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ABSTRACY

In recent literature statements to the effect that a faunlt
will be evidenced by a higher radon consentration in the over-
lying @0il, that the radon content of so0il ia an ell bearing
region 1e higher, and that soil formations appear to have more
or less characteristic radon sontents, have appeared.

Since radioactive measurements are concerned with extremely
small quantities of the order of 10 2° grams of radiws per gram
of rock, & study of the methods of standerdization for radon
apparatus is presented in an attempt to indicate the requirements
for accurate and precise measurements. The use of a standard
redium solution, uranium minerals, and the Duane ard lLaborde
formala are considered.

An anslysis of the theory underlying the geephysical
applications suggested above indicatecs that soil formations are
not expected to have a more or less characteristic radon conteat,
that a high radon concentration in the overlying s=oil of an oil
bearing region camnot de correlated genetically with the oil, and
that 1t is possible to have a high radon conscentration at a fault.

A simplified technique for the measurement of radon in
solutions adaptable to field work 1s demonstrated. Surveys of
the radon conoentration of underground waters of Pasadena,

indicated no systematic inorease towards the Raymond Fault.
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IRTRODUCTION

Ths relation of radioactivity to geolegy has in recent
years besn a subjeot of oonsiderable interest. To such men as
Js Joly, A. Holmes, T.C. Chamberlain, J. Barrell, L.H. Adams,
and others who are want to delve into the intriocacies of petro-
goneals and physios of the earth, radiocactivity offers a wsalth
of energy. Thelr viewn,regardless whether or not tho; are to de
gonsidered as mrecocions, have deon received with sest in the
geological realm and have invitaed s sinoesre effort for the ssarch
and study of comborativo dats.

0f a more prastioal aspect has been the attempt to apply
radicactive metheds %o geephysical prospecting, and this paper
is pressnted as an effort to indicate the geological significance
of these types of measursments.

The report has been divided into thrse sections. The
first has to do with methods of standardization for radium deter-
x:ngtion apparatus and has besn the result of a desire to obtainm
preciese and acocurate measurements; the second is concerned with
- & theoretical consideration of the primi;ilea underlying the geo—
physical applications of ra;lon measuremonts; and lastly, the results
of an investigation of the Mn eontent of underground waters

and thelir relation to fanlts are presented.



Part 1.

METHODS OF UTARNDARIZATIOR FOR RAUIM DETERMINATION APPARATUS



INTRODUCTION

In all methodes for the determination of radium the
actual quantity of radium present is entirely dependent upon
an acurate calibration of the electrometer By a radium standard.
An International Radium Standard was adopted in 1910 at Brussels’
wherein a quantity of radium in the form of RaCl,, Was carefully
determined by analytical methods, anu by which other r#dima
containing substances may be standardized. Unfortunately at
the present time no such absolute radium standard is available
in this country.

With the large number of publications pertalning to
the field of radicactivity, it becomes highly desirable that
in reviewing the literature one may do so with a certain
degree of surety that the various experimental data are
comparable. This gains added importance in applying radio-
activity to geology. Thus, when information concerning the
radiaum content of rocks and waters are set forth in the
literature, the intrinsic importance of such analyses lies
not in the relative value, but in the absolute value. The
relative value may have served the suthor's purpose, who,
because of the localism of his problem may have derived
Justifiable conclusions; however, for a universal application

the numerical data will have no sigmificance.

1
Rutherford, Chadwick, Ellis: HRadiatlions of Hadioactive
Substances, 1930.
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The relation of radloactivity to the earth's thermal
history has suggested numerous theories of which a few, while
theoretiocally sound, are porhaps premature and too positively
asserted, since experimental evidence has yet to corroberate
thems Not without due reason does A.C. La.nel state, "fThe
mertginty as to the average ampunt of radium in rocks is
still of ths order of }.00‘ to 200 per ceat.” This of course
is primarily due $o s lack of data but an important fastor
contributing to the unoertainty is also due to the technique
of measurement in which limitations of both gamms ray and
emanation methods for the determimation of radium become
efficacious; pertaining to technique, standardization is of
utmost importance.

The following study 1s presented to indicate the
¥arious precautions that one should obasrve In standardising
radium determination apparatuse.

Essentially there are three procedures that one may
fellow, {a] The use of a standard that has been checked
by an absolute standard, (b) The use of uranium minerals,
(o} A calibration basocd on the physical constants of the

instrument, i.e., capacity, voltage, etc.

1
Boport of the Cammittce on the Heasurement of Geologic Time--
A.Cqs Lane, chairman, April, 23, 1932 pp. 21
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¥ETHODS OF STANDARIZATIOR

As The Use of a Radlum Standard

In the ganma ray method, 1f a known amount of a radium
salt is avalladle, the procsdure for standardization offers
no difficulties. The salt is usunally in the form of a halide,
although there has bsen an attempt te use a W;’ a8 8
secondary standard. For the calibration of the intrument,
the salt is placed in the proper position in the gamma ray
‘sot up and the rate of discharge is then observed.

The standardization in the emanation method, however,
offers certain difficulties. 4 a rule the standard is in
the form of a solution of known radium concentration. Since
this method depends solely on the alpha lonization due to
the gaseous emanation of radium, radon, it becomes necessary
for an ascurate calibration te free the entire or kmowmn
amount of the radiocactive gas from the solution.

It is now known that standard radlum solutions are
unstable unless protected by barium in an agld solutiaaza
The unstability bhas been olearly demonstrated in the
literature when Rutherford and Boltwoods first presented
the Ra/U ratlio determined in wraninite from North Carolina as

7

744x10 '« The fellewing year they found that a serious

. Yovaneviton asd ¥. Chemies Comp. Ru. 266-268, (1922}
23'. Moran: Trans. Heye. Soc. {(Canada}, 10, 77-84, (1916}
 Bathorford and Boltwood: AcdeSes (4] 20, 566 (1905)
{sathertord and Boltwoods AedeSe, (4) 22, 1, (1906)



error bad been mede in the value of the radium standard solution
caussd by partial precipitation of the radium and accordingly
the value of the ratio was changed to 3.8x10 '. This imvolved
an error or nearly 100 per cent.

The U.S. Bureau of Hinos! advecates the following, "The
latest practice in the employment of radium solutions as a standard
indicates by a large excess of barium and by at least 5 per
cent of halide acid, correspending to the employment of the
halide zalt of radium, there is no dimminution in the guantity
of emanation that can be extracted from it.”

In reference to the latter it is important that ne
sulfate lons be present for M‘haa the property of occluding
radonf

For the liberation of raden a frequent procedure has
besn to boil the solution. As clsewhere demonstrated, from
s theorstical consideration such a procedure may involve a
ier.tm error if the libkeration of radon is assumed complete.
Sinoce radion obeys Henry's law, merely bolling enly changes
the soncentration to the gas between the two phases wmcponﬁing
to & new distribution ratio at the temperature of the
boiling solution. Thus at 100°C.where the distribution

(cgnc. in sol, )
ratio{conc. in air.} © 5.1075. unless the effective volume

1l
UsSe Bureau of Mines, Bulletin 2/2
2
WeDe Urry: He and Ra centent of some rocks of the Keweenawan
’ sories in ¥ich.~ Repuort of Committee on the
measurement of Geologic Time, April 23, 1932
3 )
St. Heyer and E. Schweldler: Radioaktivitat pp. 41l.
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above the solution is considered and a proper correction made
" for the amount of radon retaimed by the solution, an errer

of approximately 10 per sent may be made in the standardigzation.
The magnitude of this error only applies to those methods which
rely upon bolling for the liberation of radon.

B, The use url Uranius Mrals

I A—=B—~C—... rcprnseat‘ a radiocactive disintegrating
scries, and Ea'sh'nc' etssy the total respective number of
atoms in egquilibrium, then,

//‘,.Ha = /fbﬁyn AcBy= ----«--‘
where / represents the total number of atoms which break up per
sacond, or if ¥ is the number of atoms present, and n of these
disintegrate per second then 4, the disintegration csnstant ;%'.

Since //{ may be oconsidered the period of probable life
of any radioactive substance which in turn is proportional to
its half-life value, the following may be written
H‘tﬁbslc teem = 1/ 4, sl///b $ /4, tmeem =

L.zl-thca!‘:!‘ht&'c
Vhere L = probable life value
T = half-life value v
aﬁmmlatodbyl.al.m'fal///l
Thas, wher in equilbirium, the amounts of the different radlie-

elements in a series are preportiomal to their half-life perieds.

i
A+ Holmes: Radiosotivity and Geolegical Time
National BResearsh Ceuncil-ige of Zarth, pp 130.
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If now an uranium mineral is available in which the
conditions throughout disintegration werd such as to insure
equilidbrium oconditions, a sareful analysis ¢of the uranium centent
would immediately give the radium content. The conditions
imposed upon the mineral involve its age and a geechemical
.considerations.

The time element is important in as much as the Ra/U ratio
deviates considerably from the theoretical value in relatively
recent minerals. There is a certain minimmm age at which the
Ra/U ratie becomes constant. see Figs l. In fact the deviation
from the theoretical ratie has beeon made use of in age
determinations of reoent minerals whose life has attained the
magnitude of only thousands of ysars< The Ea/U ratic becomes
constant at approximately 105 years.

The geclegical envireonment may materially affect the
Ra/U ratioc. In regions where geochemical processes are active,
replacement, alteration, improverishment, and enrichment may
all concelvably destroy equilibrimm that time may have
established between the uranium and radium. Uranium and raiium
may be both leached or secondarily enriched and in consequence
an uranium analysis will not glve the radium content since the
Ra/U ratio will be unkmowne

The Ra/U ratio in pitehblendes has been variously reported.

Ratherford and Boltveo&l reported the value as 3.8x1077.

1
Butherford and Boltwood: AedeSey 22, 1, (1905’
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N i 3.3681 099056
60107 3.3880 99621
7100 3.3958 HIRRNGY
L T 30088 an a1l
9 1P 3.1000 a4 aTy
197 34005 a6.901
. 3.1008 e .
rig. 1

Shewing the dependence on time for the Ra/U ratis.
Starting with ons gram of pare uranium, the

smount of radium produced inoreases with time

wntil 10% yoars. The theorstical Ra/U ratio equals
5.4x10"7 and 1is equal to a ratie of the half-lives of

radiuvm and uranium.



Beltwoad}‘. bowever, after radotermining the uranium content
of the standard pitchblende (for which the value 3.8x10 | was

reported) lowered the value to Bo4x10™T.

Later in 1910, after
the adoptien ol the International Rsdimm Standard, Mhertmz
made a comparison with his previously used radium standard,
which indicated a changs from 3.4 to 5.25x10 | for the Ra/U
ratios In 1913 Heimann and Harcxwalds examined ¢ight specimens
of pitchblemde from the principal uranium depesits of the world
axd !‘ouaa the ratie to be sonstant within b‘tpsreiatanﬂ

reperted the absolute value as 5.328x10 .

7

Beoker and Jamaeh‘
reported an average value of 3.399x10 ', obtained at the
Radiologiocal Institute at Heldelderg, using a standard radjum
aalt from the Institute of Radium Research in Viemna, Lind
and Bmms using pitohblende from Colorasde, state the following,
"The results give as final sverage of 18 determinations
3.40x10" '+ 0.03 for the ratio Ra/U,"

With respect to the preparation of a standard radium
solution from pitchblende, Lind and Bobertse sautions one of
the sulfur impurities in the ore which enhances the diffioulty
of keeping radfum in spiution. This is prebably due to the

sulfate that may be formed in an oxidising solution.

1

Boltwood: A.J.5, 25, 296, (1908)

2

Rutherford: Phil. Hag., (6] 28, 320-7, {1914)

3 ’ :

Heimann and Marckwald: Jahrb. Radloakt. Elecktronik, 10, 299-328,
(2913}

4

Beoker and Jannasch: ibid., 12, 1-34, (1915)

5

Lind and Roberts: J., Am. Chems S08., 42, 1170-7, {1920)

6
Lind and Roberts: J. Am. Chem. Sec., 42, 1170-7, (1920}
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Another uranium minersl which has been used for standardi-
sation purposes 1s carnotite. Carnotite, whose formala
corresponds to KZO. 2!1’295. Vg05;73820. occurs as a yellow
crystalline powder, or in loosely cohering messes, intimately
mixed with quartzose material, and is probably a secendary
enrichment of an unknown vanadinms ninorall. From the naturs
of its enviromment and its secondary affinities it might de
Justly conoluded that the conditions under which the uranium
disintegration may have mn place wore variable and censequently
no constancy in the Ra/U ratie should be expscted. This is
more or less the case, i Msz cites values for the Ra/U
ratio in carotites between 2.3x10~7 and 3.6x10~7, Lind and
Whitmere® found that in band specimems up to a few pounds, the -
Ra/U ratio varied as moh as 2.48x10 . to 4:6x10 . but that im
well sampled carload lots, & few hundred pounds to several tons,
the ratic remained constant.

Bocstse of id@ secondary nature there is alntobaéamidam
the time elsment upon which the value of the ratioc is dependent.
Since the minimum time at which the Ra/U ratic becomes constant
1a 10° years, the error involved in the standardisation by using
s relatively recent mineral may be considerable. See Fig. 1.

A very interecsting property of uranium and radium minerals
is their emansting power. 7The emanating power is defined as the
fraction of the equilibrium quantity of radon that is asseciated

1

Lindgren: Hineral Depesits pp. 460

2

H. Curie: le Radium et les Radio~Elements, Bailliere, Paris
ppe 147 (1925)

5 _

Lind and Whitmore: U.S. Burean of ines, T.P. 88, (1915)



with the radium (time for this equilibrium approximately 30 days)
which is given up to the air at spesified conditions. The
interest attendant to the emanating pewer of uranium minerals
oan be readily understood, for if the emanating power is constant
under given conditions and is of the proper magnitude, a xnown
smount of radon, assuming the theoretical Ra/U ratio, can be
used for standardisation and tims avolding the disadvantages
that the preparation of a standard solution may offere Oue need
enly to seal a known amount of the uranium mineral within a
tube, allow time for the radon to come in equilibrium with the
radium, and the ameunt of radenm that will be available after the
proper time slapse will be,
if, U = amount ¢f uranium inm mineral
BoPe = omanating power expressed in 9%
then, Curles = U x 3.4x10 xEP.
In general, however, it is rather inconvenient to wait
thirty days se that by the employment of the fullowing formala,
if, I = equilibriwm ionization value of radon
It = jonization walue of radon at time ¢
t = time
A = disintegration censtant for radon
then, 1, = .i_f_:. -At
aud, the amount of radon available at time t, will bde,
Curfes = U x 344x10™'x EePs x tz—e""t)
This, ef sourse, assumes that the emanating powsr remains

censtant and is not fanotion of time.



The emumating power of pitehbliende ampunts to only sbout
5«8 por cont, but in carnotite may be as high as 55 per cente
Undgubtodly the emanating power is a funotion of the surface
axponad, but it is lateresting to note that in rocke where the
guantity of radium present 1s of the omdey of 1032 grams per
gram of rock, grinding so that the roek will pass through &0
mesh does not perceptibly inerease the emunating powors

J.E.L. Johustoms® has attempted to use carnotitc ss s
radiwn snonation standard. He found that the temuerature
ooveslricient of the enanating power is cousidorabdly decreased
by heating carnotite te 400°C. sbout 1/Z hour-~that is for a
range 1ln temperature theo canating rower for all practical
me@:m&. The emnnating power of the minersl
itsolf was dooressed after susch troataent,

In investigsting the use of carnotiteo as an emanstion
stondard, it wae found that mmtiwwmatm;m
of temperature, pressure, sad midity. Aainsremin
tamperaturs inoreased the emanating power. mm" has
indicated that for normcl cormotite between ranges of temperature
of 20 = 130 degrees Csy the smanating power is a lincar fumotion.
i deorease In pressurs decreasod the emanating power. An increass
in buaidity inoressed the emanating powere

Pige 2 ropreseants dlagramatioally the set up usede 2.5
grams of csrmotite whoso uranium content® determined ss 1.59%,

b {

Jelols Jobmatone: Hoynl Joc. of Canada, 16, 101-3, (1921}
25

Analysed by ledoux 4 Co.
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was spread evenly and in a thin layer in a leng vessel an
sealed in a glass tube, Dry alir, obtained by passing through

two sulfuric acid drying cells, Gac‘lz. and 1’20 was used for

5
sweeping the accumilated radon into the ionlization ohamber.
This procedure was necesssry since the effect of humidity as
indieated is impartant.

Figs 3 shows the variability of the emanating power of
carnotite. It is interestinsg to note that these results de
not cenfirm Johnntm'al conclusion that for preheated carnotite,
the emanating power will remain ceonstant through amall changes
in tempersatura. It is ahain in Fige 3 that the smamating power
of carmotite is 1/10 of that of the unheated mineral. The
heated carnotite axhibited a changs iu color fron yellow to
arango. This indicates a discontimuity in the emanating powere
temperature relationships A possible change in the physical
chemical state of carnotite with a losa of the water of
oryatallization is the suggested explanstion for this transformation.
Rutherford has indicated a similar phenomenon for Rall. BRaCl
with its water of crystallization loses a greater part of its
emanation at a temperature considerably baiew that of fusion,
but once the water of crystallization is removed, a mach
higher temperature at the seocond heating is required to drive

off all of the ema.nationz.

1

JeH.Le Jobhnstone: loc. cit.

2

Rutherford: Radioactive substanses and their radiatioms. pp. 363
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EMANATING POWER OF CARNOTITE
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3 240 0.9 /13.6 656 464 |
|
- !
4 2458 77 20.5 710 480 L carndite preciay
*{ healed 7o 400 ¢
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Indicating yesults ohtaimed frem set wp 3a Fig. 2. It is
interesting P nete the variahility of the emsnating
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Cs The Use of the Physical Censtants of the Instrumenis
(1) Theoreticsl lomisation for eue surie radons

The value for the lenisation in slectrestatic wnits due
te ons curie of raden may be ealculated from the wmusber of
slpha particies emitted, 3on yradmnn, and the electrenis
sharge.

Initial Isnisatien: Ome ourie of raden ewits 3.7xi0
alpha particles por secend » isch alpha partisle from radsn
m;fms ien patrs’s Hilltxen's value for the
slectyonie m is Qm“muta. Then the lonisation doe
te ous curie radem is,

307220 'x 1.58x10 x 477220 Cx 2, 74x10% . 8.n.
m-m'mumnam“m}mw

slightly different comnstants,

sm”; bﬂuw"x &m-.;g“ 2.75x10° suseue

Maximis Ienisations In sbout thres hours raics attains
eguilidrium wish its decny produsts, which are Aad, HEaB, Ral,
RaC’, Ba0". Esdium D may be oensidered for all prastiosl
parposss as the exd preduct of this series, simee its half-life
valoe is 22 yesrs. The alpha emitting substances of this
series are only Rai, Bal, and ReC's BEaB amd RaC enit bets and
fenisatisn dus te the alpha, beta, gamm rays is of the relative
evder of 10,000, wo.un.’. Thus in an lomisation chamber

i .
Rev, Neds Phs 3, 4359, (1831)

8 :

3



whore roden 1s in equilibrium with 14s decey products, the
tenization, is almest tetally camsed by the alpha emitting
sabstanses, 1.9., ralen, Bai, Ral, Bal"s It can alse bDe shewn
that the ionisatisn ssused by the alpha radiasien from RaC is
aegligivle, of a gertain branching that occurs in the
disintegration series at this peint. See Pigs 4. Only 0,04
por cent of the radistien frem Bal are alpha particles snd
consequently the lonlsation.dne te saoch may be negieoted. Red
and RaC* prednse 1.70x16° and 2,20x10° fon pairs respactively’,

Then the lemisatien due ts ome curie of raden in
equilibyium with its decay produsts is, |
3.9210™°  1.85 F (170 2,200  16%ma.rrxio”Me 6.a0x10° eisen,

The faoter of one half in the above expressien is based
on the fast that sinos a negatively charged exnmtht will
asllest the raden desay preducts, one half of their ensrgy mast
be imparted te the red.

619x10° may be sompared with the value ebtained by
Nache and Neyer® whe nsed slightly different ssmstants,

34x10%° 1,76 } (1.67 2571 20 me.ssx1e” V- 6.20x10° eunen,

mmm‘,mmmﬂn—-um‘.

1 .
Rev. Ned. Phy. 3, 439, {1931}
2 Evans: Ph. D. thesis, C.I1.T
Dadourian: A.J.8., 19, 16, (1905}
Xovarik snd NoXeehan: Dul, of Nat. Res. Counoil, 10, 140, {1925)
NoGes: Phil, Mage, 13,1, (1932]

Masho snd Meyer: it
Sehmids and li&s m 2038+, 13, 119, (1932)
MI‘M! M.h‘.l.lﬁl,(ml

m— and Nache: Rittel. De Inste Lo W 11,
Vein. Ber, 121, (1912}

.m Zeit. 13, 321, {1912)

L N - I R
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Ine Fapwrr DisiNTEGRATION SERIES

Eremenrs Symeor ano  Aroric [TALF-VALUE
“Raoiation Wesgnrs ERIODS

Usanwr I 238,14 4560X10° YEARS

Linanium X. 234 24 DAYS

Uranwn X,
Uranivmt Ll
Lorwiwrs

/L?AD/UM

f? ADIVM EMANATION

Ravivr A
RAD/UM B

Raown C

Faviwn C°
Aavwm C

Ravion D
/?*'\D/U/”/ [
Aavivm £
6") vvvvvvv v, /).;)

Faviwm &

e i a, Fyy

234 114 MINVIES
234 1.2X/08 YEARS
230 7243 x/10* YEARS
z26 1680 YEARS
222 3.8/ DAYS
2/8 3 MINUTES
214 R6.8 MINUTES

Ri4 19.7 MINUTES

2/4 10°8sEcom0

210 132 MINUTES
22 18 YEARS
210 4.98 DAYS
210 ‘ 139.5 DAYS

206 STABLE

Note Branching of RaC. Omly 0,04 per cent

of the radiatiom from Ral are alpha particles

and jenisation from sucsh may de neglected.
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have published experimental values for the initial snd maximm
jonization duse to one curie of radon. Some doudt, however,
mmmtupenthentmaulﬁbymdtmnotm
their determinations are prerhaps open to question. These
values are summsriszed en Pig. 5.
{2} 1Ionisation in a Gas.
If one ourie of radon is introduced into an uminucn
chamber a cartain theoretical ionization is produced in gas
of the chamber, thasmbocalonlamrmmmmburo:
alpha particles that one ourie of radon emits. ‘nm fonization
is mossured as a decmau in potential of a charged elootrnutor,
and is rnlatoa by the following farmla.
if, I = Mution or current
C = sapssity of system (Cap. of lonisation chamber plus
capacity of oloctramutaﬂ
4v = rate of decrease of potential
thoz:t
recire
I2 it is assumed that all the alpha particles from the
one ocurie of radon oxpcnd thelr energy in tho production of
ions and 211 of these ions are ocollected, the following may
be written, | |
if, » = mumber of curies of vradan
C = tetal capacity in centimeters
dv = rate of decrease of potential e.s.u.

as
1 = theoretical ionization for one curie of radon in e.s.u.



IONIZATION VALUES FOR ONE CURIE OF RADON .

Va/ars é £
obTarned /?effrfﬂ:a L, 10 Imar. * 10 K emarks
by esu X A2
Using various
Duane 4pnd 2. 48 6.27 7(///'/74//’/(0/
Laborde chambers
Flomm | . using a plale
e
Corgeriser
15 Mache 2.67 6.02
“é using a c///'ﬂdr/'m/
BN Schmidt — chambrr where
s'\ ‘ end 6.97 h=252cm d=71cm.
3 - ST T T T T iy w g
A MNick 9
— 5.3 i chamber where
’ A= b.5cm = 7lemn
based on Rulher/ords
”dfﬁ’ anJ z 75 J /o (0/757&/27:5
a_ Meyer . _
\Q. based 07 cornslanls +»
v Hove o MNod /0/7/:/'(:
P 2. 7% o./9 93/
~ . ‘ 2, 439

1'5.3. s
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This formils weuld lmmediately ensble the standardixzation
of an apparatus by merely determining the voltage calidratien
of the slectromstsr, and oapacities of the eleotrometer and
ioniszation chamber, but mortmtoly the sbove two assumptions
(wall effeot and saturation effect] are not strictly valid and
sorresponiing modifications must de made.

Capaoity of Eleotrometer and Chambers.

The sapacity of the slectremeter was determined by the
methed of sharing of charges with a standard oylindrisal
condenser which 1s given by the expression,
1f, C = Capacity

L = length of oylinder
b = radius of eylinder
& = radius of wire eleotrode
then,
6= _L_
2 log. »
s
' The above expression for the ocapasity of a oylindrical
condenser dges not strictly held because of the electiriecal
f£ie1d distortien at the ends, hewever, the formula was made to
apply by making measuremonts on thres eylinders of different
lengths dut the same diameters, and algebraically eliminating
the end effects

The condensers wers male of brass tubing and fitted with
s oollar having amber insulation for the center electrode.
(See description of ionisation chamber by Evans- )

1 ‘
BEvans:s Ph. D, thesis C,1.7.




The electrometer was charged to potential Vi and then
oconnected with the standard cylindrical condenser by placing
upon ¢ollar. The added capacity changed the ianitial potential
to V,e

Since a quantity of charge G, equals the product of
capacity C by voltage Vl or § = CV, the following may be
written,
if, C_ = scapacity of electrometer

C_ = capacity of cylindrical condenser

initial voltage

<
[}

N<2
]

voltage after sharing charge with condenser

C V. = (Ce-l»c'} 72

C, = Vz

c
Vi- V2 s

Thon for a oondenser whers b = 2,430 om. and a = 0.04875 om.

i & 4 11, 12, 13. ars the respective lsngths of the shortest,
intermediate, and longest condensers, the capacity of a condenser
whose lesgth is,
> O 00128 X 10el = 193 Cme = Cx

13“ 11 = 0el28 x 30U = 384 cms = Cyt

1 -
21
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The following equations can then be obtained,
Cq = 1.145C,
Og = 04703 (Cy+C_)
Ge = 04507 (Cl-k Cy)
and solved for the electrometer capacity. ©OSee Fige. 6 for data.
It should be mentioned that the capacity of the electrometer
is a function of the potential to which the fibers are charged.
The above methed for the determination of the capacity,
essentlially gives an averaged capacity for Ce between Yl and Voe
The total capacity for the ionigation chamber and the
electrometer or the individual canacity of the chamber may be
determined once the capaclty of the electrometer is known.
Merely charpe the electrometer to potential Vl, and after
sharing the charge with the chamber, the potential will be Vs,
Then,

c ¥, = (0°+C

o ¥y

chamber

Since we are only interested in the total ocapacity of the

system, Cy Copamber = Ct»

Ct = 0,?1
ia‘.’.

A summory of this data 1s vresented in Figeg .
Fornala of Duane and Laborde.

Consider an atom of radon in an ionization chamber;
ascoriing to the laws that goverm 1ts vrobable life, an z2lpha
particle eventually will be emitted. The range of an alphs

particle emitte. by radon in alr is 4.122 em. Thus the alpha



Tes? /5/7. drir. o dia of A
. g7h (Ao dia e v A A < c
C/ linder € (cmj/ ? ://n - volts V;//:s v~ g ‘
C 2016 | 487 | .0975| 253.5 | 1353 | J45 | //25C| 3,57
¢, | 3526|487 | 0915|2535 | 1047 | 0703 ler3rS) 3495
G, | 5046 | 487 | .0975| 253.5 | 853 | 0507 |osoflir) 347

Fig. 6
Capasity determination data.

aV.A 3.50
max. I Tom av: 0.859



particles will travel this distanse and will produce a &artaig
womder of ion pairs.
1f, however, x curies of raion are aontzinsd in the
chamber, the radon, being a gas, will be evenly distributed
and consegaently a certain fraction of the alpha particles
will strike ths walls of the chamber before they will have
traveled their entire range. Thus upon striking the walls part
of their energy is entirely sbsorbed, although secendary ions
may be partislly produced.
A modifieation of this formmla, n = g__%__:: s presented on
page 18 must be made as followss .
For a system of capacity, O, where the rate of discharge is dv,
I equals the theoretical lonization of one curie, n, the o
number of curies will be,
n=C %!'g
I-wall effect
Dusnel in 1905 presented a formila for this effect in the
following form:
if, 1 = theoretiocal lonlszation for one curie (as in free space)
K = empirical constant
S = gurface of chamber
V = volume of chamber

then,

8
Iops.” X ¥

1
Dusne: Jour. de Phy., 4, 605, (1905)
0@‘ Iﬂlo. 1. 581’ (1905’
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Although mmmerical values were presented for X and I in
the early paper, these constants wers not ascurately determined

1 offom the following

until 1910 when Duane and Laborde
formalas:
ir, I, = initial ifonixation due to radom prodused by 1 gm.
radium in one second
Im‘ lonization after three hours when eguilibrium is
established between Rn, RaA, Ral,
then,

I = 5,19 (1 - 0,517 8}
d ]

I = 1315 (1 = 04572 S)e
REXe Y

Theoretioal Consideration of Duane's Wall Effect.

The Duane and sterdo foermula merely states that the wall
‘orfwt or the energy lost by an alpha particle upon striking
the wall, is roughly prepoi-nom to 5/V. The formla, however,
is an empirical one and eam.De shown to the invalid for small
ieiintion chambers.

For if,

I =1{l~KS3)

8= 277§+2ﬁ‘1-2
Y

rh

rh

Thus for small chambers the K S factor becomes greater
than one and the formula will give negative values for I.

1
Duane and Laborde: Comp. Rua., 1, 1421, (1910)



However, it 1s te noted that the Duane and Laborde
formala was applled to aﬁamber whose heights are aprroximately
twice their diameters, and also in the csse where the height
is only 6/10 the diameter. The dimnliounlx

Chanber Diameter Helght Height

Diameter
1 18,5 om. 5%.5 om. 2,02
2 11.92 26,75 2424
3 6470 12.5 ;‘év
4 18,0 11,0 0.61

The values 5,19 and 13.15 presented in the formmlas
on page £5 are for gm.~secs units, that is, for the amount of
rsda; that one gram of radium will produce in one second.
These figures are to be maltiplied by 1/1 = 4.768 x 105 for
raden in order to coavert the values inte the curie unit. T7The
formalas then begoms,
I, = 248 (1= 0.507 10% e.s.u.
Iy = 6:27 (1 - 0572 8] 10® eus.u.
The oalidbration formula based on Duane and Laborde work
will then bacome,
If, =n = pumber of ouries of radon
C = total capacity of systeun
dv = potential change three hours after introduction of
o radon in ionization ehamber or whenAradon is in
equilibrium with its decay products in e.s.u. per

sgoond.,

1
Duane and lLaborde: Comp. Bu., 1, 1421, (1910}
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then,

iy
n=0ads :
6427 (1 ~ 04572 §) 10
v

6.

Appliocations of Duane and Laborde Formmle

The convenlencs and advantages offered by the use of a
calibration forrmla based on physical oharacteristies of ene's
apparatus can readily be reslized. The Duans and Laborde formals
has been used in s various mamner.

 Hootmen®, Hootman and Nelms® have applied the fermula in
their works In the latter paper the following statement was
made, "The electrescepes were calibrated by meaus of the Duane
and Laborde sempirical formula, which was shown by Ramsay to
give results of the same aconracy as those given dy emsnatien
standard ES4." Gﬁckeis has used the formala dut has employed
the constant 6.02x10° e.sem. for the initfal term in the Duane
and Laborde formlas and has offered a temperature and pressure
modifiostion fer the formmism. M‘ compared the ascuracy
of the Duane and Laborde formmla with emenation standard ES4
which was cartified by the Bursan of Standards to be accurate
to within 3 per cent. He found at room temperature 20°C., the

1

mm; AJ‘S" 22’ ‘53. {19511

2

Hootman and Helms: MQSQ' 21' 37; (1951’
3

Gockel: Die Radieactivitat von Boden und uuellen; Semmlung
Vieweg, ppe 102, (1914}

4

Rampay: A.d«S5., 40, 309, (1915)



formala to agree within 9 per cent. However, by using the value
6+02x10% for the initial censtant in the formala as is done

by Gookel, he found the agreement to be within 4 per cent. Using
the corrections for temperature and pressure as given by the

same suthor, Ramaay found the accuracy of the Duane and Laborde
formula to coinocide with that of standard ES4.

Gockel's temperature and pressure ocorrections sre as

follows:
iz, 1 s corrected value for current
I 431> the Duane and Laborde value for ourrent

P = preasure in ims.

t = temperature in C.
then,

I, = Igey [1+0.0007 (760-p) + 0,002 (3-15%) /

Sinoe Duane and Laberde only claimed applicability of their
formla to chambsr: whose heights were approximately twice their
diameters and in a single case where the height was only 6/10 of
the dlametsr (See pp. 26 ), it was decmed advisable to investigate
the pertinence of the Duane and Laborde formula te various

. sizes 0of ilonization charbers.

Size of Ionization Chamber and Duane and Ladorde Formulae.

‘Four ionisation chambers were constructed of drass.

Sinoe the center electrode, if charged negatively, will collesct
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the solid decay products from radem, the minimam radius
dimension of these chambers was limited by the maximm
range of subsequent alpl;a aenltting aeljn on the center
electrede. Bacl has the longest range being 6.971 om. in
aire 7Two other brass chambers wero avallable, dut of the
same dimensiens, and had been constructed formerly, by the
Geology Department especially for radium determination worke
Thus a comparisen of the jonization effects would be made
with five chambers of different dimensions. See Fige 7.

For comparison marposes, a known amount of radon must be
inserted into each jonization chamber. An attempt to use
ocarnotite as a sourse material for radon was rade. Because of
the variability of the emansting power of carnotite as demonstrated
1a F1gs 3o, 1t was not to be expected that = proeedure of |
morely sealing carnotite in a tubw, allewing radon to ascumlate
for seweral days, and drawing the radon into an ionization
chamber, could obtain duplicate readings even though all

operations were exastly reneated.
Radon Callecting Saquallzer

A raden collecting coualizer was constructed of glass and
is showmn dlagramatically in fig. 8. The apparatus was designed
to divids the radon emittscc from carmotite in scurce chamber
3 equally in bulbs A end B. Thus having two equal quantities

of raden, eomvarison of the ionigzation eould be made betwoen
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Lonizalion S
Chamber I(.ﬁ I(n.; —[(/016 I(é x/2 I(/Ollﬁ
herght o /9.05 /524 | ,5.24 30.45 | 3045
redivs ., 73 76z 12.70 762 12.70
Tolal ga/pacif)r
(/”C/ui//zgf'ramfﬁ'r) 6.88 6.0z s 77 7613 7 35
Surlace 28
e 0.378 0.393 0288 a2 32 0223
rig‘ 7

Ienization chamber constants.




To pump

%o torizetion
chambper

)
Yo sornzdlion
chamber

Fig. 8
Diagram of raden oollesting equalizer. N = manometer,
S = Source ohamber sontaining carmotite, A-B = diffusiox

bulbs.




two chambers of different sizes. The instrument was equipped
with a manometer so that radon could accumulate under various
conditions.

It was here again observed that an inorease in the humidity
at atmoapheric pressures tended t¢ inorease the emanating power
of carnotite, The emanating power was decreased considerably
whon accumilation of radon took place under reduced pressures
such as three to six millimeters of mercury. However, the
emanating power was increased somewhat at the latter pressures
by insertion of a small orucible of water in the source
chamber S.

Because of slight cross~sectional differences in the glass
stopcocks the diffusion rates to the two bulbs were not the same,
and ungequal quantities of radon were collected in bulds A and B.
Sinse the diffusion of a gas is a function of time and consentration ,
this discrepancy could have been eliminated by performing the
various experiments under equal times of ciiffnsiona. Under such
conditlons the ratio of concentrations of radon in dulbs A and B
should be constant. However, after performing experiments under
such conditions, it was found that this ratio did not remain
constant, tbhus again indicating the variability of the emanating

power of carnotite.. See Fig. 9. OSee previous discussion pp. 9.
Tap Yater as a Source of Radon

A mumber of determinations of the radon content of

oxdinary tap water made and the results which show comsiderable
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variation from day to day are indicated in Fig. 10. The
procedure for these determinations is described elsswheve.
See page 69

The quantity of radon liberated frem tap water produces
a convenlent rate of discharge of the electrometer and thus
offered itself for use as a raion source. Two 2 liter flasks
sampled directly frem the tap within about five minuteas were
found to contain equal soncenirations eof radon. DSee Fig. 1ll.

The time required for the liberation of radon frem a 2
liter flask is about one half hour, so both samples were run
within one half hour of each other. The correction for the
decay of radon in one half hour is negligible. Using this
procedure excellent check values were obtained. Fig. 12
presents data of these experiments and porcentage of differences
for duplicate tests.

Fig 13 shows a comparison botween the actually observed
lonization offects for various sizes of chambers and that
predicted by the Duane and Laborde formmla for the maximum
ionization for radon, 1.ee, I = 6.27 (1 ~ 0.572 3 ) 10% s.8.u.
The chamber whose dimensions, height = 19.06 cn.r radius = 7.3 Gme,
was designated as the standard chamber and all values are
referred to this chamber for comparison. The values for the
ionization effects are presented in ratios, 1.e., ratio of
chamber x to the standsrd chamber, since this form of presentation
eliminates the error in absolute calibration of the standard

chamber in termes of a2 radium standard and also individual
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VARIATION OF RADON GONTENT OF TAP WATER ]
LR I
11-16-32 386 0.9 377 38
17— 362 0.9 353 I 29
- -8- 4.0 ; o} 400 .29
—19— 435 1.0 425 1.55
-20- +69 s 46.0 1T
—-21- 41.0 0.9 40.1 146
-22- 460 0.9 451 164
—24~ 492 0.7 485 172
-2 5- 353 0.7 346 | 126

- _27- 541 07 53.4 , 185
~28- 550 0.9 54. 1.97
_30- 56.3 1.0 553 2.02
2-1-32 | 67l 0.7 66.4 242

-2- 525 0.6 51.9 (.90
-3- 48.5 0.8 477 1.74
- 4- 505 0.7 1 498 1.82
-5 521 | 06 \ 51,5 1.88
-25- . 38.2 ‘ 0.5 ‘ 37.7 1.38
_26- | 416 0.5 4l 1.50
27~ 55.5 0.5 550 201
-30- ‘ 530 0.7 52.3 191

733 | s28 07 32l

Fig. 10
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Indicating the quantity of raden eontained in tap water.

Twoc sampes taken within five minutes of each other

contained virtually the ssme quantity of radon.

tap water offers a source of raden that may be used

for comparing ionization effeots.

Tims
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Indjcating the ionisation differences due to various
sizes of ionization chambers. Two 2 liter flasks ef
tap water sampled within five minutes of each other
were used as sources of radom. FPig. 10 shows that equal

quantities of radon are contalned in the flask.
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Indicating a comparisen of observed ionization of various

chambers with that givem by the Duane and Laborde formala.

In Pig. 23 the ratios are sorrected for saturation.




errors in the determination of the total capasity of each
systenme

Thas the observed lonization may be compared with that
obtained by the use of the Duane and Laborde formmla and it
is apparent that the agreement 1s not satisfactory. Im all
sases the ratlios obtained by the formmla are high, amd in a
single oase, See Pigs 13, a8 mach as 12,1 por ceat greater than
the observed value.

It would seem from these results that the Duane and
Laborde formula for the wall effect is unreliable but it will
be shown that the data in #ig. 13, have to be modified because
of "saturation”, and effect which is fully as important as the
wall effect and adds another element of complexity to the
Duane and Laborde formula.

The Bffect of Saturation

When an alpha particle expends its energy in a gas, a
largs mumber of ion palrs are produced. Vers it not for an
electrical fiem. these ions would merely recombine. However
in spite of an electrical fleld a large number of these ilons
do recombines, and it is kmown that orly at extremely high
volitages oan "saturation” or a full collection of the ions be
expected.,

A typical form of the saturation ourve is shown in ¥ig. 143,

1
Ratherford: Radicacotive Substansces and their Radiations pp. 29
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A eenvenient form of pletting a saturation curve is to use
ourrent/voltage as the ordinate and the current as the abscissa.
This has the advantage of kesping infinity on the paper. A
typical curve of this type is depicted in Fig. 151.

| I1f the potential applied to the center electrude is the
same in all cases, 1t is obvious that in comparing the ien-
ization effecis of varicus sizes of cylindrical lonisation
chanbers, those chsmbers having the .argest dlametors would
have a lesser fleld gradient and consequently a different
mosher of ions will be conoctaé. or in ether words, a different
persentage of saturation.

A mnber of experiments were performed applying various
eollecting potentials to the center electrode. A considersdble
quantity of radon was drawn into the chambors and readings wers
observed with the varicus voltages applied te the eenter
electredes during the period when the maximum ionization for
reden is attained (3-8 ’burl after chambers are filled.}

It was found that eollecting go;entiala of 136 volts and
243 welts resulted in a difference of icnisation of sbout 10 per
cent for the standaxd shamber and was of a similar megnitude for
tus other chazbers. The data obtainsd from these experiments
are graphically represented by bath suggested metheds of plotting,
and the percentage of saturation expected at 243 volts indiscated.
See Figs. 16, 17, 168 and 19.

This nﬁthod for determining the percentage of saturatiom

1l
Meyor and Schweldler: Radioaktivitat pp. 280.
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47.

lnvolu- cons.iderable inacocuracy because of the extra polation
over a larga distance, since the number of points obtainable
were limited by the full scale potential of the electrometer

which amounts to only approximately 300 volts. Cee Figs. 19

Caleulation of Pereentage of Saturation.

An approximate value for the percentage of saturation
may be obtained in the followlng mamner,

Assume that the electrical field of a cylinder is the
same as 1f the cylinder were infinitely long.

radius of center electrode

i

ift, =a

b = racius of cylinder

V = voltage of center electrode
X = field intensity (potential gradient) at distance r
from center elecirode
then,
_v !
X=rlog b (1)

a
A summation of the total fleld intensity may be obtained

by multiplying equation (1) by 27/ rdr and integrating from a to

be.
4
4 . 2770dy
Total field intensity = rlog. b
dr (pet. grad.) A ®a
=2 ¥ {b - a) (2)
log, b
a
1

Rutherford Radioactive Substances and their Radiations pp. 42.
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Voltage calibration of electrometer.



By dividing {2) by the cross sectional area of the cylinder,

| an average fleld intensity is obtained.

‘ i
ave pot. grad. = 2 V‘b"sl t-!—'?
log, b {»-a")
a

= 2V
laga b (bra)
a
Then in the standard chamber whare,
b = 7.3 ome, & =05 om.
a¥s pote grads = 13.3 volts per eme.

This value of 13.3 volts per em., corresponds to 80 per
oent saturation. (Obtained by interpolating values given in Fig.
2ls
Then in chamber where,

b= 7,62, & = 05
8¥s pot. grade. = 12.6 volils per om.

This value of 12.6 volts per om. corresponds to 79.35 per
gent saturation. |
Then in ghamber where,

b= 1247, & = <06
aVve pote grade = 6.9 volta per om.

This value of 6.9 volts per om. correspendis $o 72,2 per
oent saturation.

Since the formlas, ,

19 = 2.48{1 - 0.517 8 ) 165 SeBse

I, = 6.27(2 - 0.572 § ) 10° es.u.
v

are linear funetions their curves ar) expressed as stralght
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(&4

Da die Korrektur fiir die mangelnde Séttigung infolge der Kolunmenionisation
der u-Bahnen in erster Anniherung unabhingig ist von der Stromstirke, hann
hierfiir die nachstehende Tabelle herangezogen werden, die aus den Anwilen

Volt | i/ | Vols | iix |
cm ‘ i dem Feld " 1 dem Fel [;' cm : dem Feld | dem Feld
5 0,66, 0,72, 200 y 0.93 KT
10 0,72, 0,83 300 | 0,95 ; 0,49
15 0,75, 0,87, 400 0,96, 099,
20 0,77, 0,91 500 | 0,97 L0,
30 0,80, 0,94 750 098 1,00
10 0,82, 0,95, 1000 0,98,
50 0,84 0,96 1500 ’ 0,99
75 0,86 0,97 2000 | 0,99,
100 0,88 0,9% | 300 1,00
150 0,91 0,99 ! s

M. Moulins gewonnen wurde. In der ersten Kolumne steht das elektrische Ge-

fiille in Volt pro cm; die zwei folgenden lennzeichnen den Grad der .\';’itti«;nqu firr
die Fille, daB die «-Bahnen parallel oder senkrecht zuun elektrizchen Feld Tiegen.

Gute Werte bei parallelem_Verlauf von Feld und Strahlenrichtunyg liefern
Formeln von G, Jafté 3).

Fig. 21
Paroentage of saturation for given potential gradient

See Meyer and Schweidler pp. 28l1.




lines shown in Fig. 22. It is to be noticed that whem S/V
becomes gere, the wvalues for In and Im-should be equal to the
thooretical vziues for the initial and final jonization for one

& I, = 6.19x10°,

curie of radon. These values are Io = 2,74x10
See Pige S5« The Duane and Laborde formula gives the values

1, = 2.a8m0°% 1 = 6.27x10°, when § equale zero.

v
The difference between I, and I is small whereas that
&L
betweon I° and I is considerably larger. This discrepancy

%peL

may be due to a saturation effceot. Ua the basis of the

theoretical ionization for one curie of radon, the Duane and
Laborde formulas represent saturation values of §.27 x 100 =
101.5 por cent and 2.48 x 100 = 90.5 per cent fag‘ii and I,

2.74
respectivelys

Hodified Duane and Laborde Formala.

It is obvious that the ebserved ratios for the various
sizes of chamvers presented in Fig. 13 mast be corrected for
the saturation effect before a irue comparison can be made
with Dmane and Laborde ratiocse

Since the electrometer is limited to about 250 volts of
collecting potcntial, there is a good deal of uncertainty
involved in the extrapolation of the curves of determining the
percentage of saturation. It is tuorefore proposed to use the
caloulated values (sco ppe 50 . fbr the percentage of saturation.
Although in caloulating these values, the formula for the

electrical field of a cylinder was used and cannot striotly
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rie formlias ze linesr fumpition

Juane and La

&
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initizl lomization.

max. lonization % =

&



apply because of the field distortion at the ends of the iom-
ization chambers, it is however, justifiable to use the
galculated values because we are only concerned with their
ratios.

After making the proper corrections as imdicated in Fig.
234 it wus found that the Duane and Laborde formula for ion=-
ization chambers whose dimensions are, diameter & inches,
height 6-8 inches, and diameter lU inches and height 6 inshes
was good fo within 1.3 per cent.

Thas in calibrating an alpba ray set up for the
determination of radiwn, the following formmla should be used,
if, n = number of curies of radon

C = total capacity of system

dv = potential change in e.s.u. per second 3 hours after
at
introduction of radon in lonization chambers, i1.8.,
when radon is in equilibrium with its decay products.
6 = percentage of saturation
then,
av
n= C dt

6.27 (1 = 0.572 5] 10°6
v



Ratio of

Zonizalion
Chambers
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Saturalions
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S

099

O0.904

Ratio of observed
Zonizalions

Ldih
Zs

0.9262

0.985

0956

Ratio of correcled
Tonizalrons

Id’lﬁ S
—_—— & Zexh
I} ’ ."

0.972

0.995

106

e

/faf/b of Duane and
Laborde Jormzalron
Zdeh
L

0.985

/. 035

/.06

27

Percentage
deviation from

corvecled I

£3%

0.07

5.7)%

Indicating a comparisen of the observed lomization
of various chambers with that given by the Duane

and Laborde formila.

saturation.

Pig. 28

he ratios are corrected for
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THRORY URDERLYIRG GEOPHYSICAL APPLICATIONS
oF
RADON MEASUREMENTS

Various assertions have been voised with respect to the
adaptability and geelegical significance of radiocactive methods
to geerhysical prospectings ithout any 6lear indication as te
their theoretical basis, statements have beem made te the effect
that a fault be evidensed by a higher radon concentration in the
overlying soil’, that the raden coutent of soil in an oil bearing
ragion is higher”, and that soil formations appear to have more
or less characteristic radion eent.entsag It is obvious that if a
theeretical éxplanatim can be established for the abeve
assertions, their value would be greatly emhanced and a more
significant interpretation of radicactive data can be presented.

It is nhrmgnizmlmcthemmum&hgn to
de with the above suggested geophysical applications are concerned
with radon, and bear oaly an indirect relationship to the sctual
radium content of rooks. Radon, the first decay produot of
radium, is a gasegus emanation of atomic weight 222, and half-
1ife value of 35.82 days. Since radloasctive substances disintegrate
at a rate propertional te the gquantity present, it can be showm
‘that 30 days 1s required fer the establishment ef equilibrium
between radium anc riden, or in other words, that in 30 days

Just as much radon will decay as will be prodused.

1 P, Muller: Zeits. f. Ceophs 3, 330-6, {1927)0

2 L. . Bogoyavlensky: Bull. Inst. Pract. Geoph. No. 3. 113-124,
Leningrad, (1927).

3 DBotset anl Jeaver: FPhysios, 2, 376~-388, (1932]).
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it, t = time

I t‘ quantity of radon present at time t

Ion quantity of radon present at equilibrium
A = decay constant for radon
thang

L
o TISEA

Thus im 30 days the decay factor e"f ¥ bocores negligible, and
wiich in turn Indlcates the tire reuuvired for the eostablishment
of eyuilibriwm betweon rauon and radiume

In general, 211 rook types with the possible exception of
matvorites contaln measurenble guantitles of rudicwctive
substunces. Jne radiwn concentration is, w3 o ruley, of the order

t)
1% grams per gram of nuteriale Visinle

of magmituie of 10
evidence fois the nroseunce of radioactive slements and minarals
vften may ve seeu in thin sections of biotite, cordierilte,
tourmaline, chiorite, flourite and others, where small circular
darkened spoke koown as pleosivwoic halos are occasionally
encountered. The halos are essentially Gue to the alpha radiation
of minate orystulline inclusions usually zircon, allanite, or
gpnenes Careful scrutiny of the halos will sometimes reveal
darkened concentric riangs which correspond to the rauges of the
alpha raciatione

}’1gg0t1 has ascertuined in the case of a siugle granite
with which nineral coustituenbts the radiczciive substances are
assoclateds Using wm ajuevus solutiom of gadmium borotungstate

(K1ine's solution) he scparated the various mineral grains of the

1 Plggot: . ieJdeSe, 17, 13-54, (1929)



palverized granite according to their densities as quarts,
plagioclase, potash feldspur (mostly microcline), biotite, and
mscovite. Radium analyses of the individual portions indicated
eoncentrations of radlanm in ratios as guartz: plagioclase:
miorocline: biotite: muscovite: = 1 : 87 : 59 : 454 : 201.
Other significant conolusions from the same experiment were that
part of the radon may be leachad out of a granite by water and
that apparantly some of the radloactivity is associated with the
interstices between the grains, and with the surfaces of the
grains of the constituent minerais, rather than with their
interiors. The above results have imwediate pertinency te the
interpretation of radon measuremonts of sedimentafy Tocks.

Consider the gonosis of g sories of sediments., Assume in
a nearby igneous mase the source material for the sediments.
Sedimentary differentiation offected by the normml proeedure of
BX0ZBNOUS Processcs l.6., woathering, transportation of material,
etce will then act upon the ignueous mass. .he suite of sedimentary
rocks, conglomsrates, sandstones, and shales that will be
consequent upon the erozion of the source mass will be composed of
the ingredients of the source material, elutriatively selected,
ani of substaness deposited through chenical agencies. Lven grant-
ing a general constaugy of the ccncentration of the radloactive
substances in the igneous source, it is hardly conceivable that
the resulting sedimentary rocks will maintain a similar uniformitye.
Variations nmight prevail during the conditiovne of deposition are
toc mumsrous to stute.

Ve Coganl in & study of the lateral variation of heavy

1 W. Cogen: Unpublished manuscript, C.I.T.
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minerals in oertain horiszons bas shown that differences in the
concentration of heavy minerals as great as several hmndred per
cent in a single horizon within a mile may be expected. The
composlite minerals were also found to vary relative to each
other. Since it has been indicated that radicactive substances
are largely confined to the heavier minerals constituents,
obviously then thaere is no more reason to belleve that =z
sedimentary formation should have a more or less characteristic
radium content than either titanium or zirconium content.

Indicationa from numerous analyses of the radium content
of ocean sediments by Joly, Petterasson, and P.tggatl likewlse
furnish further testimoay substantiating the view that there
may be considerable diversity in the distribution of radiocactive
constituents in sediments.

The fact that, in making radicactive determinations relevent
to the geophysieal suggestions offered in the introduction,
moasuremsnts are made on radon adds further complexity to the
yroblem. The amount of radon that will be avallable for measure-
ment will be a funoction of the concentration of radium and its
emanating power. The emanating power has been defined and
disocussed elsewhere (pp. 9 | and it was concluded that temperature,
pressure, humidity, may affect the amount of radon that will
be emitted. Presumably the chemical and physical state of the

rock minerals such as degree of alteration and particle size

may also affect the emanating power.

1 Piggot: AdJeSe, 25, 229-238, (1933)



An attempt was made to determine the emanating power of a
biotite granite when pulverized. The rock was screened to pass
through 115 mesh and be retained on 250 mesh., 22.3 grams of the
screen rock whose radium concentration determined by R.W. Raitt
as 1,6x1071% gm/gm were placed in test tube that contained 100 ce.
of water and sealed. After shaking well the radon content of the
water was determined and indicated an emanating power in the
pulverized granite of less than one per cent.

In conclusion then, if a sedimentary formation does contaln
a constant radium soncentration, there is mo reason to believe
that the emanating power of the rocks will be constant and in
turn effect a constant radon emittance. !Moreover with a
hetsrogenecus distridution of the radloactive conatituents,
obrioualy there can be no correlation or simple geophysical

interpretation of raion meoasurements.
Radon and 011 Bearing Region

With respect to the statement that an oil boaring region
will be evidenced by a high radon concentration in the overlying
soils, consider the siiplest and most ideal conditions under
which 0il may accumulate. Given a symetrical anticline with
formations A B C D {fig.24) of uniform radium conscentration and
emanating power. Assume for the moment that there has been no
0il ascummlation at 0; then every sample on line L I in general
should have the same radon concentration. With an sccumlation
of oil bensath the impervious layer 8, radon will dissolve in

the o0il according to Henry's law.
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The distribution ratio for radon between orude oil;and alr
tration = 10

at 20°C 1s probably around 10 ooncentration in air which
morely M1catea that during equilibrium conditiouns, there wiil
be ten times as rmch radon in ths oil as in the swrrounding soll
gase 7This, bowever, will in no manner infiuence the radon
sonsentration of the soll gas above or below the oil accumulatlon,
and undsr the given conditions any sample along L I will bhave &
gonstunt radon conceantration.

Assume some singular vroperty of ths oll asceummlation
- Bueh a8 a high ralium concentration whieh will in turn effect a
nigh raion ooncentration. Then as a consegusnoe 0f the Jdifiusion
of r.don, considered guslitatively, the raion concentration ef
the so0il gas should inocresse anproaching the oil body. Counsidered
gquantitatively, the unfeasibility of this though cau be readlly
astablished.

Diffusion of HRadon

ax

A g

In the above let 4 B be a oylisder of unit cross section
f£illed with an ipactive gas and raion from sourcs whore xX=o 1s
dirfusing uniformly along the cylinder. let I be the coefficient
of diffusion of radon throuch the gas, and § be tue mumber of
atoms per cubic cestimator at a dilstance X from a fixed polint

slong the axls of the tube. Then in conssquence of the diffusion,

1 ioyer and Schweidler: Tadleacktivitat, pre. 142



4N the rate of increase in the number of atoms of radon per oc.
das

will De,
Y74 N4
W Z*”&)J*/D/z/xru]
't A A
7
Z/___’A/ ~ a(gx’*ax - jx)
/¢ T ax
= D d/{j
A x
= O TNV
ax*

but radon ia decaying ln accordance with its constant, ./, and

tharefore,
gV 2
T 2L Ly
At aAx”
because of the disintegration of radon there will be a peint at

which 97 .,and
At /

0%’;”::/4/
X

The solution of this differential equation is as follows,
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Using the values, = 2.1 x 156/uc. and D = 0.1, the peint
of which radon will fall to half its original value will be
approximately 135 om. This value has been caioulated using the
coefficient of diffusion for radon into air, and considering the
through an imperviocus layer trapping an o0il acoummlation the
estimate of 135 om. will be considerably lessensed.

It may be justly indicated therefore, the the conclusions
deduced a priori from the report that the radon concentration of
80il gas 1s high in an oil bearing region cannot genetiocally

correlate the two and have a prastioal geophysical significance.
Radon and Faults

With respect to the statement that the radon content of
the soll increases toward a fault, consider fig.2Swhere formation
4 i of a uniform radium concentration, B is the basement complex
also considered to have a uniform radium concentration, line C
is a water table level and F 18 a fault with an indicated zons of
brecciation. It may be entirely possible that on approaching
the zone of brecciation, the radon content of the soil will
inorease. This oan probably be explained by the logical assumption
that the emanating power of the rooks increases due to their
increased surfase. In this respesct it should be mantioned that
grinding a rock to pass through 115 mesh did not perceptibly
inorease the emamating power. However because of the small
quantity of material used, an increase of 0.1 per cent or 0.2 per

cent might have been easily been obsoured, and such an increase,
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when the quantities involved are large as in a fractured fsult
' sone, would de of considerable impertance.

Radon s0l)] measurements usually invelved s0 many unsertain
factors such as textural relation of the grains, m and
nature of cementation and effeot upon porosity, difficulties in
soourate sampling, etc., that it is highly improbadle that a
satisfaotory explanation of these data can be ohtai:i;d. It was
suggested, however, by Xr. R. Eng.ll that radon measurements of
anderground waters would aliminate a number of these uncertainties
and offer a more signifisant interpretation, especilally in

| relation to faults.

In considering fig.gsin regard to the radon content of
undergrouni waters, sbviously because of the sntmtc ecntact of
the water and grains as the water seeps through the soil in
response t0 its gradient, s more representative radon messurement
ocan be obtained. The adsolute radon measurement of the soil will
of course differ frem the water measurement in accord with FHenry's
law, It should be here indicated that any radiwm concentration
of the water which in turn would affect the radon content is
probably negligible since the solubility of radlosctive minerals
is very small in water.

On approaching the dreoociated sone, a grsater dissolving
action will be exerted, and a corresponding inorease in the
radon content should be cxpected at the fault. A similar increase
is to be expected for any other chemisal constitunent that might
be dissolved but because of the direstion of flow and diffusion,

these ions will scon becomes uniformly distributed, so that it

1 R. Engel and L, J. Bohn: ("'tc} G‘.So‘m‘o’ 41, 154, (lm’
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will be impossible to detect an increass toward the fault.
Undoubtedly an inportaat fastor in this respect is the relative
insolubility of rock minerals in ordinary waters, and the small
 differences in the consentration of the dissolved constituents
at or near the fault even when diffusion and distribution effests
have not acted would be extremely diffioult to deteot.

There will always ds a high radon concentration at the
fault in the above case siunge the disintegration of radon is
more important than either diffusiom or dissipation by sespags.

In 3.82 daye raion dsoays o balf its valus and in consequence
as diffusion and dissipatien play their part, the radon carried
- from the fault somne will have disintegrated to ths normal
concentration im water whish will b im equilibrium with the
surrounding rocks.

in the above discussion concerning the relatiom of radlo-
astive content of underground waters to faults two fundamental
assumptions have deen made; first, & sone of dresciation mst
accompany & fault szd second, that the distributien of radium
eonstituents is homogensous. Fresumadly neither of these
ocnditions need necessarily de the case and the-efore, a fauls
may or may not be revealed by high radon content.

An important comsideration in the ralation of radlcactivity
to faults has been purpesely unimcorporated in the above discussion
and is concerned with the effect of waters of maguatis or juvenile
origin. These waters, existing originally in the molten silicate

soclution constituting s magma, have been in intimate contact with
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all of the various chemioal comstituents of the magma, and from

the very fact that magmatic gases as helium, carbon diaxide,
hydrogen sulfide and others, are contained in such waters, it

may without undue reason be said that juvenile waters will centaln &
relatively high raden content. If such is the case, and provided
the waters are able to ascend a fault plane or zone with

sufficient rapidity so as to overcome the descay factor of radon,

a fault will undoubtedly be detected by a high radon econtent in

its lmwediate vicinity.

work in progress by Mr. R. Engel will help to elucidate

some of these fastors.
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RADON CONTERT OF UNDERGROUND WATERS AND ITS RELATIOR T0 THE

RAYMORD FAULT
Technique for the Neasurement of Raden in Solutiens

The method employed for the measurement of the radon
content of solutions for the early part of the work was oxoept
for a single modification identically similar to that used by
Kvanal. The electrometer, reflux condenser, iomization
chambers, otc., have been desoribed in detall and will not be
considered here. The modification has been to discard the
displacing liquid and instead & volume of alr equal to the
volume of the evaouated lonization chamber 1s bubdbled through
the boiling solution for sweeping the radon into the ohamber.

Becanse of the inconvenience of 2 liter samples for
field work, a siplified was adopted for the latter part of the
work. This procedure will be briefly described after the
following consideration of the prineciples involved in the removal
of radon from solutions.

Removal of fadon from solutions: Radon is a gas and as
such conforms to Henry's law and will be remeved from solutions

in obeyance to this law.

1 Evans: Ph. De thesis C.I.T.
Bev. S5ci. Inst. 4, 216, {1933}
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a slow stream of air is bubdled
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A simple experiment was performed to test the applicability
of thia formula. 2.926 grams of carnotite of uranium content
1.58 per cent by welght were plased in a test tube of 200 ec.
sapacity, dissolved in HC1, di‘;.utad to 150ce. with distilled
water, and sealed. After 25 days the psrcent of removal of
radon was tested by merely bubdling through the selution a
volume of alir equal to the standard ionization chamber (see pp. 30)
and a8 soon as this operation was compldeted, a second standard
chamber was similarly filled. The time difference between the
f£1lling of each chamber was ten minutes. The ioniszation was
measured by the use of Walf bl-filar nlcctromhrl and the
corresponding readings were 1545 div./hr. and 15.3 div./hr.,
indicating that the radon was 99 per cent removed from the
solution.

Fig. 25 indicates diagramatically the simplified set up
employed. An electroscope was used and standardized against
the Hulf instrument whose calibratioi tmtér had becn ascurately
determined. The difference in sensitivisy between the electro-
scops and Walf electremeter is indicated by their respective |
oalibration sonstants, 11:1043 curies/div./nr. and 73x10"33
curies/div./hr. A fine hair was attached to the leaf to
fanilitate the :;eaﬁing of the electroszcope.

Fig. 26 shows to what acouracy the duplication of results

from similar samples may be expected by the method.

)l Evans: loo. cit.
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Fig. 26
W«m-m:wmmqummm
of yaden. A = sample, B = Call,, C = slectroscope
with fine halr attached to leaf to fasilitate yoading,

U = manoweters
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Indicating the percentage of deviation of check

samples by the simplified technigue of measuring
radon.
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The velums of thw electroscope In the simplified met wp
amounted to only 1250 ec. and although the fermmls indicates
virtually complete removal of radon from a 150 ec. sample in a
200 o0« test tude, it would be perhaps aﬂﬁubh to have a
larger volume for the electroscopes This would aot as a factor
of safety against a too rapid bubbling which would not permit
equilidrium in the bubdble of air according to Eenry's law. It
should be pointed out that because of ths small sample, the
volume of the sample should be measured accurately, and a
weighing method has been suggested by lr. R. Bagel. A aumber
of check samples anaiysed by the boiling method of Evans and by
the simplified technlque were found to be in excellent agresement.

Raymond Fault

A low but prominent escarpaent dalineating the Raymend
fault traverses tbs southerm portien of the city of Pasadena.
It is relatively recent origin, faulting iocens sediments,
and is still active. Ses map. Numerpus water wells are located
north of the fault and with lesser abundance to the south of it,
and effered an excsllent opportunity teo study the distridbution
of radon sontent of underground waters In relation to faults.

A mumber of wells were sampled and analysed, attempting
a8 much as possible to select a suite of wells ir a linear profile
perpendioular to the faul$. The wells selected had to be sampled
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the same day since the radon conscentration varies from day to
day. Only those wells that had deen pumping for some thni oould
bs used as diagnastic samples, sinos stagnant well water will
lose most of its radonr either by diffusion into the atmosphere
or by decaye.

The results of these surveys are presented in figs. 27,
28 and 29. The importance of scorrect sampling is indicated by
the analysis of well no. 227, At this partioular well the water
is pumped by means of an air lift and at the diacharge the water
is extremely well asrated; as a consequense an analysis for the
radon sontent indicated a negligidle quantity preseant.

o systematic inorease of the radon content in the under-

ground waters towards the Raymond famlt was discovered.
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Fig. 28

A summary of the surveys of the radon content of

underground waters and their relation to the
Raymond fault.
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CORCLUSIORS

In sumoary, the following results are indicated:
le In using a standard solution for the salibhration sf the
instrument, a considerable error may be made if only boiling is
relied upon to remove the radon from the sclutien. By
consideration of the distribution ratio of radon between water
and air, this error msy be avoided. The instability of radiom
solutions may cause eomidérahh_ error in the oalibratien,
unless the solution is protected by barium in an acid selution.
2e By bolling a solution and moreover aspirating through it
a vyolume of alr equal $0 the volume of the standard ionisation
chambsr, 3150 0C., it is shown that the .emoval ¢f radon is
complete.
3. The Ra/U ratio in miioaeun minerals is a fumstion of
tims and geoclogloal environwent. In pitechblende the ratio is
quite oonstant and may be taken as J.4 x 10.?. In carnotite
the ratio deviates markedly from the theoretical value. Thus
pitchblende may be used for standardization. In preparing a
 standard solution from pitchblende, oxidationm of sulfur im-
purities should be avoided, for RaSO, will occlude radem. (pp. 5-9)
4 The emanating power of oarmotite is a funotien of humidity,
temperature, and pressure. Within the limits of variatiom of

theae factors during the experiments, it was found that thtb
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emanating power increased with these variables. {vp. 32} However
by heating carmotite to 400°C for one half hour the emsneting
power was decreased to 1/10 of that of unbeated carmotite, but
the temperature ocoeffloient of the emanating power was not
notisciably changed. (pp. 11} This indicates a discontimmity
in the emanating power = temperature rola.tiémh&p and may
possibly be aseribed to a loss of water of crystallization.
(fig. 5} |
S A mpdified Duane ani Laborde formula was ectablished for
calibratica,
if, n = pumber of curies of radoa
C = total eapacity of system
dv = potential change in 6.s.u. per second three hours after
4 Autrodustion of radon in ionisation chawber, or when
radon is in equilibrium with its decay preducts

6 = percentage of saturation

then, c &y
a= 4t

6.27 {1-0.572 §) 10°6
7

It was found that the above formula is reliable within an errer
of 1.3 per eent for ionization chambers whose dimensions are,
diameter 6 inches, height 6~8 inches, and diameter 10 inches and
beight 6 inches. (fig. 25) |

6o Bscause of a nmumbsr of variables, as emanating power,

heoterogeneity of mineral constituents, textural relationships,



sementation, ete., & »0il fermation is met mul s hawe a

uniform raidon content.

Te A high radon concemtration in the overlyiang soil of an

0il bearing region cannot be sorrelated gemetically with the eil.
(pp. 60)

8. The radon centent of the soil and underground water in &
fanlt reglon may be high in cemparisom with the surreunding region
if thero is a pronounced zome of brecciatiom. Hagmatiec influnenses
such as juvenile waters of high radioastive content may be an
important faetor. (pp. 64-67}

9. A simplified technique for the measarement of the raden
content of solutions has been found to de satisfactory and
adaptable to field work. (fig. 25)

10. Surveys of the raden concentiration of underground waters
of Pasadena, indicated mo systematic inorease towards the

Raymond fsult. (figs. 27,28,29 |



