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.A QUANTITATIVE RADIOCHEMICAL METHOD FOR ~ DETERMINATION OF THE MAJOR 
' ' • ,·' ' I 

SOURCES OF NATURAL RADIOACTIVITY :IN ORES AND MINERALS 
. ~ .• ... : ' 

' by.· 

J. N . Ros~olt , _Jr . 

ABSTRACT 

The determination of Th232 ~ Rn222 , and Pb210 by ·isolation and subsequent 

activity ·ana1}rsis of some of 'their' short-lived aa.U8llter products is described. 

The sulfides ·of .bismuth and polonium are precipitated out: of . ~olutions of' 

thorium or uranium ores,· and the ·'a!l.pha particle· actiyity of Po2l4, Po.2l.2 and 

Po210 is deter)nine.d by scintillation cbunting techniques • Po214. a.cti vi ty is 
' . 

'I ' • 
i . , ' I " I 

~ODUCTION 
~ ~ -

The amount ot natural radioactivity ·in· ·an ore sample is determined <in 

most laboratories by :mea.Suring the relative · intensi.ty of the beta-ga.mma radi· 
' ' 

at ions with. a .Geiger-Mueller . ·counter. This amount <?f radioactivity detentined 
' (·. · 

under standardiz.ed conditions is com~ared ·:with a standard uranium source 

measured under -i.dentic-a1 con.di tions and is usually reported as equivalent 

-u:rani\up, ·(percent etJ). · 

This determination of ra.dfoact'i vi ty of ·a: sample ·is very uaeful but does 

not. td.entify'_ the ' source"· 'Q:f' this activity. ' ' The determination of eqUivalent 
' ' 

uranium ·aD.d ·uranium in-a 'given· s·a.mp;te may' .di.ffer ·consi~dera.bly due to lacl.t 

of equilibrium in the rapj.da.ctiv~ series-, to the presence of :raqioa.ct:l:ve 

isotopes other than uranium and its equilibrium amounts of disintegration · 
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prod,ucts, and to s-patistical deviation oj~' the analytical processes. When 

this difference is greater than that expected from the precision of either 

methQd or the combination of both, the reason for such disagreement ·should 
'· 

be determined and explained. The purpose ot this paper is ·to meet this ·. 

need by describing .radiocheJDi.cal methodS whereby ·the radioactivity !l~e to 
• l 

a particular element or .its imme.diate d.isintegr~~ion : products may ·be deter-

lliined separately. 

' The methods desc;:.ribed:'are tor the actual determination o.t PoaJ.(), · Po2.l4, 

Po~J.2 and Ra226 • 

Data are presented to~ the analysis ot saq>les of radioactive ores of '. 

·varying composition" 
. . 

~his work ·was _comple~~d as -:~ - .:ot ·a p;rosram. undertaken by the U ., ·s. 

Geological Survey on beh8.U·· o.t .· tae,-mrts19n Of Jh'v Materials ot the u. S. 

Atomic Energy _ conuiu.s~ion ... The autho.r ls indebted to the staff ot ·the Geo~ 

cheJnis·try and Petrology lab9ratory in ~nYer ·tor valuable .suggest,ions and 

assistance in the course· .pt this work an4. to 7. I. Senf'tle and L. F. ·Rader, 

also of. the Geological Surv.ey;.·tor re_neYing the report and making -.ny 

suggestions • · 

,. ; ' ' .. 
CLASSIFICATION OF NATURAL MDIOACTIVITY 

IN SEPARATE GR00Ps 

The radioactivity .of ·an ore sample can be attributed. to many isotopes 

occurring in nature~- the tiranium, thbri~, and actino=uranium series, 

potassium40 ; luteci~l?e, :f~e-nium1s7, rubidium87, samariumJ.s~, and tinJ.24. 

In this· paper the only element$ .considered as measurable contributors a.r.e 

those of the ~a~um. series / th\e thori\Uil series, aJ).d, vhere the total 

. ' . '· 40 ' activity-is low, potassium ···· 
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· · . A radioacti ~ ·series O.ecays successively from one isotope to another, 

each w:Lth its characteristic radiation. If equilibrium is established 
./1;; "" 
throughout the series then l.J.N 1 = l.2N2 = ~N3 = •• " where l. is the decay 

~ ... ; ' 

The subscripts refer_ to the parent 

element . ~d each succeeding :daughter. , It is sometimes more convenient to 
.. . r~ .'' . ;~-- -- /· ·- !.. ~ .. 

express-~ the . a~ove ' rela.tionship ·;tri,· tertrufor:~ bal:f .lives, N~/T1 = N2 /T2 = 
~ ' ', ~ . , ' ' .• : ..... ~ . . ' I ,. ~ > . ·- I ~ ! ; \ . . 

N3/Ts = ·· • • • where T ·is ·the balf'=lite ~ 

Even though a series .is not in .complete equilibrium,- many of the 

immedi ate short-live.d .a.a.UFJh.ter products ·will be ··;n· equilibrium with the:l:r 
"-· " 

"' ... " .. ' ·,. .. ~ 
;, .. 

'· 
long-lived pare.nt isotopes. Thus the two series . can be separated into 

' ~ ,,, 1 .: ~· ·~~{~ "' •C ~ .. . ,:, ; ' ' 

the ~or isotopes ·:'and groups of established. ~quilibriuui shown in figure 1 
~ ' .:· - ~ ,. .· ' ~ ,~·.. . 

and listed below. ·The basic requirement for _a group is that each daughter 

product will . be :in . equilibrium with the parent of the group.. In many cases 
. ' ) • ;' . ~'. ·: . . . 

ra.a.On will ema.na.te. trom the ore, . . especially after it has been: groun.d, resUlt = 
1" -~·· . . ' . 1" . • 

ing in a . partial and continual loss of' the radon group isotopes.. Henee in 
f' ; ·" · . ~ ) '-· , , , . --~ : .. " - -~~~ -. ..... ~ ~ ~~· · . ., 

the folloWing . :List the radon gr~ is not included ·nth Ra226 under a hea.ding 

of the _radium group • 
•. 't • ;) 

l u The. -~a.nium group consi.sting ·Of U238 , Th234·, Pa234 ,. and U234 , ·where 
~ . . 

U23~ is the long-lived parent {T = 4 Q5 X 109 YT). 
~ ' . 

2· ~-- The ·t~ri~·~ i~·otope.: {T· = ~:~.0 ;_x . 104 yr). 
:\·:, ' J ,; :, • . , ... ' ''" ' ' :.· . ~ · . . .::: .... .. . ~ ... : ~, ·. il , ' · . ·>:; - ~ . ' 

3" The radium226 isotope · (T ·· = 1620 Yr) . 

4. i'h,e ra.<;.on group consisting of Rn222 , Po~1~, Pb214 , Bi 2.i~, and Po214 
1 

with radon the long-lived parent (T = 3. 825 days) .. 

5. The lead group containi~ Pb2l.O, Bi2J.O 1 and Po2J.O, With Pb2l.O· the 

parent (T = 22 yr)o 

6o The thorium232 isotope (T = lo39 x 1010 YT) o · 

. - ~ ·. ' 

. ~ . 
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7. The radium228 group containing Ra228, Ac228, Th228, Ra224 ~ Rn220, 

Po2~e, Pb2~2, Bi2~2, Po2~2, and Tl20e, with Ra228 the long-lived parent 

(T = 6 ~ 7 yr). 

Radiochemical methods for the determination of Th230 and Th232 are not 

included in this paper. It will be ass~ed· that Th232 will be in equilibrium 

with the Ra;228 group unless there is reason to believe otherwise and that 

the analysis of the latter will be valid for Th232
o 

With these qualifying assumptions and the fact that intergroup equi

librium is established, then, according to the previously shown mathematical 

relationship, the quantities of the parent members may be calculated if one 

of its products can be determined. 

PHYSICAL AND CHEMICAL PROCEDURES 

The radioactivity due to all groups and isotopes is first determined 

by standard counting methods and calculated to percentage eU. 

Apparatus and measurements 

Equivalent uranium (eU) is simply a comparison of the count of a sample 

with the count of a standard uranium source o A constant volume of sample 

(12-20 g) is counted rather than a constant mass because of its ease of 

preparation o Because the activity detected by the Geiger tube is primarily 

beta radiation~ it will not vary significantly with a large change in mass 

after infinite thickness is exceeded .. An infinite ' thickness curve is shoWn 

in figure 2 with the beta-gamma activity plotted against the sample mass. 

Both the standard and the s~mplei:i, previously ground to pass 80 mesh, 

are prepared for counting .by :placing them in a half~ounce metal pill box ; 

(diameter 1 5/16 in. and thickness 5/8 in.). The samples are well tamped 

and smoothed off level with the top edge of the container .. 
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• • • : _ ~;· , . . J • : ; ; • •• • • • : · · · •• _, ..... . ' ; - • ; • ' 

The me.asurement is made by placing the s,ample ·directly un<ierneath a 

mica-window Geiger tube in a lead sh·~eld of 1 · 1/2 in. wall thickness. · A 

mica-window tube 2.5 to 3 o3 '-mgj~m2 with~ 1·1/8 ii o ~ffective w1.~dow 

diameter is used, supported l?Y a stand notched r.o~ · support · of the tray 

containing the pill box to· be measured. Thus,.. a :reproducible geometry 

with respect to the sample and the Geiger tube is attai.~ed. . 

As the standard a National Bureau of Standards 1.0 percent ~ uranium 
1 . ,. 

ore is used. Its counting rate is measured. several times a day·. an.d the 

average counts/second/percent U ~re us~d in comparison with the :counting 

rates of the unknown sample. The usual length of' time a sample is counted 

is five minutes. · Samples of high activity may be counted for a ~ shorter 
I 

time.!/ At high counting rates a correction for the dead time of the 

counter must be made .g/ A background ·count must be subtracted £rom all 

counting rates before comparison is made. ··· \ 
. . 

Uranium is P.etermined by standard chemical .methods .3,4/ 

When the eU and the actual chemical uranium content do not agree, quanti-

tative radiochemical analyses can be made for some .of the remaining groups 

to determine the discrepancy. The chemical analysis for uranium is used to 

determine the content of that gro~p. 

±/ Kohman, ·T .. P .. , Measurement techniques of applied radiochemistry: 
.· Anal. Chemistry, vol. 211 .P ·~ 361, 1949 . . 
\ 2/ Kohman, T. P., Op. cit., p o 357. 
. 3/ Grimaldi, F. S .. , May, Irving, · and Fletcher, Mary H. , U o S. ·Geological · 
. Survey fluorimetric methods of uranium analysis, JJ~ s. Geol. Survey CircUlar 
199, 1952.. . . . '. . . . 

J+ / Rodden, C . J ~ , et al o , Manual of analytical methods :for the deter..;. 
mination of uranium ap;d thorium in their o;r~s 1 New Brunswi.ck Lahorai;ory, 
·September 1950.. / ·' .. 

, · 
'· ' · 
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A relatively- ·simple/ analysis of certain isotopes can be used to deter-

mine which groups ; relatiye ·to certain standards, ·produce th~ radioacti vi tf 

inherent in a sample, and thus determine the source Of disequilibrium in 

the sample. 

The deterJDi:nation of the amounts · .pf' Po isotopes present is made by 

alpha-particle count 'With a scintilla-tion detector, using silver-a.ctivatecl 

zinc sulfide phosphor _placed on the sensitive area of a 5819 pho:tomultiplier 

tube and covered with a thin aluminu,m. foil. . An appropriate aluminum absorber 

is used betveen the precipitate and the ·detector $en counting Po·2J.2 and 

Po214 ·. The thickness of this absorber is such that in combination with the 

built ..;in aluminum l;ight shield Oil; t.he d~tector, just enough absorption is . 

created· to prevent any 5. 3 Mev alpha pa.rticl·es of Po210 from reaching <the 

phosphor. The scintillation detector is calibrated to constant sensitivity 

by counting a standard source of .Pb210 + 131210 + Po210 (in equilibrium). with 

every determination, and comparing th1s count With that obtained from the 

same source :when the Th232 , Rn222 , and Pb2·10 values were determined. 

Solution of the sample 

A 0.1- to 0.5.;.g sample, depending on total activity and ease .of solution, 

is fused to red heat with 4 g of Na2o2 in a nickel crucible . It is important 

·that approximately the same amount of flux and the Sa.)ne conditions of fusion 

b~ .used for all sampJ,.es in order to insure a more consistently uniform sulfide 

precipitation. 
I 

The time of fusion is recorded. The melt is taken up in water, neutralized 

carefully with concentrated HCl, then ma.:de up to an acidity of 1.0 normal with 

HCl and to a total volume of 100 .ml. With this treatment the sample should 

be completely ·in solution o A few ores . ma.y not convert to· a · ·clear ·solution 

immediately; these will have to be a.~lowed to .stand for some time in ·order to 



get them to dissolve. If solution is still not obtained or where radon 

analysis is desired and immediate resumption of procedtire is necessary, a 

smaller sample $.¥ be ·trie_d. A smaller sample should also be used for 

ores that contain a ·very high percentage of silica so that there will be 

a more rapid filtration of the sulfides o To obtain a more unif,'orm :pre-

cipi tate in the presence of' niobium and · tantalu.ni ·or titanium, a small amount 

of sodium fluoride aan be added. 

Preparation of precipitate for determinations 

To 1 ml of 0.016 ll).ola.r Bi20s ·.in l o8 percent HCl solution (6 mg Bi) 1 m1 

of 0~014 molar Pb(N03 h~ solution (3 mg Pb) is added and the solution is 

gassed with H~ for 10 mi.nutes. The bismuth is used as a car.rier ·of the 

polonium and bismuth. isotopes. The lead is intended to dilute the copre-

cipitation of the radioactive lead isotopes. 
' 

The (B1,Po)2f33 precipitate is filtered on a 7.0-cm no. 42 pape
1
:t" in a 

no. 0 Buchner ·tunnel using a suction f'la.sk o The precipitate is washed to the 

center of the paper . with water and the filtrate tr&nsferred to -a 250-ml 

beaker. The sides o£ the paper are completely washed down with alcohol. 

The damp precipitate a.nd paper are glued. to an alumi.num ring 1 7/~ in. in 

diameter and dried with moderate heat. 

The time is recorded as the mean between the beginning of fil tra.tion 

a.nd the time -when the entire solution has passed tn.rough the filter paper. 

It is desirable that no more than 6 to 8 minutes be required for this operation. 

This · precipitate ·will contain the isotopes Po218 , Bi214 , · Po214 , Bi 210 , 

and Po2J.O when rad.ium226 is present and Po2l.6, Bi212, and Po2l.2 when thorium232 

is present . The amoup.t of these isotopes present is determined by alpha ... 

particle count.With a scintillation detector. 
'I, 
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The radon group (thorium series absent) 
,· ... ; .. ' .• 

When a radon determination i's desired, ·the foregoing · preparation: must · 

be rapid. Between the time· of fusion and · precipitation ·Of the radOn group 

the controlling: isotope is . Pb2~4, · that is the : rad.ioactivityin the solution 

decays with a half'·=life of 26.8 minutes, the half-life of Pb2~4, ·a.s radon · 

itself' was eXpelled -during the fusion. It~ is desirable that no more than 

30 nU.nutes be used in this operation, and no more than 6 ·to 10 minutes 

additional time should elapse before the count is ini~iated. After precipi

tation the controlling isotope is Bi2~4 with a ha~f-lif'e · of" l9o7 minutes., 

. The count itself is made on the 7 ., 68 Mev alpha particles . emitted l:>y 
. . . J, 

Po2~4 (T ~ 1~5 x 10=
4 

seconds'}. · At least thr.ee determinations. of counting 

rate immediately following each ·other ·should be taken. A plot on 'semi-

logarithmic · graph· paper is made of these coll!lting rates agafnst . time to 

determine the radon content at the time of fusion" (See figure ·;)). 

If no isotopes of' tne 'thorluin series . are pre·sent in the sample; the plot 

will be a straight line "W"ith the slope o.f' .decay ·curve of Bi214 (T = l9 o 7 ·min). 

This line · is ·extrapolated back to 'time of' prec.ipitation. ~nother 'line is 

drawn.--w:iththe slope of' decay curve of' .Pb~~4 (T = 26 "8 -min) · rroni the point 

of intersection of' the Bi2~4 decay curve andthe '?rdinate representing the 

time Of precipitation .to the ordinate representing the time ' or tusiono The 

final extrapolated · point represents the activit;r of' Pb~i.4 1 at the .time of 

fusion. However, if one assumes tba.t at this time there ~s equi.librium 

be~wee:n Rn222 , Po2~8 ; and Pb2~~, the: actiVity is the . ~arne for these three 

nuclides:· Thi.s value of Pb2~4 , is · then compared ·nth the col.mt (obtained in 

the same ; manner) of' a source of radon in equilibrium with a sta.nd.B.rd uranium 
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Decay curve' of Pb214 (26.8 min half-life) . 

~Decay curve o.f 'Bi214 (19.7 min half-life) , 

:·· · 

Case 1 . ~ : · Presence o~r uranium. series 

48 ' 
Time(minutes) 

~only ( sample 6 ;814 ) · 

I . 72 . 

' . . . 

Figure ;.--Decay curve of Pb~14 :product al:pha activity ~nd . 
dec~y curve of Bi214 ~hrough 5.1 mg/cm2 aluminum absorber 



ore.~/ Table _l shows the average constant obtained for three National 

Bureau ·of Standards ores. This value has been ·used for all of the calcula-

tions. 

· Thorium. (as radium.228 group) 

When only thorium232 analyses are required, no speed ·requirements are 

necessary between the time of fusion and precipitation. In :fact more a.ccu-

rate results can be . obtained if the radon group products are allowed ·to 

decay before precipitation (about 4 to 5 hr .is sufficient)o · After precipi= 

tation, however, rapid filtration arid initiation of count are desirable. 

After a.llowi~ for the decay of Bi2~4 , if present, Bi 2~2 with a half..!. 

life of 60. 5 minutes is ·the controlling isotope which starts to .. decay when 

the sulfide precipitate is filtered. The count is made on :;the 8. 78 Mev 

alpha particles :from Po2~2; a small part is also due to 6 'Mev Bi2~2 alpha. 

particles . The same methods · of counting and absorber are used as in the 
. . ~ ' 

·.·determination of ·radon. If insignificant amounts of radon a.t"e present or 

if its products have been allowed to decay.? the plot of consecutive counting 

rate . determinations will result in a straight line (fig .. 4) 0 This line is 

extrapolated to the ordinate representing the time o;f' precipitation and 

represents the activity of Bi2~2 .. The assumption is then made that all the 

isotopes in the thorium series are in equilibriumo The resulting value is 

compared to that of a !-percent thorium standard ob'~ained in the same manner. 

The results obtained o·n two .National Bureau · of Standards ores were used to 

obtain an average value which is used in later calculations (table 2) o 

~/ . A standard uranium ore usually has a-positive emanating power o _ Hence 
for absolute determinations of radon corrections must be made for this source 
of error. However, where the emanating power is known to be low, this can be 
neglected for most practical purposes_. · 



17 

Table lo••Experimental alpha activity constints of uranium series 
standards used iri radiochemical determinations on 0 .. 2500 ... g 

amounts of ·sample o 

· Sample 

NBS 1 percent U 

NBS noo 2230-1 
(MS-VL 3o08 
percent U) 

NBS no .. 2230-2 
(MS-L 6.~92 
percent U) 

.Average a.nd standard 
deviation 

90o0 87 .. 7 
89 .. 5 85.1 
87o2 86 .. 0 
90o3 . 82.2 

9loQ 86o3 
85 o3 8:; .. 4 
89o7 ' 86o8 
9lo·O 8:;.6 
88 a2 87.6 

88 .. 9 86.8 
94.7 88 .. 5 
89.2 78.7 
88.0 80 90 
88o9 Bo.B 
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Table 2o=-Experimental alpha actiVity constants ot thorium series 
standards used in re.dio,chemical .determinations on 0.. 2500-g · 

amounts of sB.m.ple o · · · 

Sample 

NBS 1 percent Th 

NBS noo 26o1 
{Monazite, 8.48 percent Th) 

Average and standard deviation 

. .~ 

·. Counts{minute 
'Percent thorium 

6lo2 
' 59·5 
6o.o 
59.6 
58-5 
61.1 
58.8 
61.0 
59o5 
6Qo0 

61.0 
60.5 
64.5 
58.5 
61 .36 
60.5 
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·combined radon and thOriUm. analyses 

In. the. presence of signifi,eant quantities of 'b~th radon2~ $nd 

thorium23~ products,- the resulting curve of counting rate ·against time 

'Will describe initially a decay somewh~re between Bia14 . and Bi2l2. ·As 
23.4 . . ' . • ' ' . ,' ,• ·' ' ' . ' ' 

Bi · decays ~o a small traction of 1 ts initial value, the pure. Bi~l.2 

decay curve will be defined. (See figure ; • ) 1'his Bia12 curve is 

extrapolated back to the ordinate · represe11ting the time of p.recip1tatian. 

The decay curve of :S.ie14 ·. is obtained· ~er subt:r&Qti.Jlg the difference 

between, the curve r~presenting the ]312.1.2 decay and the mU-v.e representins 
; 

the combine<! .. :decay o:f B12ia · and ·Bii!l.4 • . With these corrected and extraPO ... 

lated points ~he quanti ties of Rn22a and Th~~ can be . determined. u 

previously ·shown .. 

The lead~u.o g:FOUP 

The pro duets of radon~ and thoriumasa are allowed to : .. decay tor 1 
~ ' . 

day, and ·an: ~lph~ co\lnt ;l.s again made on the sulfide precipitate. In 

determining t~s ·count, no a.bsorb.er· ls ·used · and. de~y c~s ~ed not he 

drawn " Po210 with e. half-life of 138 QaY,$ 1~ the. emit~er Of' the alpha 

particles counted and a. wait of several da)'Jl can be: made with no ~orrectisn 

required for · ,fts decay. This counting rate is then COJIQ?&r~d tQ -a SOurC_~ 

of t>o2l.0 prepared in the. ~ame manner from a standard uranium o:re. . Ta.ble 1 . · 

contains the standard constants in thes·e anaJ.yses. 

Ra.dfum228 

The lD.ethod of Curtiss an(J._ Da.vis §/ .. j.s used to determine the radium 
' . 

conte.nt ot an ore. The sample . . to be ~l.yzed xrn.tSt be comp~etely in so;tu ... · 

' . . §} . Curtiss I L" r·. ' . and Davis, , t J ., , A . cou.nt,ing :method : fox- the dete;-~ 
m1ll$tion of ·small . amounts of rM.iwn ·and ~P4on~ !at, ··~. Sta.ndar<UI. Jour. 
Research, val. ~1, ·p, 181, 1943 .-
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\~Decay curve of both Bi2~2 . and Bi2~4 

0 ' : 
\ 

\ 
0 

\. 
\ 

G . 

' ' ' 

Decay curv of l>b2~4 
(26.8 min half·life) 

\ 

Decay curve of Bi2~4 
(19.7 min half~life) • 

Decay curve of 
Bi2~2 (60.5 
min half-life) 

. (Sample ~ · Polycrase and euxeni te , 
no. }924) 

8 

Time . (minutes) 
Figure 5.--Relati nship of combined decay curve of Bi2~2 , Bi2~4 ~ 

product alpha a tiyity to. the differentiated decay curves 
· :of Pb2~4, Bi ~4, Bi2~2 product activities·· 
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tion. The radon contained in the sdlution is ·boiled under;'~-:'acuum and · 

passed · int~ an ionization chamber. The col.lnt resulting f'rom ~he . io.nization 

of the gas in . the chalnber 'is , compared to :the cOunt. obtained. from the .. radon 

in a standard radium solution of 10,-9 g <> 

A different method ·o.f solution . tha.il that described. .in the apove 
. ' . 

ref'erence is usually usedo A 0.1= to l o O~g sample is . fused ·with s~dium 

peroxide and acldif:ied to a 3 to 4 percent hydrochloric acid solution. 
' '. 

nrscussroN or UNITS AND EXPtmssiON ·OF RESULTS 

The thori\lm and uranium content is ~eported as an actual percent o.f 

thorium or u.ranium, .respect! vely. The uranium content .is also converte·d 

to curies x 10~9/gram of sample and reported as such for comparison. with 

the other amounts descr~bed below. The radiation fJ;Om 1 gram . o.f 1 perc·ent 

pure U23B is eqUivalent ·:to 3. 42 x 10-9 curies. The content of Ra:226 , Rn2~, 

and 'Pb2~o ;ls reported· separately as curi.es o:f .. Ra2.26, Rn222, and Pb2J.O x l0-9 

per gram of ·sample, respec·tively. 

· A curie is def'ined 'as that BJl'lOunt of .radioactl ve material which · will 

give 3·7 ·x .10~0 .disintegrations per second. A u,r~um sample in equilibrium 

with respect to the three isotopes list'ed a.boye will contain the same number 

of ·curies · of each· of these isotopes. · If ·the n'Ulliber a:f' ·curies of any o.f ·the 

three isotopes is greater or less than the equilibrium amount, the excess -or 

deficit represents the degree of disequilibrium. 

The value of eU (eqUivalent ura.p.ium) ·is .defined as the ratlo of the 

net cqunting rate of a sample to the net counting :rate per percent of a 

uranium standard . in eqUilibrium ·with all of its disintegration products, both 

measure,d 'unde.r simi·~a.r ·geomet:ry. Thus'' ' i"G vp.ll equal the uranium content 

only when the sample is iD. equilibriul(r: l;md .other emitters are not present . 
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A useful . check for the amounts of .radon222 1 .~le_a.d~~o g : ~d thorium232 
. . _. . - ··. . ' ' :-.. :. - ' ~ .. I ~ ' I • ' • . •. ' • 

is based on the fact that the normal distribution of the isotope groups 

for a s~ple in equ.ilib.ri~~ ·meas\lred in the Geochemistry ·and Petrology 
.. 

laboratoryll Denver,, ·with its conditions of' geometry~ is such that approxi-

mately 40 percent Of the beta,,.>ga~ (!d~t . is -due to urani:wn23.8 and its 

products down to raai~22e ~ · about · 46 'Per~ent is , due t ·o the products bet.ween 

radon222 ~d lead210 ~ and about '20 percent ·is due to tea.d2~0 and its 

daughter productso 

When thorium232 in equilibrium with · its decay products is present in 

a · uraniferot'I.S sample ,11 t~e mea.s.ured beta.nga.mma activity is equal to the sum 
. ' ' - . - ( ··. ', ·. 

:of the activities produced by the ~anium.2sa ~ radon222 ~ and lead2J.O groups, 

plus the thorium232 activityo . This latter activity is equivalent to the 
. ' . . 

activity ·o.f ~n equilibrium. uranium sample .the uranium conte.nt of "which is 

20 percent of the thorium present in th~ s'aniple., 

· Thus the sum.. of the equivalent ·beta-ga.mlria -activities of each group 

converted to percent ·w111 give a. calculat;ed. value of equivalent uranium ( eUc) • 

euc ·= (o .. 4"}t0·238)+(0~4j(Rn222 )+(0 _o ~)(P"b'2~0 ) and~ in the case of ·the presence 
' . 3o42 

of thoriun1-:uc == (Oo~J(U238)+(0o4)(Rn222)+(0o2)(Pb2~0) + (0.2)(% Th232) • 

. . . 3.:> 42 .. .. . . . 1 

When U238 , Rn2 22 ~ and Pb2 l.0 are in curies x 10c"9/g of sample w.?~d Th232 · in 

percent, eU c should be ap:proxima tely equal to the determined value of equi va-

lent uranium. 

EXPERIMENTAL DATA 

Three National Bureau of Standards uranium ores were~ used to ~etermine 

the values of :detected alpha activij:;y of R:n222 and Pb2~0 tor 10""-9 cu:ries/g 

o:f sample, using the methods described for these determinations o Table ·1 

shows the value for each individual determination together 'With the average 
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values -of co.unts minute 
and 10;9 curies Pb2~ g of sample' 

subsequently used as standards in the analysis of ores for tf.l:ese isotopes. 

The st~dard. deviation of ·these -average figures is _ also shown. It will be · 
. . 

noted that _ the amounts o:r Rn222 ~d Pb2-10 _ in the _standards differ slightly. 
. . 

These should be considered as two d.if£erent amo:urits and not averaged together. 

This is due to the fact that there are different absorption factors in the 

.measurement of each and that there is a variance · in degree ·of sulfide precipi-

tation between the two as shown in the section on Experimentally determined 

conditions . · 

Table 2 shows ·the Po2l.2 alpha activity. in counts/minute of two -· 
- - percent Th . 

standard thorium. ores from the National 13urea.u -of Standards. The standard 

deviation for the average is sho~. 

-Comparison of thorium. analyses determi~ed· by proposed, ·Jnethods and those 

determined ·by classical chemical methods is given in table 3 o Ores containing 

various thorium mi.nera.ls were analyz.ed. 

- .Analyses of various ore samples for u238 , Th232 , Ra.2 26 , Rn222 ; and Pb2~0 

are given in. table 4.. _The table ,is divided into groups whe.re the majority ~f 

the radioactivity is due to thorium, excess .radi'Ulll, and deficient radium. 

· Where _ ~he samples conta.in only the uranium -series 1 the activities of each 

member of the series should. be the same. ·These particu~ analyses clearly 

show disequilibrium, the seriousness of which can be seen !Tom the activities 

o.f the four daughter products shown. 
. . 

Table 5 illustrates the comparison of eU determined bf betae.gamma 

·counting ·methods a.nd. eUc _- (calculated} as ._ the . ·sUxmnation of the counts of each 

compon~nt group. The results show.n an aireement 'With~n the limit·s of error 

of' such methods • 
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Table 3.f:L c~Colllparison of chemica..l and radiochemical thorium deter-
mi:ria tiona of' va.riou:s ··thorium ores and · minerals 

No o and sample 

3926 Aeschynite 

3924 Polycrase and ) 
euxenite ) 

) 

3923. Monazite 

A 13 Black sand 

·A 26 Black sand 

3181 Ward's thoriani te 

3063 Thorianite 

3905. Thorite 

Percent· thorium 
Ch~mical ··. a.na.lysis :!I 

5.'74 
5.54 

4.43 
4.60 

4o2l 
4~23 

3·12 
3 () 29 

1·.67 
1 o79 

2 o74 
2 a86 ~ 

l o75 
1.65·· 

1 () 68 
1.58· 

Percent thorium 
Radiochemical analysis 

·· ~, " 

5o76 
5o50 

4o55 
4o56 
4.32 gj 

4.13 
. 3o92 

3.12 
3.;26 
3 oll 

1-75 
'1 ~ 82 

3~02 
·2.94 

l o74 
1.74 
1.72 

l oO~ 
' ~.07 
1.25 

. 1.20 
l. ol.O 

!/ Chemical a,nalysef:l by Harry . Levine 1 U. S. Geological Survey. 

g/ Rn222 and Pb2~0 ~or this sample: 

and 13.4 x 10-
9 

curies Pb210 

g of sample 

:9 .. 
13 "7 x 10""' ; curies Rn222 

g of sample· 

J .. 
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Table · 4" =-Anaiysis of Inisc·el1aneouS , o;re .. · .samples:· for · ugsa·,. R.a.2~_, . 
Rn~, Pb2~o, and Th232.if · • · , . . - . · · 

! '.. . ' 

! • 

Sample 
no . 

u . Th u23e ~ ·_ · .. ·Ra22e Rn222 . . ·Pb2~0 

·. ·. (in percent ) 

Samples .containing thorium 

52336 
52337 
63526 
63527 
63528 
67150 

0 ,005 
0.002 
0.010 
Oo005 
Oo008 
0.001 

1.2 
Oa4l 
0.44 ' 
o.o6 
0.15 
7.1 

(in curies X J.Q-9 /g Of ·sample) , 

0.02 
·o.oo7 
0~034 

:o:.o2 
·o.o; 
0 .• 003: . 

0.034 ' 
0.02 
0;.092 

0.02 0.1 : 
OoO} 

--__..I'----------_;~..._ _ _ __.__,;__~_...;,.----------- . ,·. 
Samples with deficient radium~26 '·· · 

63814 
64124 
64125 

19.9 
0"45 
0.48 

Samples v.i.th excess radium22e 

64123 
64126 
64128 
64129 . 
64130 
64131 
64132 
64133 
64630 
64631 . 

0.10 
o.oo8 
0 .. 13 
0.14 
0•17 
Oo.009 
0- a005 
o.o64 
Oo036 
0 .. 034 

68 aO ' 
1.5· 
l .a6 

o.}4 · 
o.o;.. 
0 .• 44. 
0.48 
0.58 
0.03 
0·02 

. ~L22 
0 ~ 12 
Oo12 

8.82 ' 
1.2 
l ·o6 

5.88 . 
1 •. 7 

19o8. 
5-91 
2o9 
0.72 . 
·2.2 
1.9 
o.61 · 
0.85 

4.8 
1 o6 

17. 
4a8 . 
2o5 · 
Oo51 
lo9 
l a5 
0.54 
Oa61 

7J:>5 
·o.41 
Oo62 

4.4 
1.0 

17. 
4.8 . 

·2~. 7 
0.68 
lo2 
1.2 

- 0.)4 . 
o.44 · 

1/ Uranium ·analyses by the staff of the 'Geo.chemistry and. Petro·1ogy B.ranch 
Denver laboratory. 

.. ' 
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Sample (0.4 U) 

no. 

52336 

52337 

6}526 

63527 

63528 

63814 

64123 

64124 

64125 

64126 

64128 

64129 

64130 

64131 

64132 

64630 

64631 

67150 

0.008 

o.oo3 

0<!014 

o.ooa 
o.o1 

27.2 

0.14 

0 .• 60 

0.64 

0.01 

0.18 

0.19 

0.23 

0.01 

o.oo8 

0.048 

o.o48 

·o.oo1 

(0.4 Rn) 

0.014 

o.oo8 

o.,oa 

o.o; 

1.88 

1o9 

0.30 

0.44 

0.64 

5o6 

1 .. 9 .. 

loO 

0.20 

0.76 

0.01 

27 

4 
(o.2 .. Pb) 

o.oo4 

~ ) • ' ... ' 

0.02 

1o41 

Oa88 

o.,o82 

0!120 

3.4 

blJ96 

0.54 

· ··o·.I4< 

Oo24 

o.o68 

o.o88 

~ 0.01 
; 

~ . ; ' 

0.24 

o.o82 

0.088 

o.o12 

Ov030 

1.4 

• Oo25 

0.085 

0·12 

Oo01 

Oo05 

8.9 

Oo85 

0.29 

0"35 

0 .. 25 

2.8 

·Oo89 

0 .. 52 

0.10 

0 .. 29 

0.098 

eU determined 
by 13-r 
count 

0.23 

0.084 

o.1; 

Oo021 

o.o4r 

8o7 

·o.84 

0.30 

o.:;6 

01>23 

2o9 

Oo90 

0.50 

·o.1o 

0.26 

o.o88 

0 .. 12 

1.4 

!/ u, Rn.~ · an~~ are in curies x 10-,9 /g sample; Th ·1s in percent o 

g) eU ·;::: (co~ 0 . 
2+3;t4) + col. 5o 

c . ' ·: 3 • 42 .. ; . ·i • ' 
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The results are cal~lated from the followirig -~ormula.s: 

T.h (.ol) = (Pp2 l.2 alpha actiVity, c/m) ( ·.. 0 ~ 25° g · · ) ( 1430) 
.7J (mass of sample). ( ° K . ) 

60~4 c/m/ ~ Th . 

Rn222 (10'"'9 curies/g or sample) = 

(Po2 :L4 alpha activity c/rn) ( 0 0
<>
25° ·i .: ) (1430) 

..• · .. . . . .. . .· (g of sample) ( K ) 
89.4- c/m/lo-e curies R.n2 22 /g of s&nple 

9 . 
Pb2~o (10"" 'c:u:ri.es/g ~ sample) = 

(Po2 :L0 alpha activity c/m) ( · 0 •250 S ' ) (l430) 
0 (g of ·sample) .( K ) 

84.; c/m/10,.9 curies Pb210 /g Of sample 

where the denominators are the .coUnting rates for :o ~ 250 g of the particular 

standard in questiO.Jl• , 

The value 1430 ±. 14 c/m is a standard calibration const8Jlt of a Po source 

and K is the sensitivity standard value obtained at the time of the determination 

to correct the detector to standard conditions. For example from .figure 3: 

(O ol25 g sample of .63814) 

(2l4 c/m) ~g:ii~~ ~l . = 4.70 x 10·9 curies Rri222 

89 ,4 c/m/10«<9 euries Rn222/g g of sample 

EXPERIMENTALLY I$T.ERMINED CONDITIONS FOR PROCEDURE 

/ The optimum amount of carrier to be used was determined ~xperimenta.lly 

r/ and shown in figure 6 0 . 

/ • . 

The critical acidity curves for the precipitation of Po210 , Bi214 , and 

Bi 212 are shown. in figures 7, 8, and 9 1 respectively. The precipitation in 

both the presence and absence of a sodium peroxide fusion is described. The 

use of the sodium peroxide fusion on the sample lowers the a.cidi ty reqUired 

for the proper preciJ>itation of the b:lsmuth and polonium sulfides o 
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A sulfide pre.cipitate from a standard PoalO source 'W"ithout a sodium 

peroxide fusion was· Uf3ed to dete~e the ~ctinty of Po210 in column . 2 of 

table 6. The filtrate. from this ~recipitation -~ evap()~ated to dryness 0 · 

The alpha activity of th;l.s evaporate showed that 99.7 ;percent of the Po2~~ is 

precipitated with bismuth sulfide~ ' Table 6 sho;ts tpe ~'Wlt of each isotope 
. . 

precipitated .af'ter a sodium. peroxide fu,sion; 

table 6. --completeness -ot . sulfide precipitation 

1 

Isotope 

Po2~o 

Bi2 l.2 

B12l.4 

2 

A~tivit1 with 
no Na20~ fusion 
(counts /minute ) 

2590 

4600 

4280 

;. . 
Activity with 
Na202f\lsion 

(counts /minut(#) 

2110 

4460 

. ; 4.~00 . 

. LIMITATIONS 

·,. 

Amount precipitated 
Yith Na202 fusion (ratio· 
of column 3 to column 2) 

· · (percent) . 

82 

97 

96 

Th~ analysis for radon is restricted to those . s_8mples that will go into 

solutio~ with Na~2 itntnediately. All of the determinations using sulfide 

precip:i.t~tion are limited t6 ores that do not eonta.~n s~ch large amounts ·of 
. . 

heavy metals as are usually found in sulfide o~es· . If ·the ores are heavy 

sulfi.des, too large a precipitate will be ob~d and the effect will be 
. . 

excessive self--absorpti~n of ,the alpha particles eausing low resuits. How~ . 
. . 

ever, t}le thorium de.termination could be perfonzed on sultide or.es by a 

reprecipitation of tl1e 'sulfides after an overniS}lt or longer ·wait for the 

Bi.2~2 to .regenerate. 

· T!le lover analyti.cal limit for most samples Ylth .rea~ct to total 

a.cti vi ty ·is about 0 .020.· pereent eU. Sample$ tha-t ·aJ.e ·'beti.eved ·to contain only 



thoriUl11 can be analyzed at a slightly lover eu. In analyzing for a combi

nation of' radon222 and thoriuxn the lower analytical lim! t, for the same 

degree o;f' accuracy, may be slightly higher than :the 0.020 percent eU 

mentioned .above. For samples containing appro~mately l })ercent uranium 

9:r thorium, 'the error in reproducibility of results is about 5 percent tf'c5r 
' 

rado~22 and thorium232 and about 8 percent for Pb210 • Radium content of 

less than 10-1·2 curies/g sample can be determine-d ·with the emanatiqn method. 

In the presence of' high thorium232 .'content w1 th respect to radon~22, 

the rad.ium22e analysis can usually be used for ra.P.on in calculating the 
' ., ' . . .. 

. . . 

equivalent uranium for pUrposes of checking. 

DISCUSSION 

The ;fa.ct that a uranium-bearing ore is or is not in equilibri'UJ!l w.1 th 

its decay .Products is ·of prime importance to the geochemist. In order to 

make a _radiometric assay of the ore, equilibrium is a prerequisite. .For 

-a larg€ nUJrib·er of problems it is necessary to bave a quantitative ·measure 

of ·the amount ot ·disequilibrium e_specially for radium, radon, and lead. 

For instance, in any radioactive age method it is necessary to know the 

state of equilibrium .of a g~ven sample. For these and a. host of other 

problems the forego~g method ca.n prove to be a. useful tool in determining 

the ,degree of 'equilibri~ within a sample. 

The following possibilities of uranium ... thorium230 ... :ra.dium22e disequi

librium indicate some probab_le reasons for the cause of disequilibrium •. 

Underlined causes should be the mos~ probable.. The symbol = means 

''in equilibrium, " 



\ . 

Cas-e 1 o (U = Th230) > R.a226: indicates Ra leach or U + Th deposition. 

If Pb2l.o > Ra226, ~his indicates greater probability of very recent 

(within 100 years) Ra leach onlyo");./ 

Case 2. (U = Th230 ) <Ra226 ~ indicates Ra deposition, or U + Th leach. 

If Pb210 < Ra22e, this indicates greater probability of' ·recent Ra 

deposition only. 

Case 3. U > (Th230 ·= Ra226 ): indicates-· recent U deposition or recent 

Th + Ra leach. 

If Pb210 > Ra226 , this indicates greater probability of' Th + Ra leach 

only. 

Case 4. u< (Th230 = Ra226 )~ indicates--a · leach or Th + Ra deposition or old 

Th deposition. If Pb2l.O <Ra226, ·this indicates greater probability 
.;_· 

of recent Th + Ra deposition . 

Case 5Q U >T~230 >Ra226 : indicates .J7'~'1atively young sample. 

Case 6. U>Th230 <Ra226 ~ ind.icates recent Th leach or Ra deposit;on young 

sample. If Pb210 <Ra226. ~ .this--#,ndicates greater probability of Ra. 
· . i 

deposit. . . ~ . 

Case 7. U <Th230 >Ha226 : ind-tcates Th deposit or U leach of young 

sample .. 

Case 8. u <Th230 <Ra.226: indicateS' differential deposition of Ra and Th, 

or differential lea.chi!lfS o:t; tf+ Th. If Pb210 <Ra226 , this indicates 

greater probability of dj.iferential deposition of Ra and Th. 

y Pb2l.O < Ra226 can be' l:l-Sed only where Rn222 = Ra226 because of the 
possibility of Pb2l.O J.o.c.s·_,. ,rtit11 long•continued Rn ema.nationo 

i . ... ;-
.· -. 
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