B) (B+H0 + §) '(B+3)

where:
Dy = mineral density

Wigg = welght of bottle plus specimen, dry
Wp = welght of dry bottle
W(B+320) = welght of bottle plus water

W(B+HQO 4 g) - welght of bottle plus speeimen plus Hy0

The sbove guantities were measured for samples Jp and #13

¥ees)  W(B)  W(Bemyoss)  (Bsmy0)
Qp 29 .60 18.38 81.87 74,79
#13 31.38 16.99 87«57 76.50

Different bottles were used to avold walting for the
bottle to dry.
for @

11422 o 5 o
Dy 4.14 .71

for #13
14449 = 4.33

Dy = =373~
The Qp bulk or packing density is 1.50 g/em®. FNow
since the samples were all crushed and ground to nearly

the same wesh, the ratio of the mineral density of A



to its bulk density multiplied by the bulk density of
the unknown should give the spproximate mineral denalty
of the unknown.

for #13

v 2471
Dy = 2,41 x 5 = 4,36

Tne error 1a less than 1%. This accurscy 1s not
c¢laimed for all speclmens, but the mlineral density
should be aeccurate to at least two places 1f the bulk
density is multiplied by the ratio 2271 = 1,81,

-«
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VIII. Absorption Correction

In general the exponentlal absorption rule holds:

N = Ny, 1% (1)

where:
¥ = number of partlicles remsining after passage

through matter of density € and thickness x

N, = initial number of particles when x = o

4 = mass absorption coefficlent.

In general the beam of photona will not be mono-
chromatic. If Y3, Aos Yzse++ BTE the mass absorption
coefficients for components of totsl energy flux
Ej, Bz, Ex.... then the absorption soefficient for the
complex beam will be

“ = 2?’%% Er
37 Ex

The most recent comprehensive discussion of ab-
sorption coefficlent and selfl absorption in gamma ray
gources is that by R. D, and R. 0. Evans of the Massachusetts

(23)

Inatitute of Technology. According to them, absorption

(23) R. De and R. O. Evans, Loc. Cit., (see footnote
ﬂOJ 2}.)’ pp. 305“326.

takes place through photoelectric absorption (T},
ele ctron-pair production (& )}, Compton absorption (s ),

and slso b% deflection of gamms ray energy through Compton



scattering (os). The effective total absorption co-
efficient (o) will be the sum of the sbove processes:
o= T+ K+ 0 « o

*hen scattered photons are prevented from reaching
the dstector, the effect of scattering and consequently
the effective absorption coefficilent { ) will be a
maximum. “henever 2 significant part of the scattered

primary photons are allowed to reach the detector, the
| effect of scattering will be smaller than the maxisum
and consequentlys
< <o

Now 1f we atill follow the reasoning in the above
re§ert'by the Evans, since the sensitivity of a copper-
cathode counter is well known to be nearly linesr with
gamme ray snergy, and since the geome try of the sample
container used in the writser's experiment, by symmetry,
will not exclude seattered photons, the effectlive
sttenuation coefficient should be close to:

A =T+ K+ g

Since zeattering tskes place, all particles origi-
nating st the same polint and stgrting In the same directlion
do not travel egual path lengths. %Thus, iIn equation (1),
x 1s the thickness of intervening material between
gource end dstector and not the true path length traveled

by particles through the sbaorber,
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The net eflfect of the scattering of the primary
photons is complex. IHowsver, the experimental measure~
ment of the mass absorption coefficient is generally
accomplished by surrounding the counter by lead absorbers.
The Lvans show that in this case the contribution to the
effecbtive absorption cocefficlent inecreases with thickness
and is about 305 for 3/16 inches of lead absorber,
Since the mass sbsorption coefficients used in this
experiment to evaluate self absorption will include
this +3ds 5 an error will be introduced which should
have the effeect of a smell over-estimation of the self
absorption,

The secondary particles produced by the sbove
processes may excite certain tertiary electromsgnetic
radiations such as x~radiation., However, thess secondary
and tertiary radiastions being softer than the original
gamme rediations will be almost completely absorbed by
the steel screening and glass wall of the Geliger tube.
Secondaries and tertlaries originating neer the end of
the path may get through to the cathode of the tubse,
but here again, since it is well known that the sensi-
tivity of a copper-cathode counter is nearly linear with
gemna ray energy, the contribution of the secondary and
tertiary radiation should not be great and since the

potassium calibration standard is compared with the



unknown saumple count for count, any unwanted effect
from the secondaries and tertliaries should be insig-

nificant. (84)

{(24¢) This opinion was expressed by Dr., V. F, Hess of
Fordham Unliversity in & personal commnication
dated September 11, 1948,

From date by Re Do and R. 0. Evans{25) the overall

{25) Re Do And Re 0o Lvans, Loc. Clte {see footnote Mo,
21), Table II, pags 316,

mass absorption coefficlents for uranium and thorium
after screening by l.4 mm, of lead are ,045 and ,047
cm%g rospactively, The mess absorption coefficient of
K has been slready given as ,051 cn/g.

Sinee it is not possible to tell by the method used
in this experiment just what per cent of the total count
is due to any one of the components, the sbsorption
correction is considerably simplified by the fact tlat
the three absorption corrections are so nearly the same.

Ve Fe fass snd Je D Roll(gﬁ) have shown the lonizatlon

{26) V. P, Hess and J¢ De Roll, Loc, Cit. {ses footnote
lNle. 19}, page 918.

due to the potassium contoent of & granite specimen to
be more thaen twlce that due to the other components
taken together. The potassium content of the ryolite
porphyry in this experiment should be somewhat less

than that of the granite specimen, probebly nearer 39



than the 3.8% of the granite. However, the K content
should still supply the majority of counts. In view of
this, the overall mass absorption coefficient for all
three components taken bogether should be around .049 cmg/g,'
and since the possibility of only one component existing
in a ziven specimen is remote, these limits can be further
closed and should for the average sample be closer to

the higher than the lower limit,

Since the method of calibration is comparative,
that is, comporison of the count produeced by a lmown
quantity of radiocective matter with an equal count
produced by an unknmowni there would be no need for 2
self sbsorption correction if the ECL and unlmown sample
were of the ssme bulk density {the mass absorption
coefficient being so nearly equal), Likewise, if the
NaCl and unineown saumple were of equgl density the sams
number of base counts would be sbsorbed in each,

However, in every case, the denslity of the sample was
eénsiderably greatar than that of the salis used.
Therelore, there must be:

1) 4 correction of the base count since more
part;cles criginating from ocutside are absorbed within
the semple then within the NaCl used to obtain the
base count,

2} There must be a self absorption correction for
the absorpiion within the sample over and above the
sbsorption within the EC1 used Tor calibration.



In the following analysis these symbols will be
useds
1) = count with sample conteiner empty
lin = base count measured with HaCl in contalner
W, = sample count measured with sample in conbainer
Hp = actual base count with sample in container
¥y ¥ count with XC1 in container
Ny = photons which start in directlion to register
a count
Ps = bulk density of Wagl
PKX = bulk density of XCl
A = bulk density of sample
s, * fractional base correctlion (outside)
Cy = fractional selfl sbsorption correction {inside)
A¥, = eorrected count difference
A % actusl counbt difference
M1 = pyerell mass sbsorption coefficient for all
vearticles originaeting outside container
Xave = bhiclmess of sample in oms. for average
particle which starts in direction to register
a count
By definitions
AR = (Hy - Wg)
The count difference after correction of the base
count for the differentiasl absorption between sampls and
salt will be:

Ny = (Mg = C Mg) = (Ny = Bg) * ¢ g = AN + oWy



Now since more of the particles will be absorbed
in the sample than in the XCl, there must be a frac-
tional correction {C;) of the { AN «+ CORB) counts derived

gbove s0 that the corrected count will be of the form:
Alig = ( AN + c Ng) ci (2)

which must be compeared with an egual cslibration count:
It remains then to approximate C, and Cye

By equation (1)

Hp = Nog =4 x 5

X in this ecase is asgsumed to be the width of the
shember (1,27 em), (S = .92 Np and N, are obtalned
experimentally and it is desired to solve for At,

t = » 1/xpq log N0
B >

The following dats wes obtained on two different days.
Time = two-hour periods

¥p No
1873 1971
2022 2127
3895 4098

- - 1
“* T T EIOOT }‘9%“%%‘

“"{' = 043 mgfg
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Having empirically determined 4, equations may be
sot up for the measured base count with sslt in chawber
and true base count with sample in chamber,.

Ny = Kge = 41 g

N'g = N e =4' xfm

dividing one equatlon by the other

%ﬁ“"@‘”f’xipm-%)
B .

For the correctlion to be of the formm glven in
equation 2

Collg = (¥ = N'p)
and therefore

Co ® (2 = ¥'g

Substituting in the equetion for the count ratiec

coul.ga""f"x(Pm-Ps}

Solving the above for warious values of AL = { Op =~ Fg)

N Co ACq
0 027 027
.5 054 027
15 079 .025
240 105 £026

During the experiment, A€ does not exceed 1.5.
‘I‘harefaés, we may sey the relationship bebtween C, and

AP is wery nearly linear and soi



Cq ‘-g% AP = 082 AF

For the inside or self ebsorption correction, the
equaticns Tor semple and calibration count are from
equation la

AX = ﬁTe‘?Vm@% Zave *+ K7p)
ANy = Npe~(fk(k Fave + kA1)

where k is the density tlmes the path length after
the particles leave the sample container until they strike

thie aathode and is the same for both,.

1t was previously stated that the overall absorption
coefficient .A/M4§‘.049 en®/g and 4 ¢ for potassium is
051 em/g.

To & first approximsation:

Mu = HE

Wow the small error introduced by assuming,ym =’7K
and the effect of scattering will tend to make the
ebsorption correction slightly larger. Since it is
desired to distinguish between g true decrease of
radicactive content with density {see introduction,
page 5) and the apparent decresse due to sell absorption,
thls overestimation of self sbsorption is pot undesirable
in view of the conflict in the literature on the exact



value of the absorption coefficient for pataasium.(27}

{(27) Actually, as it turns out, the ebsorption cor-
rections would have to be increased by over 2004
to account for the decrease in count with density.
The actual decrease of radioactive content belng
g0 large there is no difficulty in distinguishing
between the true and apparent decresse, This is
fortunate, sinee in view of the obvicus uncer-
talnties involved, the accuracy of the absorption
corroction does not permit eny halr-splitting
deductions.,

So taking the ratlo of the counts and aettingfgh g’ﬁk =/7

ci = Allg | o+ 7Xgye (Py - PR)
AN ’

It remains to evalusts Xave* Re De 8nd Re (o Evans(28)

(28) Re¢ De and R, 0, Evans, Loc. Cit. {see foctnote
Ho. 21} page 300,

point out that for cylindricel geometry the integrals
involved must be evaluated graphically or by the ald of
tables,

sketch, Figure 5, on page 4l shows the sample con-
tainer surrounding the axially located cathode of the
Geliger bube. Sketch (b) pgives a cross-sectlonal view,
We must consider s large mumber of points (P) located
within the sample contaliner and randomly distributed
which are socurces of photons. For any one photon the
direetion of emission from the point {P) is unkmownj;
however, the only possible assumption is that all
directions are equally probable. Thse problem then is to
find the average thickness of matter within the sample



for all photons which start out in s direction such that

if not absorbed they will intercept the cathode.

It is necessary to define certain symbols to be used

in the Lollowing anslysis:

ce
i1
00

h

¢

=

-
-

E

i

surface of cathode

inner wall of sample conbainer

outer wall of sample container

height of container and cathode

vertical distance from bottom of container
to point (P)

horizontal distance along perpendieular bto
cathode to point (P}

total angle aubteﬁdsd in a wveriieal plane
{#x) by cathode, which is divided by per=-

pendicular to eathode into two angles,

angle subtended by cathode in a horizontal plane

Res Bis By ¥ radil of cathods and inslde and outside

5

wsll of container
diztence traveled by &2 given particle inside

container

X, = distance traveled by a given particle outside

contalner

A particle P within the chamber, say on the ouber

well, sees a& surface opposite it on the inner wall of the

container (ma 1'it*} which is approximately & plene rectangle.



{The straight line iti' {b) is nearly equal to the
arc itit), TFurthermore Tor any particle 1'it is much
smaller than @& and so the rectangls approximates
linearity. The point P lies on & vertical line; an
infinite nmumbsr of these lines completes & cylindrical
shefl at a distance (y + Ry) from the axis. An infinite
mimber of cylindricsl shells exist within the sanple
container.

It is proposed te solve this problem by the following
steps:

1} Set up an integral for the average thickness
X; for all particles originating at a point (P).

2} Sum over all peints {P) on & vertical line %o
obtain ﬁi‘

8) BSum over all such lines within container %o

find Xgoge
82 8g 81
Eiiygaece dﬁzyﬁsaeﬁ dS*Ssacsde

-8 : Q 0

eT = (31 - Gg)

-3
= tan % 8
61 T - {Ri o RC) 2 Yy » (Ri"ﬂa)

/ 8g | . 2
% = ¥ [lcg tan { /4 }1» "'2"')* log tan { /4 "ﬁ}")] (3)

8y
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solving for X;, which is %; at center point, with

¥ % 1,27 cm. we get Xy, = 1,96 cn.

7o obbain the aversge thiclmess of sample ssen by
all particles origineting on the entire line, Xy must be
evaluated for wvarious positions (z). Since the number
of particlea striking the counter from any one position
in space doponds upon the total gngle subtended, it 1s
necessary to weight sach value by the angle for that

position,
ﬁi = 2?1 °r -
Z&T

¥ & 1l.27 as befcre:
z 8y % 6

2458 2.93

0

1 2.12 Se84
2 le92 3«84
& 1,78 370
4 1.77 372
5 1.90 4,03
8 2400 4432
7 1.98 4420

15,72 30,58
Tz - cl4em

epes
Py

Thus 1t is obvious that X3, = X1, that is, the
value of X; at the eenter peint is wvery nesrly equal
to the average for the entire line.

Considering amy shell at a distance (y 4 B;) from

the axis, the number of particles originating in the



shell is proportional to (y + Ry) and the number headed
in 8 direction to intercept the cathode depends upon the

anglie subbtended by the cathode,

Xave ’zz“_ﬁic (¥ » Ry) 8p

y o7 (T*1.27) Ko Op (7+1.27) T, Op(y*+1.27)

O 1.47 1.27 4] 1.87 0
o325 1443 1.59 .60 2428 1,36
+6825 1.39 2,01 1,07 279 2,99
<950 1.34 2«28 1453 2.87 4,55
13423 15.42
xam = %g‘f’%g‘ = 1,16 cm.

C; may now be svaluabed:
Gy = JK o gt 050 x 1,16 x AP

E‘i
AP o1 AGy
0 1,000 020
% 1.029 030
1 1,059 032
13 1,091, <032

The relationship between C; and Of within the renge
of wvalues in this experiment is very nearly linear,

m = ACy | L1283 = J061
AP -

The corrected count is given by:

Alig = { AN + ,052 ACNg) {«061 A€+ 1,000) (4)
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Check of the Callbration by iMeasurement of (uincy Granite

Dre Ve e Hess of Fordham University kindly provided

a sample of Quiney grenite which he used in his experi-

ments on the surplus gamma radiation from granite.(gg)

{29) V. F. Hess and J, D. Roll, Loc. Cit., {see foot-
note No. 19), pp. 916-918.

Dr. Hess found, using the value of Gray and Tarrant for
the equivalent gamma activity of K (1 gram K sgq. bto
.160 x 1p~10 grans fa) that the lonization produced by
the gamma rays of quincy granite was 100 per cent greater
than predicted from the analysis of radioactive content,
The discrepancy was shown to result from the use of Gray
and Tarrantts velue for the squivalent pgemms sctivity
of potassium. Vhen the value of Gleditsch and Graf is
used (see Table 1, page 20} no such diserepancy occurs,
As a result of this interest In the Quincy granite,
it has become one of the most highly analyzed rocks in
the world {for radlicactive content).
The following sre two analyses by different observers

a3 reported by Ksevil.(ﬁe)

(30) N. B. Keevil, Thorium-Uranium Ratlos in Rocks and
Minerels, Am. Jour. of Sci., Vol. 242, No, 6,
. 311, 1942,

th x 1%/  u=x1%/g _mh/u
8ol 2 2,0 2.7 % 0.5 3.0
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The potassium content 1s thought to be 3,8 x 1&’2

grams per gram. According to W. L. Rusaell(sl} one radium

{31) W. §§sﬁussell, Loc. Clt,, {(see footnote No. 1l1),
P .

equivalent is equal to 2.8 x 1078 grams U and 3.5 x 10*6

grams Th, One radium equivalent was assumed to be equal
50 1.18 x 1072 grams of K in the celibration for this
experiment,

Computing the equivslent gamma activity for the lower

of the two values(sg} given we get:

{(32) The lower of the two values 1s the result of
analysis by Evans end Coodman at M.I.T. Curtiss
at the U.S. Bureau of Standards checked thn”s
uranium content and found it fto be 2.8 x 10
grams of uranium per gram in close agreement with
Fvens and Goodmen, (see footnotes No. 19 and No. 30.)

1) uranium content:

-5 rad. 8q.
o7 T 045) x 10 X
L 5.8 X T -t 87 : .18

2) thorium contents
(8.1 F 2,0) x 107°

- 2.31 ¥ .57
35 x 107

3} potassium content:

(3.8 2 ,8) x 10 = _B3.22 - .68
1,18 x 1072 6,50 T 1.%3

If the figures above ars correct, the equivalent
gemma ray sctiviby of the Quiney granite should be
somewhere between 5 to 8 radium equivalents. That the
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sbove estivate 1s correct is not absolutely certain,
However, since W, L. Russell (see table 1, page 20)
correctly evaluated the equivalent activity of potassiunm
three to four years before its current acceptance, his
values for the uranium and thorium equivalence are used
also, The radicactivity of Quinecy granite zs determined
in thls experiment is 8,48 % 1,38 radium equivalents or
roughly between 7 and 10 radium equivalents. (See table
4, page 54) The range of values overlap, but if the
value 6450 radium equivalents is correct, which of course
is uncertaln, &ll values in this sxperiment will be about
30 per cent toc high. If the higher value is correct,
the wvalues In this experiment are 20 psr cent to0 high,
It must be emphés i1zed, however, that the values fall
within the limits of error of this comparison. It is
interesting to note that W. L. Russalﬂaﬁ) who calibrated

(33) W. L, Russell, Loc, Cit., {see footnots Ho, 11)

his equipment by using known quantities of uraniunm,
thorium and potassium, also obtalns higher values for
the totel radiocesctive content of samples measured than
do other observers who use a different method of measure-
ment, The most likely soures of error in making this
comparison is in the conversion from radicactlve content
to redium equivalenis, However, the discrepancy may be
of complex origin since it is guite possible that the
actual radicactive content is higher as may be seen by
the limits of error set by Zvans and Goodman,
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The higher values cannot be due solely to an over-
estimation of the ebsorption correction., The sbsorption
correctlon for the Quincy granite 1s only sbout 10 per
cent, Analysiz of the data (Table 3, page 53) shows
this to be justified. <Ihe correction for base count
was determined empirically. Sample lo, 13 gave & negative
count difference, The measurement of sample lo. 13 was
repeeted and the result was the seme, There can be no
explanation of this result other than absorption. A
considerable correction is necesssry to bring the radio-
activity estimate for sample Nos 13 up to zero, Further-
more, 1t is certain that semple No. 13 has soms radio-
active content.

If 1 were to reconcile my calibration with the radio-
activity of the Quiney greniie as estimated above, I
would have to assume one gram of potassium equivalent in
its gamme ray activity to .53 x 10710 grens Re, Obviously
this is unjustified and unnecesseary.

At any rate, the measured values within this experi-
ment should be conslstent relative to esach other, but
relative to measuremenits by a different method (alphsa

count or direct analysis) they may be somewhat high,
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-

X+ Aceuracy of the Results

It is desirable to have some estimate of the
sccuracy of the results in this experiment. Any error
in the callbration will not sffect the accuracy of the
resulits relative Lo each othery it will merely shift
the magnitude of all values in the same direction.

The relative accuracy is limited primerily by
statistical fiuctuations in counting mte,fz‘é} all other

{34} John Strong, Ioc. Cit., {see fooinote Ne. 12),
Pe 30,

errors being smell in comparison,
Following Strong, the standerd deviatlon is given by:

A .
&
¢ = {NH * gg) {see definition of symbols, page 34)
.

In 811 cases where the standard deviation compubed
by the above formula exceeds 2/3, the standard deviation
1s given simply as greater than 2/3, MNost values should
fall well within the standard deviatlon.

A amall but negligible error will be introduced by
assuning the radiocactive content of WaCl to be zero.



X¥. Analysis of Data

{See table 3, page 53 and graphs, Figure 6, pags 55 )

1) The mineral density of &ll samples was plotted
against depth. <here is a steady incresse of densilty with
depth probably due to increasing iron content, In every
case the mineral density 1s proportional t¢ lron content.

2) The sample count mirus base count (N, - Hy)
uncorrected for absorption was plotted for all samples.
There is a2 steady decresase of count difference with depth.
High count differences sare apparently unrelated to
mineral density, but in general & low count difference
corresponds to a high mineral denslty and therefore a
large iron contsnt,

3) The radloactivity in radium equivalents was
plotted for all samples. There is no significant difference
between this curve and the (Ny ~ lg) curve.

4) The radicactivity in radium equivalents was
miltiplied by mineral density to obiain values of radio-
activity in equivaelent units of 10~32 grams of redium
per cms. These values were plotted for all samples, The
density contrast is decreassed somewhat but otherwlse
there is no significant difference between this and the
previous curve.

5) From the mineral density curve {a) ._2-%- may
be obtainedj from the g Ba x '.Lﬁ"’l“'z’,/c.m:5 curve (b) -ﬁ—%

may be obtalned.



Dividing (b) by (a):

AR / Ap
‘A‘r;/ﬁ; =25

Now 1 & reference density D, is chosen we may

reduce all other values to this density:

%—%{B - D) = Ar

Ar is the correction for any given sample, Thus
for esch sample a new value of radioactivity R! may be
found which roduces the radicectivity to the reference
density Dg.

Rt =mr s Ar
Let Dy = 2,60 and evaluate AR/ AD from the ocurves.

- -12
745 1 . .
(1) 4F = 35 &mjglgt 2 211.0x107°

« AD . 74 | -3

L3

(3) AR = 10,1 gm8. % 10712 pe/end®
AD gms/ cm

6) The radloactivity reduced to D, = 2,60 was
plotted for all samples, There is no longer any discernible
relationship between radiocactivity and mineral density. |
However, there is still a decreass of radliosctivity with

depth., This is apparently over and above the decrease
AD
AL
the curve tends to be reversed. That is, high values of

of radiocectivity with density since if is made larger,



mineral density become associated with high values of
radioactivity. However, the four large anomalies,
samples Neos. 28, 8, 16 and 39 meintain the same relation
throughout the reduction, |

7} From ths radiocectivity curve reduced to a

reference density of 2,60, 2&3’ is obtained:
AR _ 4,7 g Re x 10"+ %/cm®

A new value is found of radiocactivity R" reduced to
a denaity of 2,60 and reference depth L, ® 1400 feet:

_é%’l(z,-nc}ﬁm + Apt

i S ¥ &
B* = R e

8) The radicactivity reduced ta dens ity 2,60 and
depth of 1400 feet was plotted for all samples., The
readicactivity values now fluctuste sbout s mean,

9) Prequency nomographs, Figure 7, page 57 ) were
pilotted for semples 1-20, 21-40 and 1-40 before and
after reduction to denslty of 2,60 end depth of 1400 feet.

Before reductlion the vslues for samples ;}.~20 would
not £it a Ceussian probabllity curve; that is, the
variation does not sappesr to be such &3 would be caused

by random errors and rendom distribution of radioactivity.(%)

{35} R Heurice Tripp, I8 It An Anomaly?, Ceophysics,
Vole. XI1I, No. 3’ Pe 444, July, 1948,

The right hand side would fit s Gesussian curve, but bthere
is & shift toward lower valuses on the left hand mide,



The distribution of values for samples 21-40 is
very nearly Gaussian, bul the mean occurs at a lower
velue than for samples 1«20,

The distribution for all 40 samples 1s delinitely
agssymmeteric, there being & marked shift to lower values,

After reduction, all three curves very nearly fit
a Geussien distribution curve. There is a slight shift

toward higher wvalues, most probably cauvsed by over-

ARt
AL

will shift the gurve slizhtly to lower values,

esbimation of « However, & very small decrease in

Ry
Undoubtedly the true varlation of radiocmetivity with
depth and density 1s more complex., I believe that it
would be possible to hypothesize §xponentia1 relationships
which would complstely normelize the distribution of
values, However, the extent of the well core and the
mumber of samples does not warrant a further, more

quantitative anslysis,
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SAMPLE

MAss

PRACKING

MINERAL

BASE

SAMPLE

COUNT

cov AT

WABOM

RADwM

TADIUIM

AL A

Count COUNTY DIPCERENMCE | DIFCERENCE EQUWARLENT STRND ARY EQUW ALENT | BQu ALEnT EQUIURLENT
NUMBLR s ‘::kt DENSITY ENSITY “:i\; :f\‘:n ‘.E; J&‘mw n:;%:: c«::: :\:;:aa BEVIATION cr;:fc:g*}w ev.::; x (l;\‘:ka sn::; ‘::;‘_:n DEPTU
COUNTS  PER REpReEe <o ATvue=En M
CANSUYE DENMTY 240 m‘_:"::a
1 343 1,401 2,70 936 1188 4,18 4481 7,88 1,38 20,4 21.41 21,5 14061409
2 338 1.47 2466 047 1544 06,60 7,34 11,68 1,40 31.0 31,60 31,9 1435-1437
3 348 1,40 2470 038 1178 3499 4481 7,28 1,39 10,8 20.51 21.1 1462«1485
4 334 1,46 2,62 932 1155 5.?4 4430 6491 1,42 18,1 18,30 19,0 1401-1495
B 308 LledB R,62 902 1183 4.80 4479 TH66 1,30 20,0 20,20 21,1 15190-1821
6 354 1,54 g.78 952 1203 4.55 5423 7493 1,35 22,0 23,82 24.9 1547=18550
T 430  LeB7 3488 074 1101 3.66 4,72 DB8 1.86 19,9 27,86 29,1 1562«1568
‘8 381  1.66 3,00 QL7 1371 7,00 B.55 18,08 1.28 3648 40,23 41.5 1574.5«1578
9 382 1.66 5,00 894 1110 3,81 4e37 6,13 1,28 18,4 22.43 24,0 1607,.5-1615
10 4828 2,00 5,78 857 1043 Bell 4e26 4,75 1,11 18.0 20.89 31.5 1817-1620.5
11 470 2404 3,70 1034 1084 e84 1406 2,84 1.48 B3 10.4 2l.1 1620-1523
12 390 1,69+ 3,06 038 1103 2,76 3454 4,87 134 14,9 19.55 £l.4 1625-1688.5
13 B85 2441 4.36 1023 683 =.69 L6067 245 2,9 20,70 22,5 1628,5«1632
14 416 1,81 3,28 870 1060 3,18 44006 5424 1,01 171 23.93 25.8 1632-1637
15 4228 1,83+ B,81 978 1178 3488 4483 D538 1,27 17,8 24.97 £6.,0 1640~1644
16 430 1,87 3,38 962 1291 D556 G 71 8,80 1.21 28,3 36.18 38,3 1676~168¢2
17 357 1.560 2,80 1013 1107 14563 2,16 3.85 1,60 9,1 11.12 13.3 1707-1711
18 1,01 3446 062 1010 (068 1,80 2,328 154 840 16,69 10,0 1714-1727
19 1eB6 2482 977 1142 2,78 3445 B416 1,44 1446 16.82 19,5 1747-1752
20 1,91 3446 1009 1087 ¢332 1485 1aB3 1402 543 13,99 16.8 1752-1%59
21 ??%m L34~ 2497 976 993 427 465 1 77 1,17 542  8.94 11.8 1766~1768
2% 1,51 3,18 888 1002 1.92 2.46 4.76 1,82 14,9 20,85 23,1 1778,5-1780

27 m

o3}
&



Table 3 (continued)

BRSE SarmeLe CouUNT CoumT AWM TAADWM MAGIWI AN TAVWWM
SAMPLE Mass PROVING MINERAL LoUNT [(YTTR o DIFFERENE | QIR FERpmcE BquwvaLen T STOND Aan EQUIVALENT [RQUIUMLEN T EQUIALENT .t
pomosR| e | wewmy vEnTy e = cotmva | ST om0 s | DERATION  [canms <o R rams 167 [canms ¥ 10'ng EFTR
P
PEL MNUTE | BRsorwiee | TO OFAM PER caa rrmom? Pew e

s <o -

COUNTY PER. QEvUcED T ReEVULED 1O
raNUTE PEUNTY Z-L0 [PEPTH t400 £7,

DERNSTY 2-40

. 5680 983 1OUE 2:33 3,04 3494 Ll88 15,0 27,12 30,1 17C3,5-~1800
gé ggﬁ 2.%@ 4:15 947 1010 1402 2232 24,35 1,58 Je8 BB,24 28,2 1800~}865
26 367 1.59 248 Q65 1142 D413 3487 5L066 e300 1683 19.13 2%.2 1805=1814
27 402 1475 3417 1012 1064 G5 LaBG 2,922 1.48 e 12,76 15.9 18}4*}819
28 B1E 2.24 4,08 915 D94 1,30 2,8 2465 led7 107 2B.36 28,6 18511836
20 467 2,03 3467 1004 1034 . 1e57 1,81 le2 B85 17.4% 20,6 18%2*1847
30 408 178 Se88 0056 LO8E  1.49 235 3,00 506 Ue@ 10416 19,5 lB?ﬁ*l?Gé
31 465 2,02 54656 940 10384 1,58 2684 3,08 Led4d 1l.2 2%.9 25.% lQOQ*}&SV
32 393 1l.71 3410 069 10687 177 De54 3446 1.44 10,7 1LABG7E  192.5 1&§9~l901
35 7O 1,60 2,98 884 L0904 3,55 4,51 0G.11 127 18,2 QQ.Q% 2548 1925*1?52
54 579 1,05= 2,98 988 1164 2,96 5,72 5,80 1,40 15.8 10,64 25,6 1950-1954
B35 ae 1.62" ‘42,95 o7 1062 1195 2055 3&79 1.5(} 11i.1 14.‘}5 3.8.5 1901';308
36 410 1.78 3,22 960 99 .60 1.89 L.82 1,21 .9 12,16 16,5 1983-1996
37 415 1,80 Se26 850 L0BO 1,68 D254 3,28 163 10,7 17,36 8&:8 12906=2005
38 375 L46E 2404 1027 12834 D445 4426 0413 1.41 13.0 21 .44 go.Q 20@5-?02}
39 %l‘? 1081 3.28 866 1161 "ia“g. 5-37 6.92 .96 2:5. 29.59 0452 2081":"55.?3'().5
40 424 1,064 De0D 0386 1074 2,32 4.1% DL30 1.7 Tel 25,08 29,9 2042-2081

Table 4

uiney Granlite

L1 B4D LedD 030 1220 4483 5446 8454 1,36
aloBel e 951 1100 5482 4445 6,00 1.30
S oans 1054 957 235 4459 5,32 §,06 1,37
Qe Sho et 030 1251 5421 5404 9434 1,40
(\3 f;%"i tent 997 1240 5,32 5,08 0,58  1.40
{({‘0 eI ) RS R
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XIi. Conclusions

There 1s a steady decrease of radioactive content
of the rhyolite porphyry with increasing density. To a
first approximation and within ths limited wvariation of
density (2.62 - 4,36) the decrease is linear, Its mege

nitude is approximately 10,1 gms Ra x 10712 per cm° per

gram per cm®,

Over and above the density variation there appears
to be an independent decrease with depth. Its magnitude
is approximately 6,9 x 10™> g Ra x 10712 per em® per
foote A linear relationship wes assumed, but the true
decreese 1s probably exponential, If the decreasse of
radiocactive content were to continue at anywhere near
the rate observed in this well core, the content would
certainly be toc small to measure by this method at a
depthi considerably less than two miles,

An interesting practical result of the density
variation is that a gamma ray well log should accurabtely
locate zones of mineralization,

The results of this experiment fit in quite nicely
with the indirect evlidence from consideration of the
thermal state of the sarth, However, it is obviously

not wise to casume too much from the messurement of

40 samples extending into only 680 feet of rhyolite
POrphyTrye



tn
{e]

I believe the fesults do justify further investigations
of igneous well cores by this method, It is particularly

important to extend the measurements to a greater depthe.



60

XITl. Dilscussion

It furt%gr investigations sre undertaken, certain
improvements in technique would be desirable:

1) Ivery effort should be made te decrease the
baze count, This could be done by carrying on the
investigetion in a more sheltered location and enclosing
the sample in & thicker lead chamber. Certain steps
might be taken to eliminate any contamination which
might tend to increase the base count,

2) 7The eguipment should be celibrated with known
gquentities of uranium, thorium and potassium., Investi=-
gation should be made of the cause of the discrepancy
between measured valuss by this method and by conversion
from radiocactive content determined by direct anelysis
or alpha count technlque,

3} The sbsorpiion correction should be made more
sccurate by an empirical determinstion of self absorpiion
or by improved mathemetical treatment, The absorption
corrgction could be virtually eliminated by using a
mixture of dunite and NaCl of small but lmown radicactive
content, The bulk density of the mixbure of dunite and
HaCl would be made the same as the bulk density of the
sanple to be measured,

Celibration curves could be plotted for the varietion
in count using known quantitles of radiocactlve material
mixed with dunite and NaCl, the mixture having varying

densitye.
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4} The count could be increased and absorption
decreased by using a very long Geiger tube and a very
thin cylindrical sample container,

5) An estimate might be made of the count due to
each constituent by prefersntiasl sbsorption technigue
or the differentisl response of platimm-ecathode and of

(36)

copper~cathode Gelger counters. I do not belisve

{36) Re D, and R, Q4 Evans, Loce Cit., {see footnote
Koo 21}; PP 325-326,

such a refinement as this is desirable. It would com-
plicate the measurement and consume time without adding
enocugh value to justify the labor,

6) & great improvement would be the use of a
mechanical messsge register recording both time and
count on ticker tape. Such an instrument is now on the

markeb, being manufactured by Streeter-imet Company.
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