
I+ 

GEOLOGICAL SURVEY OF CANADA 

COMMISSION GEOLOGIQUE DU CANADA 

PAPER 75-38 

' RADIOACTIVE DISEQUILIBRIUM DETERMINATIONS 

Part 1 : Determination of radioactive disequilibrium 
in uranium ores by alpha-spectrometry 

P.G. KILLEEN 

C.M. CARMICHAEL 

Part 2: Radioactive disequilibrium investigations, 
Elliot Lake area, Ontario 

L. OSTRIHANSKY 

Energy, Mines and 
Resources Canada 

Energie, Mines et 
Ressources Canada 1976 

aijohnso
GEOSCAN Small



GEOLOGICAL SURVEY 
PAPER 75-38 

RADIOACTIVE DISEQUILIBRIUM DETERMINATIONS 

Part 1: Determination of radioactive disequilibrium 
in uranium ores by alpha-spectrometry 

R.G. KILLEEN 

C.M. CARMICHAEL 

Part 2: Radioactive disequilibrium investigations, 
Elliot Lake area, Ontario 

L. OSTRIHANSKY 

1976 



© Crown Copyrights reserved 
AvniL1lll<! by mail from In form ation Canada, Ottaw a, KI A OS9 

from th e Geologi cal Survey of Canada 
601 Booth St .. Ottawa, KlA OE8 

and 

Inform ation Canada books hops in 

lfAL!FAX - 1683 Ba ningion Street 
MONTREAL - 640 St. Cath e rine Street W. 
OTTAWA - 171 Slater Stre et 
TORONTO - 22 1 Yonge S treet 
WINNIPEG - 393 Portage Avenue 
VANCOUVER - 800 Granville S treet 

or through your bookse lle r 

A d e pos it copy o f thi s publi cation i s a lso availab le 
for r e feren ce in public libraries across Canada 

Pri ce - Can ada: $3. 50 

Other Count ri es: $4. 20 
Catalogue o . M44 - 75- 38 

Pri ce subject to change without noti ce 

T11formation Canada 
Ottawa 

1976 



FOREWORD 

The Geological Survey of Canada has a long hi s tory of scientific investigations relating 
to the discovery and measurement of natural radioactivity. 

When an expanded research and development program involving the field and airborne 
use of gamma-ray spectrometry commenced in 1967, the possibility that extensive surface 
disequilibrium might seriously affect the usefulness of s p ectrometry measurements was very 
much in mind. 

Disequilibrium is obviously of prime concern in the normal situation where a measurement 
of 214Bi abundance is used as an indirect measure of uranium content . Preliminary field 
investigations made in 1966 and 1967 in areas containing various forms of uranium minera lization 
at the surface confirmed quite clearly that there is a strong positive correlation between count 
rate due to 214Bi, a nd uranium content. This was sufficient to justify the continued 
deve lopment of field methods based on gamma-ray spectrometry. Nevertheless it was 
considered desirable to investigate the disequilibrium problem in greater detail, and two 
independent studies were initiated, both focu ssing on material from the Elliot Lake area. 
One study was conducted by P. G. Killeen, and was commenced whilst he was an. assistant with 
the Geological Survey. The other was undertak en by Dr. L. Ostrihansky during tenure of a 
Post Doctoral Fellowship. 

The first paper in this publication, by Dr. P. G. Killeen and Professor C. M. Carmichael, 
reports work which largely concentrated on developing a technique for disequilibrium 
determination by alpha-sp ectrometry. The second paper by Dr. Os trihansky, reports work 
which used both solid state Ge (Li) and Na! (Tl) detectors to undertake detailed gam ma-sp ectrometric 
s tudies of short cores from Elliot Lake. Both studies encountered considerable problems with 
the analytical methods selected, and most of the effort s of the investigators were devoted to 
establishing their techniques. Neither was wholly successful in this respect since neither 
method can be applied to rocks containing average amounts of the radioelements. 

The papers published here are a record of what has been tried, and what has been 
achieved, and as such s hould be a valuable guide to future investigators. Improved methods 
capable of being applied at ordinary levels of soil and rock radioelement concentration still 
need to be developed, with the intention of making more numerous systematic studies of the 
general type reported here by Dr. Ostrihansky. Our ability to extract significant information 
from measurements of surface radioactivity i s dependent upon having the fullest possible 
knowledge of the extent and variety of disequilibrium effects in different situations. 

A. G. Darnley, 
Director , 
Resource Geophysics and Geochemistry Division, 
Co-ordinator, 
Geological Survey Uranium Program 
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Ab s tract 

The natural radiation from ro ck s and mineral s is primarily fro m 40}( and th e 238u 
and 232Th radioactive decay series . Thi s is composed of alpha particles of 23 different 
energies , along with be ta and gamma radiation. 

Although the analy s is of rocks for uranium content by gamma - ray spectrometry is 
a rapid and effici e nt me thod , it de pends on the crucial ass umption that the 238u decay 
series is in radioactive equilibr ium. An a-spectrometric method of detecting the presence 
of di sequilibrium in the 238u decay series has been dev e lop e d. A s ilicon semi - conduc tor 
detec tor and a 1024 channe l pulse height analyzer wer e use d to obtain alpha parti c le energy 
s pec tra of uraniferous rocks and mineral s . "Infinite ly thick" sources were used to avoid 
the proble ms involved in preparation of "infinite ly thin" sources . The me thod invo lves 
the ge neration of theoretica l e nergy di s tributions for infinite ly thi ck s ources. Co mple te 
theore tical s pec tra were computed for comparison with experime ntally obtained alpha particle 
energy spectra of rocks and mineral s. The presence and ex tent of di sequilibrium in the 
238u decay series in a rock is de termined from the res idual spectrum obtaine d by 
s ubtracting a fitted theore ti cal s pec trum from the meas ured s pectrum of a rock. 

Resume 

Le rayonnement nature l emanant des roches e t des mineraux provient principale ment 
40K e t des famili es radioac tives de I 'uranium ( 238u) e t du thorium ( 232Th). Ce rayonne­
ment comporte des parti cules alpha de 23 e nergi es differentes, ainsi que des rayonnements 
be ta e t gamma. 

Bien que I 'analyse des roches en vue de la de termination de leur teneur en uranium 
par la s p ec trome trie aux rayons gamma soit une me thode rapide e t e ffi cace, e lle r epose sur 
l'hypothese cruciale que la famill e de !'uranium (23 8uy es t e n equilibre radioactif. Les 
auteurs ont mi s au point une methode perme ttant de dece ler la presence de desequilibre 
dans la famill e de I 'u ranium, par la s pec trome tri e a rayo ns alpha. Il s utili sent un de tec teur 
semiconduc teur au s ilicium et un analy seur a canaux multibles ( 1024) d'impulsions d 'amplilude 
pour obtenir le s pec tre d'energie des particules alpha de mineraux e t de roches uraniferes . Il s 
utilisent des so urces "infiniment epaisses" pour eviler les problemes que pose la prepara­
tion des sources "infiniment minces ". Cette methode exige que l 1011 determine d'abord les 
fonction s de di s tribution d 'e nergie theoriques dan s le cas de sources infiniment epai sses. 
Des s pec tres comp le ts theoriques ont e te calcules e t compares a des s pec tres d 'e nergie de s 
particules alpha obtenus experimentalement pour des roches e t des mineraux. La presence 
e t I 'importance du de sequilibre dan s la famill e de I 'uranium , dan s une roche donnee , sont 
determinees a partir du s pectre residue! obtenu e n so ustrayant un s pec tre theorique 
approprie du s pectre d 'une roche , mes ure experimentale ment. 





PART 1: DETERMINATION OF RADIOACTIVE DISEQUILIBRIUM 
IN URANIUM ORES BY ALPHA - SPECTROMETRY 

INTRODUCTION 

The most commonly used me thod of analysis for 
uranium and thorium in geologic ma te rials is that of 
gamma- r ay spectrometry. The method involves the 
counting of gamma r ays of e nergies usually c hosen as 
1. 76 Mev a nd 2. 62 Mev for the ura nium and thorium 
analyses r esp ective ly . These gamma radiations ar e 
actually produce d by d aughte r products Bismuth - 214 
in the 238u d ecay series and Thallium- 208 in the 232Th 
decay series as shown in Figure 1. 1. The gamma-ray 
count rate is then use d to compute the amount of parent, 
assuming there is a r e la tions hip b etween the amount 
of d a ughter and p ar e nt. This assumption is more 
precisely d e fined by s tating that th e radioactive decay 
series is assumed to be i n a s ta te of secular equilibrium. 

Radioactive Equilibrium 

A radioactive d ecay s eries s uc h as that for 238u is 
said to b e in a s ta te of secula r equilibrium whe n the 
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number of a tom s of each daughter in the series being 
produce d is equal to the numbe r of a tom s of tha t 
da ughter b eing lost by radioactive decay. The laws of 
radioactive decay have bee n discussed in numerou s 
textbooks (eg. Arya, 1968). 

The rate of loss by decay i s proportional to the 
amount of radioele ment presen t , i. e. 

dNl = - ;\ N 
- 1 1 

dt 
( 1) 

where N 1 = the amount of e lement N 1 
;\ 1 = the decay consta nt for the e lement N 1 

the n the r a te of decay of the daughter of N 1 i s given by 
the difference b etw een it s loss rate and it s production 
rate from its p arent , i. e . 

23 1 

dN2 = ;\ N - ;\ 2 2 
- 1 1 

dt 
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Figure 1. 1. The natural radioactive decay series (after Ros holt, 1958) . 
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It can be shown that after a long period of time the 
amount of daughter is constant. Its rate of production 
from parent is equa l to its rate of loss by its own decay. 
This is then a state of secular equilibrium. 

For a r adioactive decay series, secula r equilibrium 
implies that 

The question then becomes whether the assumption 
of secular equilibrium, r equired for analysis by gamma­
ray s pectrometric techniques, is valid for the geologic 
material being analyzed for it s ura nium or thorium 
content . 

If one or more of the daughter products has been 
lost by any process othe r than radioactive decay, then 
equation (3) is not satisfied. Since each daughter 
produc t i s a different chemical e lement , they will b e have 
differently in the same environment. For example, 
Radon-222 in the 238u decay series i s a gas, and it 
could possibly be lost to the decay system during its 
3. 8-day half- life. The chemical solubility of r a dium 
and uranium and thorium isotopes also differ, and 
preferential leaching of isotopes is another possibility. 

The 232Th decay series can b e safely ass umed to 
be in radioactive equilibrium s ince th e largest half- life 
of all the daughters in the series is 6. 7 years, that of 
Radium - 228. Thus even if the series were dis turbed 
by a metamorphic event, it would cause only temporary 
di sequilibrium, and would in geological terms be 
'instantly' r eturned to equilibrium. 

T he 238u decay series, on the other hand, cont ains 
daughters with half- lives which are of appreciable 
length ev en geologically such as 234u with half- life 
equal to 250 OOO y ears and 230Th with a half- life of 
80 OOO years. A disturba nce r esulting in loss of a 
daughter would not quickly b e restored to equilibrium. 
The assumption of equilibrium of the 232Th series i s 
also s upported by the fact that Radon- 220 has a ha lf- life 
of 54. 5 seconds, not long enough for it to escap e, while 
the 238u series produces Radon- 222 with a ha lf- life of 
3. 82 days, a s ignificant time in which it could possibly 
escape. The assumption of thorium series equilibrium 
is fur ther supported in the lite r ature by Mero (1960). 

Previous Investigations 

Mero (1960) described a method de termining the 
presence of equilibrium by the u se of gamma-ray 
spectrometry, involving comparison of gamma count rates 
at 0. 190 Mev and 0. 240 Mev. Coquema e t al. (1963) 
described a combination radiochemical a na lys is and 
alpha, beta and gamma counting tec hnique used to 
s tudy radioactive disequilibrium a nd it s relation to 
geochronology. Richardson (1964) studied drill cores 
of Conway granite of New Hampshire with a radiochemical 
separation, e lectro-deposition, and thin - source alpha 
spectrometric a na lys is. The top 15 feet were deficient 
in 234u, an example of isotopic fr actionation of uranium 
in nature. Somayajulu e t al. (1966) repor ted on the 
disequilibrium observed in the 238u series of b asalt 
samples from Hawaii, Japan and Iwo Jima. Their 

2 

technique was a combination of radiochemical separation 
and mass sp ectrometry. Rosholt (1954, 1957) described 
quantitative r adiochemical methods for determining the 
sources of n atural radioactivity . 

Ro s holt (1958) subdivided the 238u decay series 
into five d i s tinct groups for equilibrium studies. These 
consist of the uranium group, 230Th a lone, 226Ra a lone, 
the 222Rn group, and the 210pb group (see Fig. 1. 1). 
The uranium group contains 238u and its immediate 
daughters up to and including 214Po. The 210pb group 
contains the remaining daughters in th e series. When 
the r elative ab undances of each group are known, the 
extent of disequilibrium is completely defined. Eac h 
group can be assumed to be in equilibrium as a unit, 
but di sequilibrium may exist between groups. 

Ro s holt (1959) discussed the geochemical processes 
affec ting ore deposits and their relation to radioac tive 
disequilibrium. His studies indicated that six b asic 
types of disequilibrium can occur in present -day 
radioactive deposits. These are s ummarized by 
Ostrihansky (this publ. , Pt. 2) . 

Ro s holt (1960) described four different types of 
uranium migration in sandstone-type ore deposits. In 
another paper Rosholt and Dooley (1960) described the 
radiochemical analysis technique which they improved 
s ince the early work of Ros holt (1954). Rosholt (196la), 
Robinson and Ros holt (1961) and Ro s holt (1961b) 
elaborated on uranium migration in sandstones as 
studied above, and were able to relate th e amount of 
disequilibrium to th e apparent date of migration . Rosholt 
e t al. (1963) d escrib ed isotopic fractionation of ura nium 
in some sands tones with a range of from 40 p er cent 
excess 234u to 40 per cent deficient 234u. The 
surprising result of 234u being leached preferentially 
to 238u is con sidered due in part to changes in oxida­
tion states. Isotopic diseq uilibrium was a lso found 
by Pierce and Ros holt (1961) in uranium- b earing 
asp ha ltite nodules in dolomite. Dooley et al. (1964) 
reported r adioactive disequilibrium in roll features of 
th e uranium deposits of Shirley Basin, Wyoming, using 
Ro s holt ' s technique. They found the uranium contained 
230Th in excess of the amount required for equilibrium 
with 234u. 

Fractionation of uranium i sotopes and da ughter 
products in weathered granite and ura nium-bearing 
sandstone has b een reported in the Wind River Basin 
of Wyoming (Rosholt e t al. , 1964). Ratios of 235u / 
234u and of 234u ; 238u were determined with a mass 
spectrometer. Ros holt e t al. (1965a) s tudied 234u I 
238u ratios in Wyoming and in Colorado uranium ores 
and found deficiencies of 234u from 40 to 60 p er cent . 
The date of migration of the 234u in the above mentioned 
areas was determined to be at least 100 OOO years (Rosholt, 
et al., 1965b). Rosholt and Ferreira (1965) found 234u 
deficien cies of 7 to 29 per cent in samples from the Wentz 
mine in Wyoming, in rela tion to the water table. 

Obj ectives 

The problem of radioactive disequilibrium in the 
238u decay series has b een studied primarily by 
e laborate and tedious radioche mical analysis techniques 



TABLE 1. 1 

Statistic s for Alpha Particle Decay of 238u and 232Th 

238u DECAY SERIES IN EQUILIBRIUM 
- ---------------------------------- - - ---------------- -------- - -- -------------

Energy Per ce nt Decay Order Is otope Half- Life Range in Air 
(Mev) (cm) 

4. 20 77. 0 1. 0 U238 4. 51 x 109y 2. 65 

4. 15 23. 0 1. 0 U238 4. 51 x 109y 2. 65 

4. 80 72 . 0 2. 0 U234 2. 47 x 105Y 3. 21 

4. 75 28. 0 2. 0 U234 2. 47 x 105Y 3. 21 

4. 70 76. 0 3. 0 Th230 8. 00 x 104y 3. 09 

4. 65 24. 0 3. 0 Th230 8. 00 x 104y 3. 09 

4. 85 94.6 4. 0 Ra226 1622 y 3. 26 

4.60 5. 4 4. 0 Ra 226 1622 y 3. 00 

5.50 100. 0 5. 0 Rn222 3. 83 Day 4. 05 

6. DO 100. 0 6. 0 Po218 3. 05 Min 4. 66 

7.70 100. 0 7. 0 Po214 1. 6 x 10- 4sec 6. 91 

5. 30 100. 0 8. 0 Po210 138. 4 Day 3. 84 

-~~~'!::0_~~_s:;~y-~~B:_I~-~]~_~9_l!_~1:'._I~~~~JYI--- - - ------ - - --- - ------------ - - - -- - -- - - - - ---
Energy Per cent Decay Order 

(Mev) 

4. 01 77. 0 1. 0 

3. 95 23 . 0 1. 0 

5.42 71. 0 2. 0 

5. 34 28. 0 2. 0 

5.68 94. 5 3. 0 

5.45 5.5 3. 0 

6.28 100. 0 4. 0 

6. 78 100. 0 5. 0 

6. 09 9. 8 6. 0 

6.04 24. 9 6. 0 

8. 78 64. 0 7. 0 

involving combinations of mass spectrometric isotope 
ratio determinations , and more recently, thin-source 
alpha particle spectrometric analysis of some of the 
radiochemically separated isotopes. Another promising 
method made possible with the development of high 
resolution lithium drifted germanium detectors involves 
counting gamma- rays of low energies (Lewis, 1974; 
Ostrihansky, this publ. ) . 

Since most techniques involve elaborate, time 
consuming sample preparation, with the consequent 
possibility of introducing disequilibrium, the present 

Isotope Half- Life Range in Air 
(cm) 

Th232 1. 41 x 1olDy 2. 10 

Th232 1. 41 x 1010y 2. 10 

Th228 1. 91 y 3. 95 

Th228 1. 91 y 3. 95 

Ra224 3. 64 Day 4.28 

Ra224 3. 64 Day 4. 00 

Rn220 55. 0 Sec 5. 00 

Po216 0. 15 Sec 5. 64 

Bi212 60. 6 Min 4.73 

Bi212 60. 6 Min 4. 73 

Po212 3. ox 10- 7sec 8.57 

objective was to develop a technique for detecting the 
presence of disequilibrium which minimized sample 
preparation time. The characteristic energies of the 
alpha particles were to be utilized in alpha spectrometry 
with a large silicon semi-conductor detector, which 
provides very good energy resolution. Ideally, 
the method should not only detect the presence of 
disequilibrium in a rock sample, but also identify any 
radioelement which is the cause of the disequilibrium. 

3 



Theoretical Alpha Particle Spectra 

A study of the energy spectra of alpha particles 
emitted by radioisotope s of the 238u d ecay serie s along 
with the 235u serie s and the 232Th serie s whic h are 
associated with it , requi r es suc h knowledge as the 
p eak en e rgie s , p eak intensities or activ ities, orde r of 
decay and half- lives of a ll isotopes in the series . Most 
of th e se da ta ar e available in ' Table of Isotopes' 
compiled by Lede r e r e t al. (1968 ). Table 1. 1 lis t s the 
pertinent dat a for the 238u series , and the 23 2Th series 
for radioactive equilibrium conditions . The en er g ies 
are give n in Mev , and inten sity i s in r e lative p ercentages 
where the number of decays of p a r ent element r epresent s 
100 per cent. The range in air i s measured in centimetres 
and i s tak en from Nogami and Hurley (1948). The 235u 
comp onent in the alpha s p ectrum i s n egligib le compared 
to the 238u component since 238u ; 235u = 137. 8 (Hyde 
e t al., 1964) . Since most r ocks contain thorium a long 
with uranium , the thorium series data are impor ta nt. 
The Th / U in most rock s in the lithospher e i s about 
4. 0 (Ada ms, 196 2). 

The r elative activities of the series are al so 
important. The specific activ ities given by Hyde e t al. 
(1964) are : 

1 mg of pure na tural 
Ura nium with i sotopes 
in proper ratios emit 
1501 alphas p er minute 

238u 

234u 

235u 

733. 6 dpm 

733. 6 dpm 

33 . 7 dpm 

T h e s p ecific activ ity for 232Th i s 246 dis / min / mg 
(Hyde et al. , 1964). Thu s the 232T h series i s roughly 
one thir d a s active as the 238u serie s , b ut in an average 
r ock the amount of thor ium i s rou ghly 4 times that of 
ura nium so the contr ibution s ar e comp arable. 

A theoretical alpha partic le en ergy sp ectr um 
combining b oth the 238u a n d 232T h series i s s hown in 
Figure 1. 2. This s p ectrum r epresent s that expected 
fo r a sample wit h a Th / U ratio = 3. 5. Her e the p a r ent 
238 u i s taken as 100 p er cent a n d a ll i sotop es of both 
series are r ela tive to the 238u . 

The hig hest p eaks in Figure 1. 2 (nos . 20 a n d 21) 
are from the 232Th series as ex p ected since the r atio 
of activ ities of 238u ;232Th i s 733. 6/ 246. O and the Th / U 
ratio i s 3. 5, s lig htly larger than th e activity r atio. The 
thor ium compone nt of the alpha s p ectr um of a uranium 
ore sample would b e muc h less than that s hown in 
Fi g ure 1. 2. Most uranium ore contains a certain amount 
of thorium , but the average r atio for r ock s mentioned 
ab ove does not hold for the a nomalou s condition s of a n 
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Figure 1. 2. A theoretical alpha particle energy spectrum. Peaks number 3 and 4 from 238u sum to 100 per cent. 
The other peak intensities are computed r elative to the 238u intensity . 
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Figure 1. 3. A synthetic alpha particle energy spectrum from an infinitely thick source for the 238u decay serie s in 
radioactive equilibrium. 

orebody. Having discussed the theoretical alpha 
partic le en ergy s p ectrum, the effects of absorption and 
the actual experime ntally measured spectrum must be 
considered. 

The inte r action of a lpha particles with matter causes 
a loss in energy which is related to the amount of 
material throug h which the alpha p article travel s . For 
any given material, and a given initial energy for the 
alpha particle there is a particular range or mean free 
path. The range-energy r e lationship for alpha particles 
originally formulated by Geiger in 1910 as a range­
velocity relation is described by Glasstone (1967) as: 

R = 3.09E
312 

(4) 

where R =range in air in c en timetres, and E = energy 
in Mev. The Geiger formula is applicable only for 
alpha particles with ranges from 3 to 7 cm of air, equivalent 
to 4. 0 Mev to 8. 0 Mev energies. An approximate 
expression for .range of alpha particles in solids is 
given by the Bragg-Kleeman relation (Lapp and Andrews, 
1963) . 

Thin-Source Alpha Partic le Spectrometry 

The shape of the e nergy distribution of a mono­
energetic alpha particle being emitted from a source 
will be dependent upon the amount of material through 
which it p asses. From equation (4) it can be seen that 
there is a given range for the given alpha particle 
en ergy. If the thickness of the source layer through 
which it travels is greater than the range of the a lpha 
particle, it will not be emitted from the source at all, 
but will be totally absorbed. For source thickness less 
than the range of alph a particles, it will b e emitted 
but with an energy less than its initial energy. In a 
homogeneous distribution of alpha emitters in the source, 
the alphas originating a t the s urface of a sample in a 
vacuum c hamber are unaffected and are able to reac h 
the detector with no en ergy loss. As a result, a 
continuous distribution of alpha e nergies from zero up 
to the i nitial en ergy of emission, are recorded. This 
complex 'tail' of energy distribution will have a shap e 
that is dependent on the source thickness . To simplify 
the determination of the a lpha particle energy, a nd 
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Figure 1. 4. A synthetic alpha particle energy spectrum for the 238u decay series with a 50 per cent 
loss of 238u. The disequilibrium is indicated by the residual spectrum at the bottom. 

amount of radioelement in the source, an 'infinitely' 
thin source would be desirable. This would approach 
the theoretical 'spike' -shaped energy spectr a s hown in 
Figure 1. 2. Unfortunately, for comparison and quantita­
tive analysis, the thickness of the 'infinitely' thin 
source must be reproducible and uniform. Methods 
such as vacuum sublimation from a hot filament, 
e lectro- spraying and electrodeposition are a few of the 
source preparation techniques. 

The source preparation in all thin-source alpha 
spectrometry is rather elaborate, and the loss of short 
lived daughters in preparation could be a problem in 
s tudying the state of radioactive equilibrium of the 
sample. In addition the count rate from thin sources 
is usually very low due to the very small amount of 
sample involved. 

Thick-Source Alpha Particle Spectrometry 

Although thick sources have the advantage of a 
minimum of source preparation, they have not been 
widely used because of the effect of the energy 
distribution at energies lower than the initial peak 
energy of the alpha particle. Before the development 
of high resolution instrumentation, thick sources were 
utilized in counting the total alpha activity of the decay 

6 

series, with no discrimination between the various 
particle energies (Evans, 1934; Finney and Evans, 1935; 
Keevil and Grasham, 1943). Chudacek (1958) derived 
an expression for the energy spectrum of a lpha particles 
emitted from sources of varyin g thicknesses. It was 
found that the distribution given by Chudacek (1958) 
is more app licable to results from a spectrometer of 
ext remely poor resolution. 

Another expression for the differential energy 
alpha spectrum from an infinitely thick source was 
derived by Graeffe and Nurmia (1961). Although the 
resulting spectrum computed for an entire decay series 
was better than that mentioned above, it did not fit the 
experimental spectra within satisfactory limits. 

Abrosimov and Kocharov (1962) derived the shape 
of the en ergy distribution of a lpha particles for varying 
source thickness. App lication of their theory to the 
particular geometry and detecting system used for this 
study , led to the development of energy distributions 
for the entire 238u and 232Th decay series which 
closely match ed the experimental results. The general 
formula for computing the number of alpha counts (dN) 
in an energy range (dE) of the energy dis tribution is 
given by: (Abrosimov and Kocharov, 1962): 

dN 

dE 
(5) 
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Figure 1. 5. A synthetic a lpha particle en ergy s p ectrum for the 238u decay series with a 50 per cent loss 
of 234u. The residual spectrum indicates disequilibrium at the location of peaks 6 and 7. 

The equation depends upon a knowledge of the number 
of alpha particles emitte d by the entire source p er unit 
time (N0 ), the thickn ess of the source (h), and the 
constant of proportiona lity (A) from the ran ge - energy 
equation: 

(6) 

wher e R = the range of the a lpha p artic le in air a nd 
n is a constant eq u a l to approxima te ly 1. 5 depending 
upon the effective atomic number of the source material 
(Glas stone, 1967). The derivation of the thick-source 
en ergy distribution for an entire decay series based 
upon equation (5) i s given in the app endix. Modification s 
to the shape of infinitely thick - source a lpha spect ra 
cau sed by inhomogeneous d i s tribution of emitters in the 
sampl e have been discussed by Kolenkow (1968) and 
Kolenkow and Manly (1967). 

Figure 1. 3 illus trates a synthe tic alpha p article 
spec trum composed of the accumul ate d e n ergy distri­
butions for the entire 238u decay series in radioactive 
equilibrium for an infinitely thick source. The s p ectrum 
was computed assuming a p eak count of 125 counts in 
the e n ergy c hannel containing the initial energy of 
the 7. 68 Mev Polonium-2 14 alpha p eak and a value of 
1. 5 was used fo r n . The ene r gy increment used i s 

10 Kev, the same as that used for the experimental 
spectra. Thus the envelope of the distribution s in the 
figure s hows the same as that from a pulse height 
analyzer over 700 chan nels from 2. 0 Mev to 9. 0 Mev 
with lo' Kev per channel. 

Elimination of the 232Th Series Contribution 
to a 'Rock Spec tr um ' 

In order to s tudy the 238u decay series for the 
presence of radioactive equilibrium, the contributions 
of the 232Th series to the spectrum , if present, must 
be removed . A large number of Pitchblende uranium 
or es do not contain appreciable thorium and this is not 
a problem, but in general thorium is associated with 
uranium. Since we can assum e the 232T h series to be 
in equilibrium. it should be possible to match the 232Th 
contrib ution in the 'rock sp ectrum' (i. e . the s pectr um 
with both Th series and U series compone nts) to the 
synthetic equilibrium a lpha sp ectrum of the 232Th 
series. Subtracting the synthetic spectrum will leave 
the 238u series as a residu al. This can be accomplis hed 
by fitting the 'rock spectrum' to the synthetic 232Th 
spectrum at the highest energy peak of the 232T h series 
(8. 7 Mev, 212Po) . In this portion of the spectrum 
the 238u series is absent , and will not present a 
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problem. Since the 'rock spectrum' contains the 
statistical scatter of counting , fitting it to the synthetic 
spectrum i s accomplished u sing the entire portion of 
the 8. 78 Mev 212po peak energy distribution from 8. 78 
Mev down to 6. 78 Mev (the highest 238u series peak). 
The least squares criterion is used in determining the 
best fit. This determines the normalization factor by 
which the 'rock spectrum' mus t be multiplied to match 
it to the synthetic spectrum. It was found that the 
technique of removing the thorium series spectrum 
from the rock sp ectrum was sati sfactory. It required 
only that a s tatis tically significant number of counts 
were obtained in the 212po peak for a good least squares 
fit to be made with the theoretical thorium series spectrum. 

Determination of the Presence of 
Disequilibrium in a 238u Alpha Spectrum 

Consider the 238u series residual s p ectrum after 
r emoval of 232Th series components as described above, 
or the 238u series spectrum obtained from a rock with 
no thorium, to be in radioactive equilibrium. Then, 
fitting the synthetic 238u series alpha spectrum to the 
highest energy peak in the series and subtracting the 
synthetic spectrum s hould give a residual spectrum 
whic h simply reflects the s tatistical scatter present in 
the experimental spectrum, flu ctuating about a value 
of zero. 

If the experimental or rock spectrum were not in 
equilibrium it would show a departure from thi s scatter 
about the zero residual, and would reflect the location 
in the decay series and degree of disequilibrium. From 
previous equilibrium studies using radiochemical and 
other techniques, carried out on various radioactive 
ores , several common types of disequilibrium have been 
observed, along with a few relatively rare types (Rosholt, 
1958). A study of the theoretical results of the 
application of the present techniqu e to these characteristic 
cases described by other workers would give an ins ight 
into what to expect as a residual spectrum for each case. 

Application of the Technique to Theoretical Spectra 

Subtraction of the synthetic spectrum from the 
experimentally obtained 'rock spectrum' was adopted 
as the standard technique, mainly because it resulted 
in a positive residual spectrum if the 'rock spectrum' 
contained additional components not contained in the 
synthetic spectrum. If the 'rock spectrum ' did not 
contain a particular peak that was in the synthetic 
spectrum, it showed as a negative residual, indicating 
a deficiency in the 'rock spectrum'. So in effect , 
positive and negative residuals indicated excesses and 
deficiencies respectively, in the 'rock spectrum'. 

The total count in each channel of the alpha energy 
spectrum determines the standard deviation for that 
portion of the spectrum. Since counting statistics are 
Poisson distributed, one s tandard deviation eq uals the 
square root of the count. The 99 p e r cent confidence 
limit s equals 2. 58 times the s tandard deviation. In a ll 
analyses of the state of equilibrium of samples under 
consideration, the residual spectrum is displayed with 
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the 99 per cent confidence limits above and below the 
zero residual line. This a llow s one to determine whether 
a particular positive or negative residual can be relied 
upon to be a valid indication of disequilibrium or a 
r esult of s tatis tical scatter. The following examples 
illustrating the expected residual spectra for some 
theoretical cases of disequilibrium will clarify the 
method of interpretation of the experimentally obtained 
spectrum and residuals. 

Figure 1. 4 shows a theoretical case of disequilibrium 
wherein the 238u isotope has suffered a 50 per cent 
loss. The example is considered to represent one 
in which recent leaching of uranium took place, the 
time being relatively s hort, and the remainder of the 
series is in equilibrium with the original amount of 
238u that was present. This could occur in nature 
since the first a lpha emitting daughter below 238u is 
234u with a half- life of 250 OOO years. The residual 
spectrum shown at the bottom of Figure 1. 4 is zero in 
the region where the theoretical equilibrium spectrum 
coincides with the theoretical disequilibrium spectrum. 
Below 4. 18 Mev (the location of the 238u peak) the 
residual spectrum is negative, indicating a 238u 
deficiency. 

Another more realistic case i s that of preferential 
leaching of 234u (Richardson, 1964). A theoretical 
example of this case with 50 per cent 234u is shown in 
Figure 1. 5. This example is again considered an 
'instant' loss in geologic tim e. The 80 OOO year half- life 
of the 230Th below it s upports the bottom of the series 
without significant decrease in activity for several 
thousan d years. The result is similar to the previous 
case, in that the negative residual which occurs at the 
position of 234u in the alpha spectrum, indicates a 234u 
deficiency. A loss of 230Th would be distinguishable 
from the loss of 2 34u in theory, but in practice would 
require a detector of higher resolution than that used 
in this s tudy, and with thick sources might even prove 
impossible, due to the similar energies involved. 

One particularly interesting case to consider i s 
that of disequilibrium introduced in the laboratory 
during sample preparation tim e. Figure 1. 6 shows this 
case which results in a large positive residual at the 
low en ergy end of the spectrum. The residual departs 
from zero at the location of the 5. 30 Mev 210po peak. 
If the radon loss h ad occurred in the sample while it 
was in s itu, the residual would depart from zero at the 
226Ra p eak location a t 4. 78 Mev instead. The reason 
for this is that disequilibrium introduced by 222Rn loss 
in the laboratory would result in a s imilar loss of 218po 
(6. 00 Mev) a nd 214po (7. 68 Mev) , which are the 
immediate daughters of 222Rn with half- lives of 3. 05 
minutes and 160 milliseconds respectively. The las t a lpha 
emitter in the decay series, 210po (5. 30 Mev) would be 
supported by Lead-210 with T~ = 22 years. Thus 210po 
would retain the same activity level during the labora­
tory measurements as if it were in equilibrium with the 
top members of the series. Thus the positive residual 
would occur at 5. 30 Mev, showing the "excess" of 210po 
relative to the 222Rn, 218po, and 214Po. In the case of 
222Rn loss in the field, it would probably h ave occurred 
at a time appreciably greater than several half- lives 
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Figure 1. 6. A s ynthe tic alpha p artic le e ne rgy s p ectrum for the 238u decay series with a 50 p e r 
cent loss of 222Rn. The loss occurred during s ample p rep ar ation since the re si d u al 
spectrum indicates disequilibrium at 210Po. 

of Lead - 210 / 22 y ear s , and the 222Rn loss would b e 
reflected in the 210po p eak . Thus the r esidua l would 
depart from ze ro a t 4. 78 Mev , the 226Ra p eak , whic h 
would repre sent the lowest d a ughter s till in equilibrium 
with the upper members of the d ecay series . 

Other less straightforward cases of multiple losses 
have been computed as a n aid in inte rpretation of the 
residual spectra (Killeen , 1971) . 

Ins trume ntation 

A silicon s emiconductor d e tector was use d in 
conjunction with a Nuclear Data 1024- channel pulse 
height ana lyze r to obtain the a lpha p a rticle spectra. The 
detector and sample we r e en c losed in a v acuum chambe r . 
The detector with an active a r ea of 950 mm2 was mounte d 
in the top of the vacuum c hamber, sen sitive s ide 

downwa rd . The ma nufac tu rer's (Ortec Inc . ) a lpha 
r esolution measureme nt i s the full wid th h alf maximum 
(FWHM) of a 5. 5 Mev thin Am - 241 alpha sour ce s p ectrum 
line. The ma nufacturer' s guaranteed a lpha r esolution 
was 70 Kev , FWHM , b ut b y actua l measureme nt was 54. 4 
Kev, FWHM. 

Pre liminary Ex p erime nt s 

Befor e thi s technique fo r d e tecting di sequilibrium 
could b e g en e r a lly applie d to a ny rock sample, the 
effect of variation of exp erimenta l p arameters ha d 
to b e d e termined. In order to s imulate v a ria tions in 
concentration s of the radioele me nts, a number of 
synthetic rock s were produced b y mix ing pure silica 
sand with epoxy a nd k nown amount s of U30g powde r. 
This p ermitte d a contr ol ove r the U 30 8 concentra tion s 
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s how s the s tatis tical s catte ring about the ze ro r esidual line , i ndicating the sample 
i s in radioactive equilibrium. 

which would not b e possible with r eal r ock samples . 
T he synt hetic rocks wer e p repared and a llowed to harde n 
in g lass p etri dis hes , which gave them a thickness of 
about half a n inc h . When the mixture had harde n ed , the 
surface was g r ound fl a t to expose a fr esh surface of the 
synthetic rock . The surface ar ea was approx imate ly 
65 squar e centimetres. 

A series of exp e riment s were conduc ted v ar y ing 
the source a r ea, concentration, and source-d e tector 
se paration , in order to dete rmine the effect on the 
e ner gy di s tribution of the alpha s p ec tra . No significant 
cha n ge s were measured fo r source-d etector di s tances 
from 1. 0 to 4. 5 cm, or fo r source a r eas of 1 s q . cm to 
65 s q . cm, and source con centration s of 1 p e r cent to 
50 per cent U30 8 content. 

In practice the source- d etector di s ta nce was k ept 
constant a t 2. 0 c m and the sour ce ar ea was dete rmined 
by the sample s i ze and s i ze of the vac uum c hamber , 
65 cm 2 b eing the la rgest pos sible ar ea. T he s ample 
preparation consi s ted of cutting the rock to produce a 
fla t surface (not polis hed) for counting . Since the 
prepared s amples were irregula r in s hap e , a thin lead 
foil sheet with a circ ular hole was placed in contact 
with the sample . The si ze of the circular hole was 
made as large as possible, without exposing the edge 
of the sample . Thus all samples we r e essentially 
circular, plan ar , infinitely thick sources . 
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Limita tion s of the Present Study 

1. Ene rgy Resolution of the Sys tem 

An inher ent limitation of the alpha s p ec trome tr i c 
method i s the inability to di stingui s h b etween r adio­
active i sotop es having a lphas of e ne rgies too close to 
b e r esolved by the s p ectrometer. Wi th the r esolution 
of the d etector u sed in thi s study the 4. 77 Mev 234u 
p eak cannot b e resolved from the 4. 78 Mev 226 Ra p eak , 
and the 4. 68 Mev 230Th p eak cannot b e di s tingui s h ed 
from the 4. 72 Mev 234u p eak. When a rock contains 
thorium and its d ecay series , the possibility of mor e 
combination s of unresolvable p eak s r esults. Some 
improvement might b e possible with a d etecting sy s te m 
of hig her r esolution , but a t present this n ecessita tes 
going to a s maller ar ea detector , r esulting in a decr ea sed 
count r a te, and increased counting times. 

In the case of a group of say 3 p eaks, the presen ce 
of disequilibrium can s till b e detected , but whic h 
of th e i sotop es i s the cau se may b e indeterminate . 
However , a study of other isotopes in the series may 
indicate whic h i sotope in the group i s the mos t like ly 
to b e the cau se of the di sequilibr ium . 



2. Low Intensity Alpha Peaks 

When a particular alpha decay results in alpha 
particles of either of two different e nergies, usually 
alphas of one energy occur much more often than the 
other. For example , 226Ra emits an alpha of 4. 78 Mev 
94 per cent of the time and a 4. 59 Mev alpha 6 per cent 
of the time . The 4. 59 Mev alpha p eak will be of such 
low intensity that it may be undetectable, but any 
disequilibrium due to 226Ra will show up in the high 
intensity peak. 

3. Low Concentrations of Uranium in the Rock 

A lower limit of detectability is also set by the 
uranium content of the rock. Since the volume of rock 
is extremely small (not more than 64 cm 2 area and 
less than 80 microns thick) th e amount of uranium 
contributing a lpha particles to the spectrum is extremely 
small. In practice it has been determined that a uranium 
content of less than 1 per cent U 303 presents difficulties 
and a lower limit of about 0. 1 per cent U 303 is set by 
the length of counting time possible without significant 
shift in the e lectronic parameters of the instrumenta tion. 

4. Counting Times and System Stability 

As mentioned above, after a certain amount of 
time the inherent drift in the measuring instruments 
prevents a good spectrum from being formed. The main 
problem is a slight shift in gain with time which causes 
a loss in resolution and broadening of the spectral 
peaks. A time of 72 hours was the maximum possible 
counting tim e to retain a useful spectrum. 

Application of the Technique to Uranium ore Samples 

The experimental spectra were first processed by 
a gain shifting program to al ign them with the theoretical 
spectra which were generated with 10 Kev per channel 
and the zero energy in channel zero. Since the value 
of n in the equation (5) generating the synthetic 
spectrum is a function of the effec tive atomic number of 
the source and has a value "close to 1. 5" (Lapp and 
Andrews, 1963), an iterative technique was developed 
to determine the best value of n. The best value 
was obtained when the residual from the fit of the 
experimental and synthetic spectra was a minimum. If 
the best value of n was found to lie between 1. 43 and 
1. 57, the spectrum was arbitrarily assumed to be in 
equilibrium as the value of n is "close to 1. 5. Otherwise, 
the value of n was set to exactly 1. 50 and the computed 
residual spectrum indicated the location and amount of 
the disequilibrium in the decay series. The effect on 
the synthetic spectra of variation of the value of n was 
discussed by Killeen (1971). An increase in the value 
of n raises the proportion of counts in the energy 
distribution 'tail' and a decrease lowers the ' tail'. A 
small change in the value of n is most notable at lower 
energies by the cumulative effect on the 'tails' of several 
peaks. 

Results for two samples, one found to be in radio­
active equilibrium, and the other definitely in a 'state' 
of disequilibrium, illustrate the application of the method . 
Since the height of the synthetic spectrum is arbitrary, 
a value of 125 counts was chosen for the highest energy 
peak. The 'fit' determines the normalization factor by 
which the experimental spectrum is multiplied to bring 
it into alignment with this synthetic spectrum. 

Counting times were determined as the time required 
to obtain a peak height of about 100 counts in the highest 
energy p eak . 

The first example shown in Figure 1. 7 is the alpha 
spectrum of a pitchblende sample originating from 
Katanga, Congo, obtained from the Royal Ontario Museum 
in Toronto. The sample surface was a fresh cut of area 
4 sq. cm, and the counting time was 8 minutes. The 
normalization factor is 0. 981, and the iterated best value 
of n was 1. 5062. The residual is well within the 
confidence limits indicating the sample is in radioactive 
equilibrium. 

An interesting effect shown by Figure 1. 7 is the 
large residual at the locations of several peaks in 
the spectrum. This is the result of subtracting the 
synthetic spectrum which has a sharp theoretical rise at 
each peak, while the experimental spectrum exhibits a 
gaussian rounding of the edges of the peaks due to a 
combination of high energy stragglers, and the finite 
resolution of the instrumentation. It would be possible 
to eliminate this effect by including a gaussian rounding 
effect in the theoretical spectrum at each peak location. 
However, it was decided to retain the sharp rise in the 
theore tical spectra since the shape of the residual 
gives an indication as to whether the correct gain shift 
for the experimental spectrum was used. An incorrect 
gain shift is indica ted by the presence of asymmetric 
residuals at the peak locations. The result is best 
seen by observing· the highest energy peak and its 
associated residual. These residuals at peaks quite 
often extend outside the confidence limits but are not 
related to the equilibrium state of the sample. 

The second example shown in Figure 1. 8 is the 
alpha spectrum of a weathered sample or uraninite 
from Bolivia with surface area 8. 0 sq. cm, counting 
tim e 100 minutes, and normalization factor 0. 092. 
A fresh sample from the same location showed no 
disequilibrium. The weathered sample, however, shows 
a loss of 238u, and one of the three daughters, 226Ra, 
230Th, or 234u in the multiple peak at 4. 7 Mev. The 
most likely interpretation is that 238u and 234u, being 
chemically similar were both los t. A rough quantitative 
estimate of the percentage losses can be obtained by 
comparing the magnitude of the residual ( -v 150 counts) 
to the spectrum magnitude at say 4 Mev (-v 550 counts). 
Then the p er cent loss will be approximately 150/ (550 
+ 150) -v 20 per cent. 

An interesting feature carried over from the sample 
which was counted immediately before this sample is the 
small peak at 6. 62 Mev due to Bismuth-211, supported 
by 211Pb, a beta emitter with a 36-minute half-life. 
The previous sample had been extremely porous and 
an outgassing of radon in the vacuum c hamber took place. 
The supply of 219Rn was removed when the porous rock 
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Figure 1. 8. Alpha pa rticle energy s p ec trum of a weather ed sample of uraninite. 
Disequilibrium is indica ted by the r esidual s p ectrum which s how s 
n egative values (losses). 

was r emoved , but Radon 219 which had decay ed in the 
chamber contaminated the c hambe r with daug hte r 
nuclides which plated on th e wall s and the detector . 
The 2llpb continued to produce 211Bi which emit s the 
6. 62 Mev alpha particle a s a s hort - lived contamination . 
The time b etwee n removal of the previous sample, 
and the start of counting was about 40 minutes , one 
half- life of 211Pb . A r ep eat of this spectrum tak e n at a 
later date s howed no sign of this s ma ll p eak. 

A q u a litative ex ternal c heck was made u sing X-r ay 
fluorescence s tudies of both the weathe r ed and fr e sh 
portions of this sample of Bolivian Uraninite. The 
r e sult s supported the conc lus ions of uranium losses 
measur ed by the alpha spec trome tric technique . 

Summary and Conclusions 

T he pre sent thick - source a lpha p article s pectro­
metric technique permits the detection of r adioactive 
disequilibrium with a minimum of sample preparation 
time. It ca n furth er identify its location in the 238u 
decay serie s within limita tions which a re p artly 
instrumental, and s hould s how some improvement with 
detectors of sufficiently high resolution. 
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To summarize, the equilibrium study involve s the 
following s tep s for a sample containing both thor ium 
and uranium: 

a ) Production of the exp erimenta l alpha pa rtic le 
spectrum from an infinite ly thick source which is under 
investigation . 

b) Computa tion of a synthetic equilibrium alpha 
sp ectrum for the Thorium- 232 decay series. 

c ) Fitting the synthetic Thorium- 232 equilib rium 
spectrum a t the location of the highest en e rgy p eak (to 
eliminate interfer ence of the 23Bu series for the fit). 

d) Subtraction of the synthetic Thor ium- 232 series 
spectrum. The r esidua l is the a lpha sp ectrum of the 
Ur anium- 238 series component. 

e ) Computation of a synthetic equilibrium a lpha 
spec trum for the 238u serie s. 

f) Fitting the synthetic 238u equilibrium s p ectrum 
to the ura nium residual obtained above in (d). Again 
the fit i s mad e a t the highest energy p eak. 

g) Subtraction of the synthetic 238u equilibrium 
sp ectrum. The r esidua l spectrum r epre sent s the 
s tatis tical scatter p resent in all r adioactive counting 
r e sults , and should fluctuate about a r e sidua l count 
v alue of zero . 



h) The departure of any residual spectrum from 
zero indicates a s ta te of disequilibrium since the 
experimen tal and theor etical sp ectra differ. The location 
in the r esidual s p ec trum where the departure from 
zero exists, indicates the location of the radioactive 
disequilibrium. Steps b, c, d can be e liminated if no 
thorium i s present. 

The me thod was applied to a variety of rock and 
mineral samples, nearly all comprising uranium ore 
from various parts of the world (Killeen, 1971). The 
samples ranged from badly weathered surface exposure 
to fresh samples obtained from underground in active 
uranium mines. Some of the results were almost 
' text book' cases, while others required considerable 
explanation of peculiar behaviour . The out - gassin g of 
radon and it s contamination effect on the sp ectrum of some 
porous samples was a lso noted. The main limitation of 
the technique seems to be the low emi ssion rate of alpha 
particles from some samples, necessitating counting 
times beyond that p ermissible to retain good energy 
resolution without incurring ins trumental variation. 
This limit is probably about 0. 1 per cent U 308, the 
concentration s typical of Blind River conglomeratic 
uranium ore. 

The s ubtraction of the Thorium-232 decay series 
component from the total alpha s p ectrum works we ll: 
the residual Uranium-238 spectrum b eing quite amenable 
to s tudy by this technique, s ubj ect to the limitations of 
minimum concentra tion mention ed above. 

The samples con sider ed here illustrated a case 
of radioactive equilibrium , and one of definite dis ­
equilibrium. Disequilibrium was a r esult of losses of 
two or more nuclides in the 238u decay series. The 
examples were representative of cases to be expected 
during routine application of the technique to uraniferou s 
rocks and minerals. Sample prepar ation time averaged 
less than half an hour. 

Discussion 

The technique for detection and identification of 
radioactive disequilibrium d eveloped here can b e u sed 
to monitor the validity of gamma-ray spectrometric 
measurements in uranium mining and explora tion . 
Further improvement in en ergy r esolution would make 
it possible to do quantitative an alyses of the disequilibrium 
samples, and leads to the possibility of computing the 
history of the sample with r e ferenc e to the time of loss 
of the various daughter products (Rosholt, 196la; 
Robinson and Rosholt , 1961). Advances in the 'state of 
the art' of s emi-conductor detectors may result in the 
development of detectors combining high r esolution 
with large area. Increasing the detecting surface area 
would p ermit an alysis of samples with lower uranium 
content, leading to the general applicability of the 
technique to any geologic material. This would have 
special importance for ground fo llow - up s tudies in the 
fi eld of r emote sensing by airborne gamma-ray 
spectrometry, or 'airborne geochemistry' as it is 
sometimes called (Darnley and Gras ty, 1971; Allan and 
Richardson , 197 4) . Definition of geologic unit s by 

airborne gamma- ray spectrometric analyses of thorium, 
ura nium and potassium , and subsequ ent mapping of 
s uc h r atios as Th/U or U/ K assumes tha t the uranium 
i s in equilibrium . 

The problem of radioactive disequilibrium is 
minimized by the large sample volume examined by an 
airborne gamma- ray spectrometer. Ostrihansky (this 
pub!. ) for example, has shown that disequilibrium 
u s u ally occur s on a small scale. Both pare nt and 
dau ghter isotopes, even if separated, would both b e 
included in the fie ld of view of an airborne spectrometer . 
The ground follo.w - up , however, usua lly involves 
collection of rock samples which may be out of equilibrium . 

Random r epresentative s urface samples could be 
obtained for equilibrium analyses by thi s technique. 
Similarly, any in situ ground gamma- ray spectrometric 
su rvey for uranium (Killeen , 1966; Doig, 1968; Carson , 
1970; Killeen and Carmichael, 1970, 1972; Charbonneau 
e t al. , 197 5) s hould have some of the s u rvey ar ea 
checked for equilibrium in the 238u series to insure 
valid uranium an aly ses. Here again, the relatively 
large sample volume of a n in s itu analysis, compared 
to the volume of a hand specimen for laboratory an a lysis , 
tends to decrease the effect of any small scale 
disequilibrium. 
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APPENDIX 

The Theoretical Alpha Spectrum of an Entire Decay Series 

Extending the relation (equation [ 5 ]) for the alpha 
particle energy distrib ution of a s ingle radioisotope to 
include several isotopes of various initial energies and 
intensities is accomplis hed as follows: 

The total count under a particula r alpha partic le 
energy distribution is the sum of all the counts of all 
energies below the maximum energy E max., i. e. the 
initial energy of the alpha p article: 

Emax 

of dN [ 6 ] 

Ntotal 
[

N An] En o max 
-- --

4h n 

[7 ] 

For a given peak we can arbitrarily determine it s peak 
count rate but all others in the decay series will then 
have count rates relative to that chosen for the first 
peak, i. e. the relativ e total count s under the peak energy 
distributions will b e determin ed by their relative 
intensities, and ranges in the rock. 

Consider peak 1 (which can be any peak): 

dN = [ NoAnJ En - 1 [8 ] 
~h maxl 

dEmaxl 1 

Integr ating eqn. [8 ] in the same way as [6] we get: 

N 
totl IN0 An] 

l 4h 1 

En 
max l 

n 

Solving for the constant in eqn. [ 8 ]: 

[9 ] 

[10 l 

Since 
[
d N J i s the coun t which we can arbitrarily 
dEmaxl 

choose in the largest energy increment (or channel 
in the case of a pulse height an alyzer) containing the 
initial energy of the alp ha particle (Emax l) , we can 
solve for the constant on the left side of eqn. [ 10 ]. 

Then the entire distribution can be computed from 
eqn. [5 ]: 

dN 
dE . 

l 

[
N 0 An] 

4h 1 

n - 1 
E. 

l 

Now for the second p eak we know that as in eqn. 

Ntot2 = [NoAnJ 

4h 2 

En 
max2 

n 

[ 11 ] 

[ 9 ], 

[ 12 ] 

Solving for the new constant in eqn. [ 12], 

[N ~:n J 
2 
= [[ :~ot 2] J 

max2 
n 

[ 13 ] 

The ratio of the total count under the two energy 
distributions is now dependent on the relative ran ges 
(since it i s an infinitely thick sour ce and we can count 
all alphas within a volum e proportional to it s range), 
percentages, and ac tivity of each isotope: 

Range of 2 x % of 2 
Range of 1 % of 1 

x Activity of 2 
Activity of 1 

[ 14 ] 

Therefore substituting for Ntot2 from eqn. [ 14 ] into 
eqn. [13 ) 

[
N0 An ] R21 [Nton] n 

4h 2 [E~ax2] 

and s ubstituting for N 
1
from eqn. [9 ], we get: 

tot 

n 

[N0 An ] [Emaxl ] n 
4h 1 Emax2 

Substituting this value in eqn . [5 ], the energy 
di stribution for the second peak i s then: 

dN 
dE. 

l 

= [N0 An l E .n- 1 
4h J l 

2 

R21 [NoAn] 

4h 1 [
:maxl 1 n 

max2 

Similarly for a third peak: 

dN 
dE . 

l 

[N0 An ] [Emax l] n 
4h 1 Emax3 

n-1 
E. 

l 

n - 1 
E. 

l 

[ 15 ] 

[ 16 ] 

[ 17 ] 

Thus an entire decay series can be con structed with the 
correct r e lative peak heights and en ergy distributions, 
by summing the distribution of all the peaks of the 
series; ~he entire spectrum height being dependent only 
upon the count chosen for the peak channel of the first 
p eak calculated. In practice the highest energy peak 
is the easiest p eak for which to choose an arbitrary 
height s ince it stands out from the other p eak s. 
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PART 2: RADIOACTIVE DISEQUILIBRIUM INVESTIGATIONS, ELLIOT LAKE AREA, ONTARIO 

Abstract 

A method of inves tigating the state of radioactive equilibrium of the 238u decay series 
in uranium ores has been developed. The technique utilizes a Ge(Li) detecto1· to meas ure 
parts of the low energy gamma-ray spectrum and a Nal(Tl) detector for high e ne rgies. 

Application of the method to rocks from the Elliot Lake uranium mining area shows a 
co nsiderable degr ee of disequilibrium in surface samples . The degree of disequilibrium 
appears to relate to the levels of uranium concentration, and rapid changes in the state of 
equilibrium can occur over short distances. 

Although measurements are suitable for uranium ores, co ns iderable uncer tainty is 
possible at lower concentration levels, primarily due to the inherent low sen sitivity of the 
Ge(Li) d etec tor. 

Resume 

Une methode de determination de l'e tat d'eouilibre radioactif de la famille de /'uranium 
a ete mise au point pour etudier notamment les minerais d 'uranium. Cette technique utilise 
un detecteur au Ge (Li) pour la region des f'aibles energies du spectre de rayons gamma et 
un detec teur au Nal(Tl) pour les grandes energies. 

L 'application de la methode au:x: roches de la r egion des mines d 'uranium du lac Elliot 
montre que le degre de desequilibre est co nsiderabl e dans les echantillons de surface . Ce 
degre de desequilibre. semble etre en relation avec l es concentrations en uranium et des 
variations brusques de l 'etat d'equilibre peuvent se produire s ur de co urtes distances. 

Bien que ces mesures co nviennent au:x: minerai s d'uranium, il p eut y avoir une grande 
incertitude pour d es concentrations plus faibles, en raison surtout de la faible sensibilite 
du detecteur au Ge(Li). 

Introduction 

The natural radioactive decay series are supported 
b y parent nuclides having half- lives comparable to the 
age of the earth. They are 238u (half-life 4. 51 x 109 
years), 235u (half-life 7. 13 x 108 years) and 232Th 
(half-life 1. 39 x 1010 years) (see Appendix 4). However, 
in these natural decay series there exist daughter isotopes 
which also have sufficiently long half- lives that it is 
possible their equilibrium ratio to the parent isotope 
can be changed by physical and chemical processes 
in nature. These isotopes are: 

234u (half-life 2. 48 x 105 years) 
230Th (half-life 7. 52 x 104 years) 
231pa (half-life 3. 48 x 104 years) 
226Ra (half-life 1. 62 x 103 years) 

Some others of lesser importance (having s horter half­
lives) are: 227Ac (22 years), 210pb (19. 4 years), 228Ra 
(6. 7 years) and 228Th (1. 91 years). The remaining 
isotopes have very short half- lives and are therefore 
always in radioactive .equilibrium with their parents. 
One exception is 222Rn with a short half- life (3. 825 days) 
which can accumulate or escape from the rocks b ecause 
of its special property as a gas. 

The problem of radioactive disequilibrium is 
important in the case of uranium determinations made by 
gamma- ray spectrometry. Laboratory, in situ, and 
airborne gamma-ray spectrometer equipment commonly 

utilizes the measurement of the 214Bi peak in the 238u 
decay series to determine ura nium concentrations in 

Original manuscript submitted to division: 1970 
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rocks. The technique thus relies on the assumption 
that the 238u decay series is in r adioactive equilibrium. 
The present work investigates a method for measure­
ment of radioactive disequilibrium using some selected 
rock and soil samples collected from the Elliot Lake 
uranium mining area of Ontario. Most of the samples 
were collected from within two feet of the surface, since 
that is the layer of material which is analyzed by in situ 
and airborne ;\-ray spectrometric surveys. 

234u 

The discovery of disequilibrium between 234u and 
238u was surprising since these isotopes were expec ted 
to behave the same chemically. Cherdyntsev (1955) 
r eported an activity ratio 234u / 238u of 3. 7 in the 
secondary uranium mineral Schroeckingerite and excess 
234u in leach solutions of minerals. The 234u ;2 38u ratio 
was found to be less than 1 in some very weathered 
residual uranium minerals and greater than 1 in some 
secondary minerals (Chalov, 1959). Weathered granites 
may show a deficiency of 234u from preferential 
leaching and uranium-enriched areas in oxidized 
sandstone have excess 234u which indicates recent 
accumulation of tran sported uranium (Rosholt et al. , 
1964). The relation 234u 2:, 238u 2:, 230Th 2:, 226Ra indi­
cates an epigenetic character of uranium accumulation 
and a young age. 234u ~ 230Th "' 226Ra ~ 238u a lso 
shows accumulation but an older age. 23-UTh ?_ 225Ra 
> 23Bu > 234u shows a recent partial leaching -of old 
~raniu~ accumulation and 230Th > 226Ra » 234u > 
238u shows old accumulation of U and strong leaching 
in present time (Syromyatnikov et al., 1967). 
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Disequilibrium of 230Th, 231pa, and 226Ra has 
been described by Rosholt (1959). He classified 
disequilibrium according to the ratios of these daughters 
into 6 types, whic h a r e briefly summarized b elow . 

1. (238u > 23 1p a > 230Th > 22 6Ra) 

Type 1 indicates that leaching of daughte r products has 
taken place or ura nium may have migrated to its present 
location in a time less than th at required by its daug hter 
products to r each approximate equilibrium; that is 
less than 300 OOO years ago. The former explanation i s 
more probable in carnotite and other types of deposits 
where uranium fixative agents su ch as vanadium or 
phosphate are present. 

2. (238u » 231pa > 230Th > 226Ra) 

Type 2 shows consid erable daughter product deficiency . 
The most probable explanation is a recent accumula tion 
of U. 
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3. c238u < 231pa > 230Th < 226Ra) 

Type 3 disequilibrium is b e lieved to be the result of 
r a ther recent deposition of ura nium contaminated with 
s ignifica nt amounts of daughter products other than 
230Th. 

4. c238u « 231pa > 230Th > 226Ra) 

Disequilibrium of type 4 i s found in samples taken from 
an oxidized environment, and is the result of leaching 
of urani um . The high 231pa content and n ear 
eq uilibrium abundances ofU , 230Th and 226Ra is very 
s ig nificant for many uranium anomalies. 

5. c238u < 231pa > 230Th « 226Ra) 

Type 5 disequilibrium occurs in pyritic ores or ore 
dumps and i s the result of differential leac hing of a ll 
components. 

6. c238u = O; 231pa = O; 228Ra < 226Ra) 
Type 6 disequilibrium i s commonly associated with oil­
a nd gas - field brines . Radioactive hot - spring deposits 
al so show this type of di sequilibrium . 
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Figu re 2. 1. Spectr um of the uranium ore s tan dard. 
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Be window 

Fig ure 2. 2. 
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Determination of radioactive equilibrium 
in uranium ore samples by gamma- ray spectrometry 

The low energy gamma- ray spectrum of uranium 
ore (energy range from 40 KeV to 200 KeV) has a 
number of gamma or X- ray conversion line s which can be 
used for determination of radioactive equilibrium in the 
uranium decay series. Figure 2. 1 shows the spectrum 
obtained from the 1% U ore standard used in this work. 
The intensities (number of counts in peak) of the 
spectral lines of a given isotope for standard and sample 
can not be compared directly. The absorption effect 
plays an important role in this low energy region and 
the sample and s tandard may have different linear 
absorption coefficients. For that reason the follow ing 
form ula has been derived to take into account the linear 
absorption coefficients (see Appendi x 1). 
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Figure 2. 3. Example sp ectr um showing 238u defi cien cy . 
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Eqn. 1 .... Q = Q 
sa st 

P sagst 11 sa [ l - qi (µ sth) - cos 1)J 

P stgsa 11 st [ l - qi (µ sah) - cos 1)J 

[1 - qi (µ sth sec ~1) ]] 

[ 1 - qi ( 11 h sec 1)1) ] ] 
sa 

where 

Qsa is conce ntration of given i sotope in sample 
Qst i s concentr ation of thi s isotope in standard 
Psa and Pst are number of counts in p eaks for 

sample and standard 
gsa and gst are weights of sample and standard 
11 sa and 11 st are linear absorption coeffi cient s 
h is the thickn ess of sample and standard 
2 1)J is the visible a ngle of sample. Supposing that 

h and ~; are the same for standard and sample . 

qi is King's function [which can be found in tables 
(e. g. Gor shkov , 1967) ]. The linear absorption 
coefficient for the energy of a given peak i s measured 
exp erimentally u sing the equation J = J 0 e - µ h detecting 
radiation J passing through the sample . The method 
of measurement of absorption coeffi c i ent i s described 
in Appendix 2. The calculated value from equation 1 is 
not the absolute concentration of radioactive i sotop e in 
the sample b ut the r atio of radioactivity of the isotope 
in the sample to the radioactivity of the i sotop e in the 
uran ium ore s tandard which i s considered to be i n 
equilibriu m with i ts d aughter products (for 1 % U s ta ndard 
the activity of each isotope = 1) . This value is calle d 
equivalent content of uranium. The same applies for 
thorium i sotopes a nd thorium s tandard. 

Instrumentation and method of measurement 

Measurement s were p erformed u sing an Ortec Inc . 
semi- conductor gamma- ray s p ectrometric system. A 
Ge (Li) d e tector with diameter of 10 mm a nd sen s itive 
depth of 5 mm and Be window was u sed. The r esolution 
i s better than 400 eV for 14. 4 KeV gamma-rays . The 
spectrometric system was connected to a Nuclear Data 
1024 c hannel analyzer. Two types of samples were 
measured. 

1) Small sample diameter 3. 0 cm and thickness 
1. 5 cm for drill cor es (weight about 25 gr). 

2) Large sample diameter 10 . 2 cm (4 inches ) and 
thickness 3. 2 cm for samples of low ac tiv ity 
collec ted from the s ur face of outcrops (weight 
about 400 gr) . 

The large samples were ground to p ass a 60- mesh 
s tan dard s ieve a nd loaded into s ha llow cylindrica l steel 
cans (as used for packing tobacco), with a diameter of 
4 inches. The bottom of the can had an opening covered 
by a thin film for the measurement of X-rays and soft 
gamma- r ays (Fig. 2. 2) . The detector and the sample 
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were shielded by lead of 2- inc h thicknesses. 
sensitivities for small samples were: 

0. 197 counts/ppm / hour 
0. 227 count s/ppm/ hour 
0. 086 counts/ppm/ hou r 

The sensitiv ities for large samples were: 

0. 312 counts/ppm / hour 
0. 455 cou n ts/ppm/hour 
0. 209 counts/ppm/ hour 

The 

Small samples with a concentration of equivalent U over 
300 ppm were counted for 6 hours. Up to 24 hours 
counting tim e was used for lower concentration levels. 
Concentration level s down to 20 ppm equivalent U were 
measured in 5 hours using the large samples. 

The ore samples were measured in a substantially 
s hor ter tim e. One p er cent uranium and one p er cent 
thorium ore samples from U.S. Atomic Energy Commission 
New Brunswick Laboratory were used as s tandards. 
The same stan dards were used for gamma- ray sp ectrom ­
etry at higher en ergies. In order to measure spectra, 
a straight line or curve was drawn by using the 
compton continuum points in the vicinity of the peak. 
The ar ea (number of counts) of a p eak above thi s strai g ht 
line or curve was the value used to determine the 
concentration . This value was correcte d as describe d 
above (u sing equ at ion (1) for calcu lation of concentra­
tions knowing the linear absorption coefficient µ for 
the energy of the peak). 

The three s p ectral lines chosen for measurement 

1. 210pb line 46 KeV 

As a longer - lived (T1 = 22 years) decay product of 
radon , 210pb i s a convenient i sotope for comparison of 
intensities with s hort - lived decay products of radon 
measured by fie ld instruments. Because in certain 
cases it s equilibrium with 226Ra is rather uncertain due 
to the possibility of radon loss the 214Bi content has 
been measured u s ing scintilla tion detection of the 1. 76 
MeV peak . In sealed boxes 214Bi i s in equilibrium with 
226Ra after 30 days. Thus the 214Bi measur eme nt 
yields information about radon loss, and the con tent of 
radium, and the 210pb measurement is another r adium 
determination. Both are i n unit s of eq uiva lent uranium 
as mentioned earlier. 

2. 234Th line 63 keV 

234Th is the first decay product of 238u and is 
always in radioactive equilibr ium with it. The 234Th 
measurement (in equivalent uranium units) thus 
indicates the amount of 238u actu ally present in the 
sample. 

3. Ka l - Rn conver sion X-ray line of 22 3Ra 83. 3 keV 

This isotope is as sumed to be in radioac tive 
equilibrium with 231Pa whic h has a long half- life, a nd 



therefore should be a good indication of the amount of 
uranium present before the rock was s ubjected to 
weathering. The line of 227Th can also be used but it 
is very weak in low activity samples. The Ka- Rn lines 
are overlapped with Ka- lines of 226Ra, and a l so with 
231Th (short lived produc t of 235u) a nd 228Th from 
the thorium series. The following formula for the 
concentration of Q223Ra has b een determined: 

Eqn . 2. 

- 0. 146 Q231 - 0. 408 Q228 
Th Th 

QPeak is concentration calculated from equation (1) 

using Ka.1 - Rn p eak (83. 3 KeV) 
Q226Ra is concentration from 214Bi measured in 1. 76 

MeV peak u sing Na! (Tl) crys tal 
Q231Th i s concentration from 234Th which is in a con­

stant ratio with 231Th 
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Q228Th is concentration from 208Tl measured in 
2. 62 MeV peak using Nal(Tl) crysta l 

Disequilibrium gamma-ray spectra of 
samples from Elliot Lake area 

Three types of r adioac tive disequilibrium have been 
found in the samples from the Elliot Lake area: 

1. 238u deficiency (Fig . 2. 3) 

The sample s p ectr um illustra ted in Figure 2. 3 
represents an extreme case of uranium deficiency. The 
only lines present are those of radium and its decay 
products. Comparing this sp ec trum with the ura nium 
ore standard (Fig . 2. 1) we can identify the following 
sp ec tral lines : 
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210pb - 46 . 52 KeV, 214pb - 53. 2 keV, Bi - K X-ray 
lines which r e la te to 214pb in the U series and 
212pb in the thorium series, Po- Ka. X- ray lines 
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Figure 2. 4. Example s pectru m showing 238u excess . 
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which relate to 214Bi, and Rn-K X-ray lines which 
relate to both 223Ra and 226Ra. 

It is presumed that ura nium has been removed from 
the sample by leaching. 

2. 238u excess (Fig. 2. 4) 

In addition to the radium series lines found in the 
previous example there are in this s p ectrum strong 
lines of 234Th (63 and 93 keV). 234Th is the first decay 
product of 238u and is always in radioactive equilibrium 
with it. 

T his example shows fresh deposition of uranium in 
rock. The decay products did not reach equilibrium 
which requires a time of about 300 OOO years after 
deposition. 

3. 23 lpa excess (Fig. 2. 5) 

Strong lines of 23lpa decay products are present 
in this spectrum. There are: 227Th 50 keV and Rn-K a 
X- ray lines relating to 223Ra. 
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This type of disequilibrium can be explained as 
differential leaching of all component s except 23lpa 
which has eminent r esistance against leaching. Such 
typ e can be found in very weathered rock samples or 
in soils. 

Results of measurement of radioactive 
disequilibrium of samples from Elliot Lake area 

The purpose of measurement was to estimate the 
effect of radioactive disequilibrium on the result s from 
fi eld r adiometric instruments; most of which determine 
uranium by measuring the 214Bi line at 1. 76 MeV, 
assuming that daughter to b e in radioactive equilibrium 
with uranium. The p en etrating depth of this radiation is 
about 1 foot for a rock density of 2. 5 g/cm3. 90% of the 
radiation comes from the top layer 5 inches thick. This 
surface layer was the subject of the present investiga­
tion. Six short holes h ave been core- drilled on the 
outcrop of the Pronto Mine uranium deposit (see 
location in Fig. 2. 6). One hole has been core- drilled on 
the outcrop of the Buckles Mine uranium deposit. 
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Figure 2. 5. Example spectrum showing· 23 lpa excess. 
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kllom11r11 ~ 0 

Figure 2. 6. Map s howing location where samples were 
collected. 

Several surface samples have been collected from a test 
strip used for earlier airborne radiometric measure­
ments 2 miles east of Elliot Lake and also from the 
outcrop near the Pronto Mine. Some soil samples from 
the area of the Pronto Mine and Elliot Lake test s trip 
were also collected. The average length of the cores was 
approximately 16 inches. 

Cores from the outcrop on Pronto Mine 

Core Po -3 

Core Po-3 was taken from compact unweathered 
pyritic radioactive quartz p ebble conglomerate. Fresh 
unweathered pyrite was found under a very thin (1 mm) 
weathered crust. Some uranium deficiency is apparent 
(223Ra/224Th > 1) along the le ngth of core. This 
deficiency is the highest above a joint in the core at 15 
inches depth and not close to the surface as expected 
(see Fig. 2. 7). In the vicinity of the joint a high 223Ra 
equivalent uranium content indicates there was a higher 
original uranium content. Sample 23 at 18 inches depth 
gives the highest Ra (210pb) and U (234Th) content 
measured in this core and thus there is apparent down­
ward movement of uranium . Uranium almost reaches 
equilibrium at sample 25 (19 inches depth). The 223Ra/ 
234Th ratio is slightly less than 1 in this place which 
also means that some fresh uranium is present. The two 
extremely high values of 223Ra/234Th ratio s hown in 
Figure 2. 7 are found in quartz pebbles where the 
extremely low U content (i. e. low 234Th) along with 
significant amounts of 223Ra cause the ratio to blow up . 
It should be noted that the 231pa needs nearly 300 OOO 

years b efore it reaches equilibrium with 235u. There­
fore both the ratios 223Ra;234Th and 231pa;235u are 
always less than 1 for uranium accumulated less than 
300 OOO years ago. 

Core Po-14 

This core was obtained in the same type of rock as 
the previous sample about 15 feet south of core Po-3. 
The 234Th/210pb ratio shows radioactive equilibrium 
between Uranium - 238 and Radium-226 almost along 
the whole core (Fig. 2. 8). Equilibrium is reached 
at a depth of 17 inches, although this equilibrium may 
be only locally created by the high equivalent uranium 
c234Th) content 2 inches above. The original U 
distribution with depth was probably similar to the 
variation of 223Ra content, with a maximum at 16 inches. 
There are 2 accumulation s of new U located at minima 
on the 223Ra/234Th ratio gTaph which are less than the 
equilibrium value of 1. The first one is above the 
original maximum concentration , the second one below 
it. The uranium is also leached in the vicinity of the 
joint at 10- 11 inches depth where there is al so a high 
231pa c223Ra) content. The 223Ra/234Th ratio again 
reaches extreme values in pebble. 

Core Po- 19 

Core Po- 19 was drilled in a very weathered part 
of the conglomerate about 20 feet south of Po-3. The 
core could not be taken from the first eight inches 
because it crumbled. The core has small cavities and 
rusty spots due to weathered pyrite. This visible 
leaching is confirmed by the extremely high 223Ra (in 
equilibrium with 231pa) content and extreme 223Ra/ 
234Th (equivalent to 231pa; 238u) ratio which s hows 
that the original uranium content in the upper part of 
the core must have been as much as 30 times higher 
than at present, regardless of 231pa decay (Fig. 2. 9). 
It is interesting that amounts of uranium and radium 
are a lmos t the same as in previous cores with fresh 
pyrite . The uranium c234Th) maximum with fresh 
pyrite at a depth of 20 inches has some accumulation of 
fresh uranium beneath it, indicated by the 223Ra/234Th 
ratio of less than 1. 

Core Po- 26 

Core Po- 26 is a short core drilled in a s ma ll island 
of conglomerate in saprolite which is stratigraphically 
below the uranium orebody, about 30 feet west of Po-3. 
The conglomerate has small cavities where pyrite is 
weathered out. The graphs (Fig. 2. 10) show trans ­
portation of uranium from conglomerate into originally 
low radioactivity basement saprolite. The upper part 
of the core shows deeply leached uranium and the lower 
part shows a U excess of 2. 5 times with respect to 
radium . The original concentration of U in the upper 
part must have been up to 25 times higher as indicated 
by the 223Ra/234Th r a tio . The concentration of newly 
produced 231pa (in equilibrium with 223Ra) is about 
20% higher than the concentration of 210pb (in 
equilibrium with 230Th) because 231pa has a s horter 
half- life (3. 48 x 104 years) than 230Th (7. 52 x 104 years) 
and is therefore produced quicker. 
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TABLE 2. 1 

Averag e values of radioac tiv ity of samples taken from s u rface on Pronto Mine outcrop 

SAMPLE DES CRIPTION 210pb 234Th 234Th 223Ra 223Ra 214Bi 

NO. OF SAMPLE ppm ppm ~ ppm ~ ppm 
e. U e . U 

Pb 
e. U 

Th 
e. U 

Po- 13 Weathered uraniferous 11 5. 8 33. 1 0. 286 328. 4 9. 92 110. 7 
conglomerate ±6. 42% ±10. 31% ±12. 13% ±5 . 23% ±11. 55% ±1. 5% 

Po- 14 Uranife r ous conglomerate 705. 4 97 .6 0. 138 384. 6 3. 94 670. 9 
with fr esh pyrite ±2. 72% ±5. 75% 6. 36% ±5. 12% ±7. 69% ±0. 5% 

TABLE 2. 2 

Radioactivity of soil samples and rock covered by soil. (Pronto Mine outcrop) 

SAMPLE DESCRIPTION DEPTH 210pb 

NO. OF SAMPLE (INC HES ) ppm 
e.U 

1 Black soil with pla nt 2 103. 8 
remain s ±6. 98% 

2 Red coloured s oil 4 88. 3 
from FeS ±8. 11% 

3 Red coloured soil 6 97. 6 
above solid rock ±7. 53% 

4 Rock cru st 6. 1 943. 8 
3. 3% 

5 Uraniferous conglomerate 8. 1 901. 2 
with pyrite ±2 . 9% 

Core Po-2 1 

Core Po- 21 was taken in an area with similar 
conditions to the previous core. This core has 
unwe athered pyrite in a matrix of conglomerate. The 
core was drilled about 50 feet NW of Po-3. The tra n s port 
of uranium from the top 2 inches and its deposition along 
the lower part of the cor e i s apparent (Fig . 2. 11). 

Core Po - 22 

Core Po-22 was drilled about 30 feet NW of Po-3 . 
This core passes through about 3 inches of r adioactive 
conglomerate, then through quartzite. The p artia l 
deposition of uranium i s app arent i n the lowe r p ar t of 
the conglome r ate but beneath it is a lay er s howing 
extre me uranium leaching (high 223Ra; 234Th r atio) 
(sample 6 - see Fig. 2. 12). It is possible that uranium 
from thi s layer was leached and d eposited in the lower 
part of the conglomerate mentioned above (sample 5) . 

234Th 234Th 223Ra 223Ra 214Bi 

ppm 210Pb ppm 234Th ppm 
e.U e. U e . U 

30. 1 0. 289 326.9 10. 86 113. 6 
±4. 4% ±13. 36% ±5 . 62% ±12. 7% ±1. 5% 

43. 1 0. 488 427 . 0 9. 90 109. 3 
±9 . 70% ±12. 64% ±5. 01 % ±10. 91% ±1. 5% 

47. 3 0. 484 339 . 7 7. 18 92. 2 
±8. 31% ±10 . 64% ±5 . 0% ±9. 69 % ±1. 5% 

216. 1 0. 228 1099 . 2 5. 09 921. 1 
±6. 7% ±7. 46% ±5. 9% ±8.91% ±1. 3% 

415. 0 0.460 479 .8 1. 15 895.9 
±4. 0% 4. 93% 7. 74% 8. 71% ±0. 9% 

T he lower p art of the core has very low activity and a 
definitive measurement would require longer counting. 

Samples collected from s urface and 
soil samples 

Tab le 2. 1 gives the average results for 20 additional 
radioactive samples taken from the Pronto Mine outcrop. 
These samples were collec ted by h and or c hippe d by 
hammer. The samples were divided into 2 group s: 

1. Weathered uraniferou s con glomerate . 
2. Uraniferous conglomerate with fresh pyrite. 

The outcrop samples show a high 223Ra content similar 
to some core samples. An interesting observ ation is. that 
fr esh looking samples with unweathered pyrite s how 
more than double the ura nium leaching with respect to 
radium tha n s hown by weathered samples (from 234Th/ 
210pb ratio). Weathered samples s how leaching of both 
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TABLE 2. 3 

Radioactivity of rock samples collec ted from s urface . (tes t s trip) 

SAMPLE DESCRIPTION 210pb 234Th 234Th 22 3Ra 223Ra 214Bi 

OF SAMPLE ppm ppm 210Pb ppm 234Th ppm 
e. U e . U e . U e . U 

X- 2 Qua rt zite 422. 2 82. 3 0. 19 362 . 6 4.40 390. 6 
±3 . 28 ±6. 44% ±7. 22 % 5. 43% ±8. 41 % ±0. 8% 

X- 20 TI 28. 6 15. 5 0. 53 18. 3 1. 18 29. 8 
±11. 36 ±13. 32 % ±17.60% 28. 73% 31. 66% ±1. 8% 

X- 38 45. 3 18 . 3 0.40 24. 0 1. 31 38. 1 
±9. 69% ±13. 30% ±16 . 45 % 28 . 67 % ±31. 60% ±2 . 4% 

X-3 9 TI 70. 6 10. 2 0. 14 54. 7 5. 36 65. 8 
±7. 77 % ±17. 9% ±19. 51 % 18. 56% ±25 . 78 % ±1. 9% 

X- 40 TI 178. 6 18. 0 0. 10 133. 8 7. 43 146. 2 
±5. 40 ±14. 91 % ±15.85% 11. 18% ±18. 62 % 1. 4% 

X- 42 TI 9. 2 5. 2 0. 56 13. 7 2. 63 5. 3 
±23 . 57% ±2 8. 40% ±34. 65 % 29. 2% ±38. 7% ±4. 2% 

TABLE 2. 4 

Result s from unde rground samples . (D enison Mines ) 

SAMPLE DES CRIPTION 210pb 

NO. OF SAMPLE ppm 
e. U 

Den- 4 Uranife rous 7075 
conglomer ate ±1. 1% 

Den -3 Uraniferous pyritic 793 
conglomerate ±2.8% 

uranium c234Th) and r adium (210Pb) while unwea the r e d 
samples indicate only uranium is leached. 

Soil sa mples (Ta ble 2. 2) s how lowe r concentra tion 
of 223Ra (in equilibrium with 231Pa ) tha n the rock 
samples . It is inte r e sting that s oil samples s till have a 
certain amount of uranium c2 34Th) a nd the di sequilib ­
rium between ura nium and r adium c234Th ; 210pb) i s not 
as high as in many rock samples . 

Core from the outcrop a t the Buckles Mine 

The core Bu- 17 was drille d about 150 yards east of 
Highway 108 on the highest point of the Buc kle s Mine 
outcrop south of the town of Elliot Lake . The core 
passes through qua rt zite which h as four r adioactive 
layers (Fig. 2. 13). The uranium appears to be leac he d 
from the upper part of layer s and d eposite d about 1 inch 
below. The 223Ra; 234Th r a tio i s greater than 1 above 

234Th 234Th 223Ra 223Ra 214Bi 

ppm 210Pb ppm 234Th ppm 
e . U e . U e. U 

9436 1. 33 83 75 0. 88 7 11457 
±0. 9% 1. 42% 2. 59% ±2. 74% ±0. 2% 

1037 1. 31 70 3 0. 679 969 
±2. 4% ±3. 68% 6. 08% ±6. 53% ±1. 1% 

the lay ers which indica tes u ranium lea c hing and th e 
r a tio i s less tha n 1 under the layers whic h indicates 
acc umulation of fr esh u ranium . 

Measureme nt of samples from the test s tr ip 

Several s a mples have b een collecte d from a tes t s tr ip 
2 miles ea s t of Elliot Lak e (Fi g. 2. 6). These samples 
have b een collecte d from th e surface or c hipped from 
the rock by ha mme r. The infor mation about disequi­
librium obtained from these samples conce rns only the 
surface two inches of rock not d eeper. Results a r e 
given in Table 2. 3. Sa mples with high r adioac tivity 
s how a s imilar type of disequilibrium as s a mples from 
the previous ly di scussed outcrop s . Low a ctivity 
samples (X-20, X- 42) s how a lesser d e gree of ura nium 
los s as indicate d by the 234Th/2 10pb r a tio . Becau se 
s amples with U concentra tions o f 10 ppm or less r equire 
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DETECTOR 
Ge(Li) 

Fi gure 2. 14. The p assage of gamma r ays in the sample 
showing geometry for derivation of equation 1. 
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cou nting times of at least 24 hours, it was not possible 
to analyze all of the test strip samples. 

Measureme nt of deep samples 

Two underground samples from the Denison Mine 
have been meas ured for comparison with samples from 
the outcrops. Results are shown in Table 2. 4. The 
samples show a slight enrichment of uranium c234Th) 
with respect to radium c210Pb) and a slight deficiency 
of 231pa c223Ra). Thus preliminary indication s are 
that there has been some movement of U even at great 
depth, although this requires further study. 

Conclusion 

Measurements have been made on 164 samples from 
three locations in the Elliot Lake uranium mining region, 
to determine the state of radioactive equiJ.ibrium in the 
238u decay series, u sing a Ge (Li ) detector to examine 
the low energy portion of the gamma - ray spectrum. 

300 

> .. 
-"" 

0 
2 
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1 

4 x 10 sec 
( U - L lines partially absorbed) 

400 
CHANNEL 500 

Figure 2. 15. The gamma sp ectrum of 238Pu. 
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Figure 2. 16. The gamma spectrum of 238Pu radiation after passing through the sample. 

Most of these (151) were drill core samples from shallow 
(less than 2 feet) holes. A considerable degree of 
disequilibrium was observed in most of the core samples. 
Results indicate a deficiency of uranium with respect to 
radium near the tops of the cores and some fresh 
uranium accumulation below where the 234Th/210pb 
ratios approach or exceed the equilibrium value of 1. 

The greatest uranium deficiency (as high as 90%) 
occurs in fresh-looking samples containing pyrite, 
collected from the outcrop surface. The cause of 
disequilibrium in pyritic uranium ores has been discussed 
by Phair and Levine (1953). Sulphates formed in those 
minerals would retain the radium even though it might 
migrate somewhat, whereas the sulphuric acid form ed 
would leach and remove uranium. Also an excess of 
231pa (by a factor of almost 30) has been found in 
weathered rock and soils . The excess of 231pa and 
223Ra in some minerals i s a lso known (Kuroda, 1955; 
Cherdyntsev et al., 1961). 

The equivalent uranium concentrations as determined 
by 214Bi and 210pb measurements, for the samples 
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listed in Tables 2. 1 to 2. 4 are generally in quite good 
agreement . Since gamma- ray spectrometric determina­
tions of uranium are u su a lly based on the measurement 
of 214Bi activity, then the 234Th / 210pb ratio should be 
a good indication of how a chemical uranium an alysis 
would compare with a gamma-ray spectrometer analysis. 
Results in Table 2. 4 indicate that spectrometric analy ses 
of the two underground samples would give a slightly 
low uranium value, and surface spectrometric analyses 
would yield equiva lent uranium values greater than the 
true uranium concentration . 

This investigation has shown that rapid changes 
in the state of radioactive equilibrium can occur over 
a very small area and over small changes in depth. 
The highly leached places may be loca ted very close to 
places with high uranium accumula tion . 

In the samples tested, both rocks and soil s how 
some surface disequilibrium, decreasing with depth 
(i. e. returning to equilibrium). In general the degree 
of disequilibrium appears also to relate to the levels of 
uranium concentration as indicated by r esults given in 
the tables. 
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Figure 2. l 7a. The relative error in concentration of 234Th. 
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Figure 2.1 7c. The relative error in concentration of 214Bi. 
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APPENDIX 1 

Corrections for matrix e ffect in a sample 

The intensity P y of gamma- rays from a small volume dv in a measured sample i s 
give n by Gors hkov (1967). 

dP p 
y 

qdv e - µ(r - r 1 ) 

rz . . . . (3) 

where P y i s a con s tant, q the volu me concentration of radioactive substance in a sample, 
r the dista nce from a detec tor and µ the linear coefficient of absorption. 

In spherical coordina tes this volume is: 

dv = r 2 s in 1µ d tlJ d q,dr 

and the radia tion of the whole sample is given by: ( see Fig. 2. 14): 

f 2TI (' f r z e -µ (r - r 1) dr p p q d q, s in ~) d l/! 
y 

0 r1 

2TIP q c sin l/J d l/J ( 1 - e - µ (r 2 - r i)) 
y 

[ Cl - co s 'P ) -
0 

J o

l)Jo 
-µ h sec t/J 

e sin t/! d ijJ] 

because r 2 - r 1 = h sec t/J. 
where his the thickness of the sample. 
This integr a l can be solved u s ing King ' s function qi 

4> (x) e - x e t 1 - x fx
00 

dt 

Then from Gorshkov (1967) we have: 

TI TI 

e - JJ Tl sec t/! s in t/! d t/! = f ~ e - µ h sec 'P sin t/! d t/! - f 2 e - JJ h sec 1jJ sin t/! d t/! = 

t/!o 

Finally, the radiation of a sample i s 

p 
qi ( µ h sec t/! ) ] 

0 
(4) 

P is inte n s ity of radioac tive radiation or the number of counts p er unit of tim e . If we 
consider the number of count s only as the area of a narrow peak of a given spectral line , 
then we can e liminate the effec t of scattered radiation and the above i s correct. 

The volume conce ntr a tion q can be found fro m eq uation (4) 

q 
2TIP [ Cl - cos tµ ) - q, Cµ h) 

y 0 

µ P 
qi ( µ h sec tjJ ) ] 

0 

(5) 
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Constant Py i s determined from the standard of known volume concentration q and 
cp is King' s function, which is given in tables . The valu e of µ h is measured for each 
sample by measuring the absorption (see Appendix 2). Quantity h i s the thickness of 
the sample . Quantity 1)!

0 
i s dependent on the position of the sample and the detector and 

is constant . 

Note: 

The value q from the equation (4) i s the volume con centration. The weight concen­
tration is Q = q / p . ... . where p i s density. Using this r ela tion, with eq u ation (5) for 
the standard and then for the sample, and taking the ratio of standard and sample we get: 

. . . . (6) 

where values marked s t and sa define the standard and the sample respectively. P sa / P st 
is the ratio of number of counts in the peaks. Psa / Ps t i s the correction for densities. 
J.J sa l J.J st i s the correction for linear absorption coefficients. Expressions in the bracket 
are the corrections for different geometry (visual an g le 2\IJ) and thickness h as the samples 
in highe r energies ar e not saturated by gamma-radiation. (If the standard and the sample 
have the same volume then the ratio of weight s gsalgst can be s ubstituted for Psa l Pst·) 



APPENDIX 2 

Determination of the linear absorption coefficient in a sample for a given energy 

Equation 6 requires that the linear absorption coefficient (µ ) for the energy of the 
measured spectral line be known . It can be found directly from the equation I = I

0
e-µ h if 

the transmission of radiation of given energy through the sample is measured. 10 is the 
intensity of radiation before, and I after, passing through the sample; his thickness of 
sample and µ is the linear absorption coefficient. 

It has been found very useful to measure the coefficients of absorption by means of a 
238pu source, which has very strong uranium L - lines and 2 prominent gamma lines 
with energies 42. 7 KeV, and 100. 0 KeV. In addition the source contains a 59. 1 KeV peak 
from 241Am (Fig. 2. 15). The spectrum of radiation after passing through the sample is 
shown in Figure 2. 16. The absorption coefficients for a g·iven energy are obtained by inter­
polation; setting the curve µ = KE - n + 1 through 3 measured points (3 prominent energies 
of 238pu). µ is the linear absorption coefficient, E energy, and k, l, n are constants. 
These experimental curves are shown on Figures 1, 3, 4, 5. (µ is then multiplied by 
thickness h to obtain the value for Equation 6. ) 

Note: 

If the concentration of heavy elements in the sample is high, there are jumps in the 
absorption curve. The height of the jump for the K - absorption edg·e is 6 K =EK / ELI where 
EK and ELI are the critical absorption energies for the K and LI shells respectively. The 
corresponding change of absorption for an element with concentration Q at its critical energy 
EK is 

1 -
1 - 6 k 

100 
Q 

The absorption jumps can be neglected for concentrations of heavier elements less than 1%. 
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APPENDIX 3 

The estimation of errors 

1. Errors for 208Tl and 214Bi measured by scintillation gamma- ray sp ectrometry 

The least squares method (Salmon, 1961) was used for calculation of concentrations 
and relative errors of these two isotopes. 

The basic condition of this method is given by relation 

N. 
1 

m 
z 

j=l 

where Ni is the number of counts in the i channel 

a . . X. 
1) J 

+ Z. 
1 

m is the number of measured nuclides which in this case equals 3, i . e. each 
rock has contributions from the Th series, U series and K 

aij is the number of counts of the standard j in the channel i 
xj is the ratio of unknown activity to the activity of the standard 
Zi is a random error 

The condition of minimum gives in our case three equations for calculation of concentra­
tions of 214Bi , 208Tl and 40K. 

The error (standard deviation) is then given as: 

j = Bi, Tl, K. 

n 
z 

i=l 

where n is the number of c hanne ls used. 

Ajj is the first member of the diagonal on the inverse matrix of the three 
equations for calculation of concentrations. 

The similar equations are for Tl and K. The concentration of K is not presented in paper. 
The relative errors are plotted against concentrations in Figure 2. 17. 

2. Errors for 234Th, 210pb and 223Ra measured by the solid state detector 

In the case of 234Th and 210pb, the numbe r of counts in each peak above the line 
connecting minimum points in the vicinity of the peak was counted. 

If we consider that all variables of Equation 1 except P sa (number of counts) are measured 
absolutely correct then the error* i s 

or the relative error 

+ 

~p + sa 
p 

sa 

B 

B 100 

* The error of counting is JN where N is number of counts. 

. ... . (7a) 

..... (7b) 



where k covers the part of Equation 1 except P sa and B is background. 
We can p lot again (see Fig. 2. 17) the graph of o CQsa) = f(Qsa) where the dispersion 

of points show the possible error of neglecting other factors . 
The error in the d e termination of 223Ra can be estimated from Equation 2 by applying 

the general formu la for errors 

o (V) o f(x, y, z ... . ) 
( .(' f) 2 ( .(' f) 2 ( .(' f) 2 2 

u 2 ( ) u ( ) u ( ) 
Co x) o x +C o y) o Y +~o z ... (8) 

where x, y , z, .... are the measured variables. 
In this case 

where: 

o (Qpeak) is calculated for the uncorrected 223Ra peak using Equation (7a). 0 CQ231Th) = 

o (Q234Th) is calculated using Equation (7a). The errors o (Q225Ra) = o (Q214Bi) and 

o (Q22sTh) = 0 CQ2osn> are calculated by the least squares method described above in 

section 1. Errors of 223Ra are shown on Figure 2. l 7d. The errors of ratios 234Th/ 210Pb, 

223Ra;234Th and 2D8n; 214Bi are simply expressed as 

o(Ratio\el = o 2 (numerator 
1 

+ o 2 (denominator) 
1 re re 

These errors transferred on the absolute are plotted on the graphs of the cores. 
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APPENDIX 4 

The radioactive decay series for Uranium- 238, Thorium-232, Uranium- 235 

Disintegration Series of Uranium 238 

(Principal members only ; isotopes constituting less than 0.2 per cent of the decay products are 
omitted) 

Uranium 238 [4.51 X l09y] 
I 
I a 
1 

Thorium 234 [24. lOd] 
I 
I f3 
1 

Protactinium 234 [l.14m] 

I (3 
1 

Uranium 234 [2.48 X 105y] 

I a 
1 

Thorium 230 [8.0 X 104y] 
I 
I a 
1 

Radium 226 [l ,622y] 

I a 
1 

Radon 222 [3.825d] 
I 
I a 
1 

Polonium 218 [3.05m] 

I a 
1 

Lead 214 [26 .8m] 

I (3 
1 

Bismuth 214 [19.7m] 

I (3 
1 

Polonium 214 [l.50 X 10-•~] 

I a 
1 

Lead 210 [22y] 

I (3 
1 

Bismuth 210 [5 .02d] 

I (3 
1 

Polonium 210 [138d] 

I a 
1 

Lead 206 [stable] 



Disintegration Series of Thorium 232 

Thorium 232 [l.39 X 101oy] 

I a 
1 

Radium 228 [6.7y] 

I (3 
l 

Actinium 228 [6.l~h] 
I 
I f3 
1 

Thorium 228 [l.90y] 

I a 
1 

Radium 224 [3.64dj 

I a 
l 

Radon 220 [54.5s] (popularly called thoron) 
~ 
I a 
1 

Polonium 216 [0.158s] 
I 
I a 
1 

Lead 212' [10.6h] 

I (3 
1 

Bismuth 212 [60.5m] 

(66.3%)(3 / 
/ 

""' ~(33.73) 
,/ "' 

Polonium 212 [3.0 X 10-1s] Thallium 208 [3.lm] 

/( 
,/ 

Lead 208 [stable] 
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Disintegration Series of Uranium 235 

Ur:inium 235 (actino-uranium) [7. 13 X lO'y ] 
I 
I a 
1 

Thorium 23 1 [25.G4h] 

I B 
1 

Protactinium 231 [3 .43 X lO'y] 

/ 
/ 

(98.83)8 / 
/ 

,/ 

Thorium 227 [18.6d] 

I a 
1 

Actinium 227 [21.iy] 

,/ 

Radium 223 [l l.2d] 

I a 
1 

Radon 219 [3.92sj 

I a 
1 

Polonium 215 [1.83 X 10- 3s] 

/ 
/ 

(09.683)a / 
/ 

,/ 

I a 
1 

Lead 211 [36.lm] 

I B 
1 

Bismuth :2ll [2.16m] 

/ 
/ 

/ fJ 
/ 

Francium 223 [2lm) 

Thallium 207 [4.76m] P oloni um 211 [5.2 X 10-ts] 

/ 

/a 
,/ 

Lead 207 (stable) 
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