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FOREWORD
In Canada there are currently about 130 million tonnes of mine wastes (tailings) produced from the
mining and milling of uranium ore that are on or near the surface. At public hearings and other
forums held in connection with proposals for new uranium production i'ticilities, concern has been
expressed about the impact that these wastes may have on the environment in the future.
Government regulatory agencies believe that there may be long-term environmental and health
consequences associated with uranium tailings that are not yet fully understood.

As a result of a year-long study bv a group of experts from government, industry and the
universities, into the possible long-term problems of uranium tailings management, the Federal
Government decided to launch an R & D program to assist in clarifying the nature and extent of
problems 'hat may arise in the future. It is anticipated that the results of such a program will bo of
use to the Atomic Energy Control 3onrd and to provincial regulatory agencies in the establishment
of criteria for the decommissioning and abandonment of uranium tailings. To this end, the
National Uranium Tailings Program of CANMET has been funded to the extent ofS9.5 million for a
period of five years.

The main objective of this Program is to provide a scientifically credible information base that will
assist government regulator)1 agencies in making confident, knowledgeable decisions, and in
establishing criteria for the long-term protection of the environment and human health. The
scientific information base will, among other things, describe the chemical and physical processes
that involve tailings constituents and their movement along pathways from the tailings into the
biosphere.
The National Uranium Tailings Program's activities, which have been entirely contracted out, have
included research into the processes involved in the behaviour and movement of contaminants
from tailings, field sampling and measurements, chemical analyses and predictive modelling. As
an import;>"t part of the Program output, manuals have been prepared that incorporate the results
of this work.
This manual has been prepared for the purpose of making available up-to-date information and
data that will be of interest and practical use to those directly concerned with operational aspects of
uranium tailings management and regulation.

W.G. Jefferv
Director General
Canada Centre for Mineral and Energy
Technology



AVANT-PROPOS

Environ cent trente millions de tonnes de dechets de mine (residus) resultant de I'extraction et du broyage du
minerai d'uranium reposent presentement en surface ou pres de la surface du sol au Canada. Au cours des audiences
publiques et autres debats tenus en vued'etudier les propositions relatives a I'etablissement de nouvelles installations
pour I'exploitation de l'uranium, on a manifesto de I'inquietude au sujet des repercussions environnemenlales futures
des dechets de mines. Les organismes regulateurs du gouvernement croient que les residus d'uranium peuvent. a
long terme, avoir des consequences dont la gravite nous echappe actuellement, sur I'environnement et la sante des
travailleurs.

Pour donner suite a une etude d'une duree d'un an a laquelle a participe un groupe de scientifiques du
gouvernement, de I'industrie et des universites et qui portait sur les problemes a long lerme que pose la gestion des
residus d'uranium, le Gouvernement federal a elabore un p'ugramrne R-D en vue d'elucider la nature el I'etendue des
difficultes qui pourront se poser a I'avenir. On espere que lys resultats de ce programme permettront a la Commission
de I'Energie atomique du Canada et aux organismes regUateurs provinciaux de proceder plus facilement a I'elabora-
tion de normes relatives au processus d'abandon des residus. A cette fin, le gouvernement a finance jusqua
concurrence de 9,5 millions de dollars le Programme de gestion des residus d'uranium du CANMET, et ce. pour une
periode de cinq ans.

Le but principal du Programme est de fournir une source d'information scientifique valable qui permeltra aux
organismes regulateurs du gouvernement de prendre des decisions avec assurance et en toute connaissanc~ *<*
cause et d'etablir des normes de protection a long terme de la sante des travailleurs et de renvironnement. La banque
d'iniormation scientifique fournira la description, entre autre. des processus physiques et chimiques auxquels
participent les elements constituants des residus de mine et du cheminement de ceux-ci dans la biosphere.

Les activites du Programme national de recherche das residus d'uranium, qui ont toutes ete adjugee" par
contrat, comprennaient des travaux de recherche sur les processus relatifs au comportement et au mouvement des
impuretes provenant des residus, des echantillonnages et des mesures sur le terrain, ainsi que des analyses
chimiques et la modelisation prophetique. Les resultats de ces activites sont preserves dans des guides dont la
publication fait partie integranfe du Programme.

Ce guide a ete prepare afin de fournir a toutes les personnes qui s'interessent activement aux aspects
operationnels de la gestion et de la regulation des residus d'uranium, des donnees recentes et des renseignements
interessants e* utiles.

W.G. Jeffery
Directeur general
Centre canadien de la technologie des mineraux



PREFACE
The preparation of this laboratory manual was carried out under the terms of DSS Contract Serial
Number 0SQ83-00134. It is intended as a reference guide to assist participants in the National
Uranium Tailings Program (NUTP) to meet its analytical requirements.
The terms of this contract were that it should (within certain limitr.tions) be a compendium of the
best available methods for each parameter. Recommendations were to be made, by the contractor,
of the method(s) most appropriate to the NUTR

Norman W. Chiu and John R ivn
Monenco Consultants Limited
March 1984

DISCLAIMER

This manual was prepared for the National Uranium Tailings Program, CANMET, Energy, Mines
and Resources Canada. References herein to any specific commercial product, process or service
by tradename, trademark, manufacturer or otherwise, does not necessarily constitute or imply its
endorsement, recommendation, or favouring for use. The views and opinions expressed herein
are those of the authors only.
The methods detailed in this manual have been found to produce the quoted precision and
accuracy by experienced chemical laboratory staff with the specified analytical instrumentation on
the type of materials that are customarily analysed. The Canadian government neither makes any
warranty, express or implied, nor assumes any legal liability or responsibility for the accuT.i.y,
completeness or usefulness of any information, apparatus, product or method disclosed.



ABSTRACT

This Radionnahilicnl Methods Manual is comprised of 12 chapters. It includes a review of the
pertinent literature up to the end of 1982 pertaining to the measurement of the radioactive species
listed under the terms of the contract. Included is methodology recommended for the decomposi-
tion of soils, tailings, ores, biological samples and air filters. Detailed analytical methodology for
the measurement of gross alpha, gross beta, gross gamma, uranium, radium-226, radium-228,
lead-210, thorium-232, thorium-230, thorium-228, total thorium, radon-222, radon-220 and
radon-219 is presented.



INTRODUCTION
In January 1979, CANMET published a report entitled Radiochemical Procedure* for the Determination
of Selective Members of the Uranium ami Thorium Series ( C A N M E T R e p o r t 78-22 G . I . . S m i t h s o n , J.L.
DaJton and D.L. Masson). Many of the methods given and equipment discussed in this report
were at their early stages of development. In the intervening years ,1 great deal of work has been
done by many workers to improve these radioanalytieal techniques. The National Uranium
Tailings Program (NUTP) recognized that il should sponsor a new radioanalvtieal methods
manual. A contract was therefore placed with Monenco Consultants Limited of Calgary.
I would like to thank Dr. Norman W. Chiu and Dr. John R. Dean of Monenco for their efforts in
assembling this manual. Their intimate knowledge of the current state-of-the-art and its practical
application in a working laboratory is clearly reflected in this work. In addition, I wish to thank Dr.
Clint W. Smith for his review of the statistical portions of each method and for the preparation of
the Appendix A on the estimation and reporting of procedural uncertainties in radiochemical
determinations. 1 also wish to thank Mr. Lloyd Dalton and Dr. Gene Smithson for the very
thorough editing they did. Their efforts ensured that this document met the scientific and editorial
standards required by CANMET.
A number of other people also contributed to this project at various times. The efforts of all of these
people have been greatly appreciated by the NUTP staff. The result is a manual which will serve
radioanalytical chemists for many years to come.

Roy John
Project Manager, Measurements
National Uranium Tailings Program

'« j\J\\i
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1. REVIEW OF RADIOCHEMICAL METHODOLOGY

Thi.s chapter contains a review of the recent liter-
ature pertaining tn the radiochemical measurement
nl certain, naturally occurring, r.idic.ictive ele-
ments. Non-radiochemical method* tor the1 deter-
miiiiifion of uranium are also reviewed, in assist the
reader, a summary of the uranium-23N. ura-
nium-235 and thorium-232 decay series is shown in
Figure 1.

1.1 RADIUM-226
Radium-22r> is the mos! frequently determined ra-
dionuciide because it can he used as a measure of
radioactive contamination of the environment. It
can be determined by live methods; namely, gross
alpha measurement, radon emanation, alpha spec-
troscopy, gamma ray spectroscopy and coincidence
spectroscopy.
Gross alpha counting (1-3) is the simplest and most
economical method. It involves the removal of ra-
dium as sulfate from the sample solution with lead
sulfate carrier. Radium sulfate is then isolated bv

dissolving the radium-lead sullate in alkaline I'DTA
or DTI'A and coprecipitating with barium sulfate
carrier at pH 4.K. The radium-barium sulfate is
counted on a gross alpha counter. This gives total
radium, To obtain radium-22d, one must correct for
the presence of radium-223 and radium-224 by dil-
terential decay analysis.

Radon emanation (3-14) is an indirect method based
on the relationship between the activity of the
radon-222 daughter measured to that of the ra-
dium-226 parent ptesent. Radium is removed from
the sample solution and purified as lor the gross
alpha counting. The radium-barium sullate is re-
dissolved in alkaline EDTA and placed in a bubbler,
from which the gaseous radon is stripped after a
suitable ingrowth period has elapsed. The gas is
transferred to a ZnS scintillation (Lucas) cell and
counted on a scintillation counter. With this
method, there mav be a considerable delav between
sealing the bubbler and stripping the gaseous radon
from the solution. For example, if 50'+ equilibrium
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Fig. 1 - Some important characteristics of the U-238, U-235 and Th-232 series decay chains.



between rad''um-226 and radon-222 is desired, a
waiting period of one hall-lite is necessary, i.e..
about lour days. In practice, however, ingrowth
periods varv a great deal depending on the end-use
of the analytical result and the quantity ol
radium-226 present in the sample.

In the emanation procedure, there are numerous
modifications of the radon-222 measurement and
the radium-?.26 preconcentration. Modifications in
the measurement include the use of a simplified
scintillation cell (15), an ionizjtktn chamber lib) or
liquid scintillators (17). Modifications in the precon-
centration of radium include copreeipitalion with
calcium carbonate in the presence of activated car-
bon (18) or with calcium phosphomolybdate in the
presence of polyethylene glycol (19,20) or bv ad-
sorption on a caiion exchanger (1(1) or i"ibre impreg-
nated with manganese dioxide (21-24). The precon-
centration step can even be omitted by storing the
sample in a 20-L glass bottle and extracting radon
directly (25-27). Some workers concentrate the
radon emanating from large volumes of water into a
liquid nitrogen trap and later release it by warming
(11,14,16).

High-resolution gamma spectroscopy requires the
use of Ge(Li) or high-purity N-type Ge detectors
(21,28,29). This technique is based on the simul-
taneous determination of radionuclides bv mea-
surement of emitted gamma photons from 40-2000
KeV. In certain instances, it can be complicated and
time-consuming because of ;he presence of large
numbers of gamma photopeaks but simplification is
possible if the radionuclide(s) of interest is (are)
phvsicallv separated from thy others. For example,
Michel et al. (21) successfully determined the activi-
ties of radium-226 and radium-228 by separating
radium with barium carrier from the sample, '-"or
the determination of radium-226, photopeaks of its
daughters lead-214 (295 KeV, 352 KeV) and
bismuth-214 (609 KeV, 1120 KeV) were used. Ifura-
nium-235 is absent from the sample, the 185 KeV
line from radium-226 can be used. Similarly for
radium-228, the photopeaks of its daughter ac-
tinium-228 at 338 KeV, 911 KeV and 965 KeV were
used. Other investigators have reported the use of
gamma spectroscopy to determine uranium (30),
thorium (30) and lead-210 (31).

Coincidence spectroscopy has recently been re-
ported for the determination of radium-224, ra-
dium-226 and radium-228 (32,33). The coincidence
spectrometer consists of a Nal(Tl) gamma detector
and an alpha-beta detector which are connected to a
coincidence analyzer and associated electronics.
The technique is based on the separate measure-
ment of the coincident alpha-gamma transitions of
radium-226 and radium-224, and the coincident
beta-gamma trarsitions of actinium-228, the daugh-
ter of radium-228 (34). Chemical separation and
purification of radium into a source is necessary.

Radium-224 and radium-226 are measured directly
and radium-228 is measured indirectly via its
daughter actinium-228. This eliminates the require-
ment of separating actinium-228 from radium-22.S
which restricts the detection sensitivity because of
the short half-life of actinium-228 (6.13 hj.

Alpha spectroscopy involves the direct measure-
ment of the alpha emission Irom radium-226. The
high resolution and low background of surface bar-
rier detectors provide specificity and high sen-
sitivity. Source preparation usually involves
coprecipitation of radium sulfale with barium sul-
tate (35-39). The spectral resolution obtained de-
pends on the quantity of barium carrier, (he size of
the barium sulfate crystals and the presence of
other insoluble impurities. However, when the
quantity of barium carrier is reduced to improve the
resolution, the chemical yield decreases. Lim and
Dave (38) have reported alpha resolutions or 229
KeV to 496 KeV (FVVHM) for 100 pLg to 1 mg of
barium carrier, coupled with chemical yields of
65-85'.< . Dean and Chiu (40) have reported alpha
resolutions of 120, 156 and 221 KeV for 68, 138 and
276 u.g of barium carrier, respectively. Sill (41) has
indicated recently that with complete sample dis-
solution, a modification of the barium sulphate pre-
cipitation procedure, anc' removal of insoluble im-
purities from all reagent solutions, one can obtain
both high alpha resolution (60 KeV) and high chem-
ical yield. Electron microscopy has shown that bar-
ium sulfate crystals obtained by the normal pre-
cipitation Irom hot DTI'A solution are angular and
relatively large, at least I ji on a side (41). They tend
to form large dusters on the membrane tiller so that
the fraction of the total available filter area actually
covered is small. Consequently, the effective thick-
ness of ttvj deposit is much larger than for a uniform
distribution of smaller crystals. On the other hand,
barium sulfate crystals obtained by precipitation
from DTPA solution at room temperature, using a
barium sulfate seeding suspension, are almost
amorphous (<1 |J.) and they cover the entire surface
area of the filter. The alpha resolution is found to be
68 KeV for 100 (xg of barium carrier, which compares
favourably to 50 KeV by electro-deposition on a
polished stainless steel disc (35). Even with 500 jig
of barium carrier, the alpha resolution is an accept-
able 155 KeV.

1.2 RADIUM-228
Because of the difficulty in measuring the very low-
energy beta emission of radium-228 (0.055 MeV), all
techniques reported to date are based on the indi-
rect measurement of its daughters, actinium-228
(6.1 h half-life), thorium-228 (1.9 y half-life) or
lead-212 (10.6 h half-life). The application of gamma
spectroscopy and beta-gamma coincidence spec-
troscopy for the measurement of actinium-228 has
been discussed earlier. The most widely used tech-



nique is beta counting of actinium-228 (1-3,4-6,8,
22,23,42-55) which requires less than two days for
equilibration between radium-228 and aetin-
ium-228. A few procedures use alpha spectroscopy
to measure the long-lived daughter thurium-22K
(5,56) or beta counting of the short-lived daughter
lead-212 (57,58). Both of these procedures require
6-12 mo for the ingrowth of daughters, which is
unacceptable for routine measurement.

Radium-228 must be separated from other radio-
nuclides before its daughter, actinium-228, is al-
lowed to grow in. After ingrowth, aclinium-228 is
removed and beta counted immediately because of
its short half-lilt1 of 6.1 h. In general, radium-228
together with all other radium isotopes are sepa-
rated and purified by coprecipitation with barium
sulfate, as discussed earlier. Actinium-228 can be
separated from its parent bv solvent extract.un or by
ion exchange and then can be either electroplated
on a polished metal disc, evapora'ed on a stainless
steel planchet, or coprecipitated with a carrier for
beta counting. A faster and more efficient pro-
cedure is used by Chiu and Derm (59). Radium is
separated and purified in the form of barium-
radium sulfate. After the ingrowth of actinium-228,
the .sulfate is dissolved in alkaline EDTA or DTPA
and the actinium-228 is precipitated as the hydrox-
ide with cerous hydroxide as the carrier (6(J) and
collected on a membrane filter for immediate beta
counting. The entire procedure takes less than 30
min, which permits the preparation of one sample
to be completed just as the beta counting ol another
is finished, thereby reducing the risk of decreased
sensitivity while an actinium-228 source is waiting
to be counted.

1.3 LEAD-210
The radioactivity of lead-210 is normally measured
indirectly by alpha counting of its daughter polo-
nium-210 (5.3 MeV, 138 d half-life) or by beta
counting of its daughter bismuth-210 (1.17 MeV, 5 d
half-life) because of the low-energy beta emission of
lead-210 (0.018 MeV). The appropriate methodology
depends on the state of equilibrium between
lead-210, polonium-210 and bismuth-210.

If radioactive equilibrium is known to exist, the
measurement of polonium-210 by alpha spec-
troscopy is preferred. Polonium-210 in an aqueous
solution can be extracted by spontaneous deposi-
tion as the free element on a disc of a less noble
metal, such as copper (61,62), nickel (63-68) or silver
(63,67,69-71). Nickel and silver are better than cop-
per for the extraction of polonium-210, although
nickel also extracts bismuth-210 and some lead-210
(up to 20%). However, since polonium-210 is an
alpha emitter and bismuth-210 and lead-210 are beta
emitters, this method is specific for the indirect
determination of lead-210. It is very sensitive be-
cause of the high-resolution alpha source obtained.

The chemical procedure is relatively short and the
plating can be done in two hours at 60-65'C. Polo-
nium-208, also an alpha emitter, is recommended as
a tracer.

If the degree of radioactive equilibrium is unknown,
then three techniques are available. The firsi is to
measure polonium-210 in a sample three to six
months after the remova1 of the initial polonium-210
bv . ponuiiieous deposition on a nickel disc (63).
The second is to measure the bismuth-210 ingrowth
five or more days after separating lead-210 from the
sample (3,72-75). The third is to allow the sample to
age for 30 days, during which time complete equi-
librium between 1 -ad-210 and bismuth-210 will be
ensured to greater than 98':; . The bismulh-210 is
separated lrom lead-210 and determined by mea-
surement of its beta activity.

Lead-210 can be separated ov several techniques
such as electroplating (76,77), solvent extraction
(74,78-81), ion exchange (82-85), chromatography
(86-88) and electrochromatography (89,90). Ail
these techniques are labour-intensive and very
time-consuming. The simplest procedure involves
a single extraction of bismuth-210 with a 0.1'; solu-
tion of DDTC in chloroform (91) from a 2.\ hydro-
chloric acid solution. Bismurh-210 is subsequently
precipitated as bismuth oxychloride and collected
on a membrane filter for beta counting. A modifica-
tion to the apparatus allows extraction in batches of
six or twelve under identical conditions and elimi-
nates the use of separator)' funnels (59). An iso-
topic, gamma-emitting tracer, bismuth-207, is used
for the chemical recovery measurement.

A recent report by Scherv (31) indicates that the
direct measurement of a 47 KeV photon emitted by
lead-210 has not been successful in the past because
of the self absorption in the sample and the low
sensitivity of standard Ge(Li) detectors to this low-
energy photon. However, a new generation of high-
purity N-type germanium detectors (92) now avail-
able are characterized by improved sensitivity to
low-energy photons and increased active surface
area. Therefore, direct assay of lead-210 in moder-
ately sized environmental samples may be possible
by measuring the 47 KeV photon.

1.4 THORIUM ISOTOPES
The long-lived thorium isotopes from the uranium
and thorium series, thorium-230 (8 x 104 y half-
life) from the uranium-238 series, thorium-232
(1.4 x io»'y half-life), and its daughter, tho-
rium-228 (1.91 v half-life), emit alpha particles with
energies of 4.6 MeV, 4.0 MeV and 5.3 MeV, respec-
tively. They can be determined simultaneously after
separation from all other radionuclides and deposi-
tion as a very uniform and thin source for best alpha
spectrometric resolution.



The purification of thorium by solvent extraction
has been found effective using bis(2-clhvi-
hexvJ)pho.sphoric acid (6,73), Aliquat-336 (93,44)
thenovltrifluoroacetoiu1 (3,45), trilaurvlamine {'•Hi),
Alamine-336 and Primene JM-1 (47) in combination
with ion exchange has also been used (98). Llec-
trodeposition on a polished stainless steel disc lias
been found to be 'In.1 best method of preparing <i
uniform thin source for alpha spectroscopy for best
resolution. However, this technique is time-con-
suming and requires elaborate electrodeposition
apparatus and Sill and Williams (61)) have devel-
oped an alternate method. The purified thorium
isotopes are precipitated as hydroxides with 50 ng
of cerium carrier from a strongly alkaline solution ol
EDTA or DCPA and is collected on <> I). 1-JA mem-
brane filter for high-resolution alpha spectroscopv.
The alpha resolution is about 65 KeV f-WHM and
compares favourably to the 50 KeV RVHM lor elec-
trodeposition (35). For chemical recovery, tho-
rium-234 tracer (99) is commonly used.

Another method uses a combination of high-resolu-
tion gamma spectroscopy and alpha spectroscopy
(98). Thorium-228 is measured on the original sam-
ple by gamma spectroscopv and the isotopic ratios
of thurium-228, thorium-230 and thorium-232 are
determined by alpha spectrosuipy on the thorium
source after extraction. By means of the tho-
rium-228 activity and the isotopic ratios so ob-
tained, the activities of thorium-230 •.ind tho-
rium-232 are calculated. A similar approach bv
Dean and Chiu (40) measures thorium-228 indi-
rectly via its radium-224 daughter bv alpha spec-
troscopy. After ensuring equilibrium between tho-
rium-228 and radium-224 (20 d), radium-224 is
coprecipitated with barium sulfaie for alpha spec-
troscopy. The main advantage of this approach is
that barium-133, a gamma emitter and a proven
tracer for radium, is used.

1.5 RADON
Radon isotopes occur in all three naturally occur-
ring radioactive decay series (Fig.l). Radon-222
(3.82 d half-life) occurs in the uranium-238 series,
radon-219 (4.0 s half-life) in the uranium-235 series
and radon-220 (55.3 s half-life) in the thorium-232
series. Radon is a gas and the distance each isotope
can travel from its origin depends on its half-life.
Radon-222 with a 3.82 d half-life can be transported
many miles from its source. An average concentra-
tion in air of 0.002 Bq/L and it is generally consid-
ered that exposure to the inhaled, short-lived decay
products of radon-222 constitutes the main natural
irradiation of the human respiratory tract (100. .*n
areas of Brazil and India the presence of surface
deposits of monazite sand results in high levels of
rd'ion-220in the surrounding atmosphere (101-103).
As a result of these concerns, a large number of
sampling and measurement techniques have been
developed for radon isotopes and their daughters.

They include counting ol alpha disintegrations in
Lucas chambers, gamma spectroscopy (alter con-
centration on charcoal}, pulse-type ioni/ation
counting chambers. Track Ltch detection and ther-
mal luminescence. I he methods lhal can be used in
sample the gases and aerosols, before measure-
ment, din be categorized into three groups; lj grab
sampling, 2) time-integrated sampling, 3) continu-
ous monitoring. The most appropriate technique
depends largely on the application ol the measured
data.

1.5.1 Grab Sampling Methods
Grab sampling techniques use silver-activated zinc
sullide (ZnS) phosphor alpha detectors developed
by Lucas (11), and are still among the most si-nsiiive.
Alpha particles emitted by the radon isotopes and
their daughters impact (he 7nS scintillation mate-
rial, creating energy pulses in the lorm ol light
quanta which are detected and amplitied bv a pho-
tomulliplier tube. Lach alpha particle striking the
phosphor is counted and tin counts are accumu-
lated for a suitable period of lime. This technique
will not dillerenttate between ^in alpha particle
emitted from radon-222 and its daughters and one
emitted from, tor example, radon-220. Lucas detec-
tors with higher sensitivity, lower backgound and
better reproducibility than the conventional model
referred to above, have been developed and de-
scribed 1104—106). Large-volume electrical-gradient
Lucas cells, which have sensitivities ol the order of
O.OIKM liq L. have been developed |1O7).

I'he acquisition ol the grab sample i\^n be made bv
use of a bulb-lvpe hand pump which transfers the
gas into the ZnS chamber. A typical analysis pro-
cedure is to count for three consecutive one-minute
intervals to allow the ingrowth of radon-222 daugh-
ters and the decay of any radon-220 that may be
present. A formula, using the three one-minute
measurements, is then used to determine the ration
content of each gas sample (108). An automated
instrument that is micro-processor controlled is
now available (109). It measures and subtracts the
background, and obtains a gas sample using an
internal time-controlled pump. After a 5- or I5-min
analysis period, the instrument will calculate the
radon isotope activities in the grab sample and will
then automatically re-sample.

1.5.2 Time-Integrated Sampling
The emanation of radon from the surface of the
earth, or from uranium mint tailings, is influenced
by meteorological conditions, such as barometric
pressure, wind speed, temperature and water con-
tent of the solids. Because various atmospheric fluc-
tuations can alter instantaneous radon concentra-
tions, the preferred method of sampling and
measurement is to integrate over periods of several
days or weeks. There is also an improvement in
accuracy and precision over grab sampling bv aver-
aging the short-term fluctuations in the radon mea-
surements.



The original device used Jor integrated radon-222
measurements is a Track Etch cup with an alpha
particle-sensitive plastic strip in the enclosed end
(110-112). This technique is based on the principle
that alpha particles produce latent tracks in a cel-
lulose-based film that can be observed micro-
scopically after development with a caustic solution
(113). Interferences from radon-220can be lessened
by covering the open end ot the Track Etch cup with
<i permeable membrane that delays the migration of
the radon isotopes into the cup, allowing time for
the short-lived radon-220 (5.5 s half-life) to decay to
insignificant levels. The condensation of water
vapour on the detector strip can reduce the signal
from radon but this can be eliminated by using a
desiccant within the membrane-enclosed cup. The
sensitivity of the technique is claimed to be
0.14 Bq/L (114). Track Etch cups are only avail
able through theTerredex Corporation, California.

Maki and Tanaka (115) have described a modifica-
tion of the alpha track method which they claim is
six times more efficient than the conventional
method. It involves collection of radon daughters
on a light bulb. Other devices incorporating the use
of a cellulose-based film are now commercially
available.
Activated charcoal is a material widely used (114) for
adsorbing and retaining radon on a time-integrated
basis. It differs from Track Etch in that radon is
irapped over a time interval and the time-averaged
sample is analysed at the end of the collection pe-
riod. The radon measurement can be made in sev-
eral ways: indirectly, by counting the bismuth-214
gamma emitting daughter of radon-222 using a Nal
crystal; by desorbing the radon from the charcoal
using heat, followed by measurement in a ZnS
phosphor detector; by removal of the radon from
the charcoal by solvent extraction (116) followed by
determination using a liquid scintillation counter
(H7).

Shearer and Sill (118) and Sill (119) described a
method of collecting time-integrated atmospheric
samples for radon in which a small aquarium
aerator pump forces air through a precision needle
valve into a 40-L laminated Mvlar bag at 10 mL/min
to give a volume of 30 L in each 48-h sampling
period. A known volume of this atmospheric sam-
ple is passed through an activated charcoal filter at
low temperature to adsorb the radon. The charcoal
is then heated to remove the radon which is then
transferred to an alpha-sensitive scintillation cell.
Other measurement techniques discussed above,
such as solvent extraction or gamma counting,
could also be used depending on the concentration
of radon collected.

Thermoluminescence is a property whereby certain
substances store energy that is released in the form
of light wheu the substance is heated. This principle

is commonly used in radiation-monitoring dos-
imeters called thermoluminescent detectors (TLD).
They are sensitive to alpha, beta and gamma radia-
tion.

Time-integrated radon monitors based on the use of
TLD's. have also been developed. One type is based
on the aspiration of air through a two-filter tube
(0.45-(jg pore sixe) at a known flowrate. Placing the
TLD after the second filter permits determination of
gaseous radon, whereas placing the TLD between
the tirst and second filter permits the determination
of the airborne, aerosol-type, radon progeny which
are not able to pass through either filter. The detec-
tion limit was found to be 0.002 Bq/L for an integra-
tion period of one week. The second type of time-
integrated TLD system involves permeation of
radon through a porous barrier. The detection limit
with this system has been reported (103) to be
0.01 Bq/L for an integration period of one week.
The thermoluminescent method is a potentially
powerful technique and may become J serious com-
petitor of Track Etch.

Another type of integrating sysl"ir. is called a pas-
sive monitor and is used primarily indoors. It is
based on the design of George and Breslin (120) and
is manufactured by F.DA Electronics Inc. of Toronto.
The lower limit of detection (at the 95'/; confidence
limit) is reported to be about 2 Bq/L-h or 0.01 Bq/L
for a one-week sample period (121). The passive
monitor has been found to give results comparable
to the Track Etch method but its greater sensitivity
allows shorter monitoring periods.

1.5.3 Continuous Monitoring
Many continuous monitors have been developed
(122-125). A modification to the principle of intro-
ducing a discrete sample into a ZnS detector is the
continuous sampling technique employed by the
Eberline Instruments mode! R6M-] system. The at-
mospheric sample is continuously drawn through
the cell and fiowmeter by a pump. The alpha parti-
cles from radon-222 decay and that of its progeny
are recorded and related to the radon-222 content
by calibration using a reference gas. This technique
is subject to errors that can result from attachment
of the non-gaseous radon progeny to the surface of
the cell. Unless i period of time is allowed between
measurements tor these daughters to decay, the
data are not strictly representative of radon con-
tained in the sampled gas (103, 104).

Schery et a!. (126) have described a two-filter contin-
uous monitor method specific for radon-222. Air
enters through the first filter which removes all
activity except radon. As the air moves between the
filters, radon undergoes decay and its daughter
products are deposited on the second filter, on
which they are counted by a detector. From the
concentration of the daughters, it is possible to cal-
culate the concentration of radon in the original air.



A sensitivity of 0.01104 Bq'L for radon-222 was re-
ported. Field trials indicate high reliability and
maintenance-five operation for periods of more
than a week. Nazaroff (127) and I'erdue et .il. (128)
have described continuous methods for measuring
radon progeny based on alpha speetroscopy. Con-
sideration is given to the applicability ol elucidating
activities of radon-219 and radon-220 from the infor-
mation received. These methods are modifications
to the two-filter technique described by Scliery et al.
(126).
C/arnecki et al. (I(W) compared (lie detection limit
and sensitivity of the instantaneous ZnS phosphor
analyzers ol liDA I.Id. Canada (model f.'DA-
RD-200) and Ucndix Corp (model ISA KK-3rill) with
those of Track Ktch. The results are shown in lable I.

1.5.4 Recommended Procedure for Atmospheric
Radon Measurement

As described above, there are several techniques
available for monitoring atmospheric levels of'
radon. A choice can be made among grab sampling,
integrated sampling and continuous monitoring.
They encompass a variety oi experimental tech-
niques with a wide range ot sensitivities ^nd prop-
erties.
For the purpose of this manual, time integration has
been chosen as the most appropriate method. A
continuous technique could have been chosen but
inherent time delays titter -'o not oiler significant
advantages over integrated methods. Since radon
concentrations are known to fluctuate rapidly, grab
.sampling is not considered to be an optimal
approach.
The integrated sampling method by Sill (IIV) has
been chosen for its simplicity and the low cost of the
equipment required. Samples are collected contin-
uouslv for a period of several days. During this
period the radon will be undergoing decay. The
fraction remaining at the end of the sampling period
can be approximated by using one-half of the sam-
ple time in calculating the decay factor, e~M. The
error in this simplification is less than 2.5'/i for
sample times of up to 10(1 h.

1.6 URANIUM
The analytical chemistry of uranium was exten-
sively investigated as part of the Manhattan Project
(129). Since then, a number of measurement tech-
niques have been developed. These include fluo-
rometric, gravimetric, volumetric, spectrophoto-

metric, coulomeinc, polarographic, alpha-particle
counting, gamma spectromelric, neutron activation
analvsis, tission track analvsis and x-rav tluores-
cence. Several review articles and manuals have
been published (124-134).
Spectrophotometric and lluorometric methods are
extensively used for the measurement of uranium.
The most common spectrophotometric reagents are
Arsena/o III (13?-143), 4-(2-pyridvla/o)resorcinol
(144-147) and 2-(n-bromo-2-pvridvla/o)-:>-diethv-
laminophen-.il (14K-ISO). I vie and Tami/i (149) have
developed iin automated speitrophotometrii
method using 2-(S-bromo-2-pyrid\Ta/oj-:i-dieth-
vlaminophenol for which up In Ml samples per hour
can be determined. The detection limit is M.2 mg I .
The ultraviolet radiation excited lluorometrk
method (131-160) is both reliable and sensitive for
the determination of uranium. I he application ot a
laser-induced fluoromelric method (I6l-lfr4| can
extend the detection limit to 5 pg of uranium
(167,168). This method virtually eliminates inter-
lerences troin quenching substances, ll also elimi-
nates the need for organic extraction and the subse-
quent fusion process since the determination is
done in aqueous solution.

The determination o! uranium bv the neutron
activation-delaved neutron counting technique
(170-177) is wry accurate and reproducible. The
detection limit in solids is 0.1 p.g oi uranium. BriK
and Smith (173) preconcentrated uranium in natural
water by adsorbing the uranyl thiocvanate complex
on an anion exchange resin and determining ura-
nium on the resin directly by delayed neutron
counting. The detection limit is (1.01 |ig !..
Hol/becker and Rvan (174) determined uranium in
water down to 30 ng L by both thermal neutron and
epithermal neutron activation. I'reconcentration on
activated carbon was used for samples containing
less than 4 fxg'L. Kuleff and Kosladinov (17?;) and
Hiroseand Ishii (176) reported the use of epithermal
neutron ac'ivation coupled with high-resolution
gamma spectroscopy for the determination of ura-
nium.

Recent advances in the design of X-ray fluorescence
spectrophotometers make possible the direct and
rapid determination of low levels of uranium in
solids. When combined with preconcentration
techniques, nanogram amounts of uranium in
water can also be determined. Both wavelength-
dispersive (178,179) and energy-dispersive (180,181)
X-ray fluorescence techniques have been used



1 he application oi atomic absorption spectroscopy
tor tin.1 determination of uriinium is not practical
(182,183) because of low sensitivity due to the high
thermal stability of its oxide (1K4). However, an indi-
rect method, reported by Alder and Das (185,186),
shows promise. It involves the quantitative reduc-
tion of Cu" to Cu1 by U'V The Cu1 inns are cum-
plexed with neocuproine. extracted into chlu-
rotoim, back-extracted into hydrochloric acid
solution and measured bv either tlame or graphite

furnace atomic absorption speclroscopv. The sen-
sitivity is 3 /j.g of uranium with the upper limit being
500 jig without dilution. Scott et al. (187) and 1 lomi
Limi Manabe (188) reported lhe determination of
uranium in solution by ICP-atomic emission spec-
troscopy. The high temperature, hOOO K, of the
inducli\'el\' coupled argon plasma is sullicient to
dissociate the uranium oxide species lor measure-
ment. The detection limit is 0.3 mg I..

Table 1. Characteristics of radon detectors determined with the radon calibration unit*
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2. SAMPLE DECOMPOSITION FOR RADIOCHEMICAL
ANALYSIS

2.1 PRINCIPLE
One of thi' most important slops in ,my radi-
ochemical procedure is the complete decomposi-
tion of .1 sample matrix. Also the element sought
must be converted reliably to the proper ionic torm
before chemical reactions, characteristic of that ele-
ment, can proceed. The accuracy ol radiochemical
analysis depends on the choice of the sample
decomposition method. The following are some of
the commonly used methods:

- drv ashing
- wet ashing
- acid digestion
- fusion.

Dm ashing is widely used to decompose organic
materials and to reduce the size ol the sample. The
concentrating effect allows lower limits of detection
to be achieved. However, this method has several
disadvantages the most serious of which is the loss
of lead by volatilization or by plating onto metallic
containers during the high-temperature ashing pro-
cess due to the high volatility and ease of reduction
of most lead compounds (189). A second disadvan-
tage is (hat manv tervalent and higher valent ele-
ments form refractory oxides and carbides while
being heated under dry ashing conditions. Vig-
orous treatment of the ash is then required to
ensure the complete conversion of these elements
to the proper ionic states (190). A third disadvantage
is that cross-contamination becomes a possibility
when ashing containers are repeatedly used.
Finally, corrosion of metallic containers and etching
of silica or porcelain containers can introduce addi-
tional foreign impurities to the sample (191).

Wet asliiug with nitric and sulfuric acids is often used
to decompose biological samples. The use of con-
centrated perchloric acid (72'/i) for this purpose is
discouraged because it is a very powerful oxidizing
agent. However, it loses its oxidizing power when
cooled and diluted. Therefore, one can moderate
the oxidizing power of perchloric acid by controlling
its concentration and the reaction temperature. For
example, wet ashing — using an equal mixture of
concentrated perchloric acid (727,) and concen-
trated nitric acid (60'7r) at 15-20°C — is no more
vigorous than using concentrated nitric acid alone.
The effect of the nitric acid is to oxidize the more
reactive components at lower temperatures. As the
reaction temperature is increased, the oxidizing
power of perchloric acid increases gradually and
reaches a maximum when nitric acid is completely
evaporated.

Acid digestion is normally used to leach elements
from solid samples, such as ores, sediments, and

tailings. The divalent and tervalent elements, not
bound up in acid insoluble particles, can frequently
be leached successfully, but the higher valent ele-
ments are generally not quantitatively leached. If si-
liceous materials are present, recovery of even the
lower valent elements will be markedlv incomplete
unless hydrofluoric acid is used.
An alternative to sample dissolution by acid diges-
tion is lusion it1///; /7/r.V('s, such as sodii:m peroxide,
sodium carbonate, alkali pyrosul!ate and anhy-
drous potassium fluoride. Sodium peroxide is a
relatively corrosive flux. It also severely attacks the
fusion container (silica, iron, nickel, zirconium,
etc.) and, in that way, introduces additional quan-
tities of impurities to the sample. Sodium carbonate
fusion is cleaner but is relatively mild. The dissolu-
tion of refractory materials is incomplete.

Fusion with an alkali \nirosulfute flux is one of the most
powerful, clean and convenient methods available
for the dissolution of non-siliceous refractory mate-
rials. It is easily prepared by heating sodium or
potassium sulfate with an equal molar quantity of
concentrated sulfuric acid. The flux is virtually a
molten acid. It loses sulfur trioxide on heating, with
gradual increase in the melting point to nearly
8()0°C. This high reaction temperature, the high
acid concentration and the high concentration of
sulfate ion (acting as an inorganic complexing agent
for metals) are responsible for its efficiency in dis-
solving refractory metallic oxides, carbides and sul-
fates. The pyrosulfate flux is also a powerful oxidiz-
ing agent and can decompose very resistant organic
matter more rapidly and completely than perchloric
acid.

Fusion willi anhydrous potassium fluoride is probably
the simplest, most reliable method available for (he
complete dissolution of all siliceous materials and
metallic oxides. It is well known that fluoride ions
form extremely stable inorganic complexes with
many heavy metals. Therefore, the molten
potassium fluoride not only provides the high con-
centration of fluoride ions but also the high tem-
perature (846°C) for the chemical attack. In the pres-
ence of small amounts of nitrale, organic material
and refractory carbides are oxidized smoothly and
rapidly. After fusion, the cake is transposed with
concentrated sulfuric acid to a completely clear
pyrosulfate fusion. The silica and fluorides are elim-
inated simultaneously, as silicon tetrafluoride and
hydrogen fluoride, by volatilization. The residue
dissolves easily in dilute hydrochloric acid.

2.2 INTERFERENCES
Not applicable



2.3 APPARATUS
• Perchloric acid fume-hood: Constructed of #31b

stainless steel with wash-down capabilities to
clean the blower, exhaust ducting and interior
working area

• I lolplate: Ic-flon coaled with 40-cm < NO-cm liiMt-
ing surface and 220 C maximum temperature;
provides largo surface lor batch evaporation of
water samples and safe temperature for digestions
using 'lotion Til: beakers

• Platinum dishes: 411 or 50 ml., approximately
50-mm diameter hv 25-mm high

• Muffle furnace: Variable temperature control
• Ashing containers: Stainless steel, 500-ml
• Grinder
• Blast punier: Meker
• Crucible tongs: Platinum tipped (Ijigelhard 50<i)
• Flashlight
• Clastic stirring rods: 3-mm > 10-cm, round ends
• Teflon beakers: '[TV., 100-mL
• Teflon watch glass: TFK, 50-mm diameter
• Miscellaneous glassware.

2.4 Reagents
• Bariuin-133 tracer: Dilute a stock solution to give

1 x 104 cpm.mL in 0.1 N HCI
• Bismuth-207 tracer: Dilute a stock solution to give

1 x 1(H cpni/mL in 2 N HCI
• Thorium-234 tracer: Prepare tiom uranvl nitrate

hexahydrate (1CJ2) or U ,OS (W) and dilute to give
1 < 10* cpm.mL in 4 M UNO,

• [.tMd-bismuth carrier (I mg each of lead and
bismutlvmL): Dissolve 800 mg of Pb(NO,), and
1.16 g of Bi(!\iO1)-pH-,O in 2 N HCI and dilute to
500 ml.

• Hydrochloric acid (12 i\): Reagent grade
• Nitric acid (16 M): Reagent grade
• Hvdrofluoric acid (5()r;): Reagent grade

• Perchloric acid (70'i): Reagent grade
• Sulluric acid (3h \ ) : Reagent grade
• Potassium fluoride: Anhydrous, n\>^,vnl grade
• Potassium sulfate: Anhydrous, reagent grade
• Sodium sulfate: Anhydrous, reagent grade
• Silica gel: Reagent grade.

2.5 PROCEDURES
The selection of sample decomposition procedures
tor various environmental samples is tabulated in
(able 2. All procedures are detailed below. I'm
cedures B to l:. inclusive, have all been tested at the
authors' laboratory and found to provide complete
dissolution ot all sample matrices, the tiral solu-
tions are completely dear, I roe ot insoluble material
and are readv tor radionuciide analysis.

2.5.! Procedure A - Dry Ashing
Sample: Biological
Determination: Gross alpha, beta ^tid gamma; or

proceed to 2.?.-! (Procedure D).

1. Place a prewcighed sample in the stainless steel
ashing container.

2. Heat the sample in a muffle lurnace at 125 C
until drv. Break up the dried material with a
spatula if necessary.

3. Increase the temperature to 25(1 C and hold for
4 h.

4. Increase the temperatuie to 400 C and hold tor
4 h.

5. Increase Iho lemperature to 51)1) C ^uid bold lor
10 15 h.

6. Remo\'e the container 1 rom the I urn ace. Cool to
room temperature and determine weigh! ol
ash.

7. Pulverize ash to less than 100 mesh.

Table 2. Selection of procedure for sample decomposition

Sample Matrix R.i Th

Aijut'ous* - No organic or insoluble None rotjuirt'd
rruiteruilt
Aquocius* - p-'t'SL'ni.f of organic and Pruq\t»rf C - t'v.ipprjlion.

\cinc

• II • i'.ipoi.itiun and I I \ O ,
or less than 1 t; of insoluble m.iteri.il HCUt.t HF digestion and pvrosullate IK it), lit digestion
per litre lusion
At|ueous* - presence ot more thtin 1 g Separate the entire sample into an acjueous and a solid sample bv iillenng
of insoluble material per litre through a 3-LI membrane titter and treat each individualh

Pro«-Jlirv D - KF fusion and Procedure F - UNO, 11C'IO, 111-
p\'rosullate fusion digestion .md pvrosultate tusion
Procedure F - U'et ashing (Vocedurf F - Wet .ishing

OR
Procedure A - Dry ashing followed
by Procedure D

* For unacidified sample, add 5 mL of 12 N HCI per Ml re ot sample, mi\ thoroughlv and allow to stand (oral least tour hours

tMix container thoroughly and pour 500 mL into a 600-mL beaker. Turn otf room lights, examine the- solution by \ iewing
downward through the top ot the beaker while shining a flashlight obliquely upward through the bottom and sides 1 he
solution should be colourless and clear.

Solid - ore, sediment, soil, tailings,
ash, air filter dust, etc.

Biological

10



2.5.2 Procedure B
Sample: Aqueous, c.ontaining organic material

and or less 111.m 1 g I. ol insoluble material.
Determination: I'b-211)!

1. Mix sample vigorous,v .md accuratelv Ir.inskT
500 ml. lei .1 (il)(l-nii beaker.

2. Add 1(1 ml. ol Id \ UNO,. 5 ml of 7(1', I K M , ,
l.ll ml ol lead bisnuith en ricr ,ind l.ll ml. ol
Bi-207 tracer.

3. Ivaporatc to a volume of 10 ml. in .1 pi-ix hlorii
acid Iiiinehood.

4. transfer the solulion to ,i KKI-inl leflon III.
beaker ,ind rinse with ^ ml ol if> N IINXV.

5. Add 2 ml. ol 50', 111-, cover u ill) ,i le/lon natch
glass ,im.l digest .It 100 C until clear. Repeat 1II
treatment il necessary.

(•>. Remove w.itdi glass .Hid evaporate jusl to drv-
ness.
Note: Do nol bake the residue.

7. Add 20 ml. ol 2 .V I K'i, mix and. il necessary,
heat to dissolve .ill salts.

8. Cool, transfer to ,i 250-mI. l>lenmever fl.isk,
dilute lo 100 ml. with 2 \ I K'l .ind proceed to
l'b-210 determination.

2.5.3 Procedure C
Sample: Water, containing organic material .md or

less than I g I. of insoluble material.
Delermin.Uion:' K.i-22(-., K.1-22H, Hi-22K, Th-2.t(l,

lh-232 .ind Tot.il I horiuni.

1. Mix s.imple vigorously .uid ,iaur.ilel\p tr.insler
500 ml. lo .1 (i(')(l-ml. be.iker.
JVottv lor un.Kidilied s.imples, ,idd 5 ml. ol

12 N HC'I per litre ol sample, niixthoi-
oLighly ,inu .lllow to sl.md lor.it k'.ist r> 11.

2. Add 1.0 ml. e.kh ol B.i-133 .ind Ih-234 t r i e r s ,
10 ml. of Ih N UNO., .ind n ml. ol 70'; HC'lt),.

3. Hv.ipoiMte io 10 ml. in .1 perclikiric Ji'id
tumehood.

4. Transfer the solulion to a lUO-ml. Teflon TFH
beaker and rinse with 5 inL of 16 N UNO,.

5. Add 2 mL of 50'; Hl:, cover with a Teflon wa'.di
L;lass and digest M 100 C until clear, '̂ •.•peai III-
treatment if necessary.

6. Remo\e watch glass and evaporate lo perchloric
acid fumes.

7. Rinse the walls with 5 mL of 3d N H2SO.,, mix
and continue the evaporation for 10-15 min at
which time the solution rolls around the bottom
of the beaker like a pool of mercury.

8. Carefully roll the solution around the sides to
collect all isolated droplets and pour the solu-
tion into a 125-mL Hrlenmever flask containing
2 g of anhvdrous Na-,SO4 and 5 g of anhydrous
K25O4.

4. Immediately evaporate the solution over a blast
burner to a pvrosultale fusion.

10. Dissolve the cake in 50 ml ol 5', 1 I d with
heating.

1 1. Transfer the clear solution to a 250-ml. beaker,
rinse the llask with 50 ml. deioni/ed waler .md
add to the beaker.

12. Proceed to K.i-22h. Ka-22S. Iii-22,S, I h-230,
Th-232 or lotal Thorium determinations.

2.5.4 Procedure I)
Sample: Ore, sediment, soil, tailings, ash, air liltei

dust, eti.
Determination: Ra-226, K.I-22K, Th-22S, I h-230,

Th-232 and Total 'thorium.

1. Weigh 1.0 g ol lOO-niesh sample in a 40-ml.
platinum dish.

2. Wet sample with 0.5 ml. ol Id ,\ UNO,, and
warm gently at 100 C on a hotplate until the
chemical reaction and Irothing have ceased.

3. A.id 1.0 ml. each ol Ba-133 and Th-234 tracers
.ind evaporate just to di vness.
\ o t e : Do not bake!

4. Add 2 ml. of 50'; 111- and evaporate just to
dryness.

5. Sprinkle 3 g of anhvJrous Kl- uniformtv over
the residue and mix with a plastic stirring rod.

h. luse over a blast burner until Kl; dissolves.
Note; al lakes approximately 4 7 min.

b) It Ihe melt is turbid or highly col-
oured, add 250 mg of pure silica gel
and continue fusion to a clear melt.

7. With a pair of crucible tongs, grasp the outside
walls of the dish and roll the melt around the
upper walls.
Note: The tips of crucible tongs should \TATR

be in contact with the inside walls of the
platinum dish.

8. Resume heating until a clear melt is obtained
and continue lor 2 min.

4. Cool to room temperature, add 4.5 ml. of 3d \
M-,SC)4 and waim gentk on o hot plate until the
KF fusion cake dissolves completely.

It). Heat over blast burner carefully until copious
fumes ot H-,SO., are evolved.

11. Add 2 g of anhydrous Na2SO4 and continue
heating until a clear pvrosullate melt is
obtained.

12. Use crucible tongs to grasp the outside walls
and roll the melt to the upper walls to dissolve
any remaining particles.

13. Cooi to room temperature, flex the walls to
break loose the cake and place the cake in a 25C-
mL beaker.
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14. Add 35 mL of boiling 57, HC1 to the dish and
leave it on the hot plate for a few minutes to
dissolve any cake remaining in the dish. Roll
solution carefully to reach the upper walls.

15. Pour the solution into the beaker containing the
main portion of the fusion cake . id place
beaker on the hot plate.

16. Hold dish upside down, using a disposable
pipette, rinse the inside walls with 15 mL of
boiling 57, HCI, directly into the beaker. Make
sure that hot rinses reach all parts of the inside
walls by rotating the dish.
Note: a) Use 'rubber fingers' to protect hands,

b) The platinum dish should not be
placed in the beaker.

17. Cover the beaker, boil and swirl to dissolve the
cake completely.

18. Cool to room temperature and add 50 mL of
deionized water.

19. Proceed to Ra-226, Ra-228, Th-228, Th-230,
Th-232 and Total Thorium determinations.

2.5.5 Procedure E
Sample: Ore, tailings, soil, sediment, ash, air filter/

dust, etc.
Determination: Pb-210.
1. Weigh 1.0 g of 100-mesh sample or an air filter

into a 100-mL Teflon THE beaker.
2. Add 5 mL each of 16 N HNO3 and 507, HF, 2 mL

of 709c HCiO4, 1.0 mL of lead-bismuth carrVr
and 1.0 mL of Bi-207 tracer and cover with a
Teflon watch glass.
Note: a) For glass-fibre filters greater than

5 cm, dissolve the filter with HF first.
b) For cellulose filters greater than 5 cm,

digest at room temperature initially
and slowly increase temperature.

3. (n a perchloric acid fumehood, digest at 100°C
until sample dissolves.

4. Remove watch glass and evaporate to perchloric
acid fumes.

5. Wash down the walls with 5 mL of 36 N H2SO4,
mix and fume for 10-15 min.

6. Roll the solution around to collect isolated
droplets and pour into a 250-mL Erlenmever
flask containing 2 g of anhydrous Na2SO4 and
5 g of anhydrous K2SO4.

7. Quickly evaporate over a blast burner to a clear
pyrosulfate melt. Cool.

8. Add 20 mL of boiling 3 N HCI, swirl and boil for
5 min. Cool.

9. Add 50 mL of 3 N HCI and 35 mL of deionized
water to a final volume of 105 mL in 2 N HCI and
proceed to Pb-210 determination.

2.5.6 Procedure F
Sample: Biological samples.
Determination: Ra-226, Ra-22S, Th-22K, ih-230,

Th-232, Total Thorium and l'b-210.
WARNING: Because of the potentially explosive

nature ol perchloric acid digestions, all
persons using this acid should be thor-
oughly familiar with its hazards
(193-195). Some safety practices are:
- all work must be done in a

fumehood designed lor perchloric
acid;

- use goggles, barrier shields and
other devices as necessarv tor per-
sonal protection;

- never add sample to concentrated
C -6O'-i) perchloric acid;

- avoid use of organic chemicals sol-
vents in perchloric acid fumehood;

- remove spilled acid by immediately
and thoroughly washing with large
amounts of water.

1. Weigh 10 g of sample into a 250-mL beaker.
2. Add 50 mL of 1:1 mixture of 16 N UNO, and

707, HC1O4, 1.0 ml. each of Ba-133and Tli-234
tracers.
Note: Digest a separate sample for l'b-210,

adding 1.0 mL each of lead-bismuth car-
rier and Bi-207 tracer.

3. Digest at room temperature, in a perchloric acid
fumehood, until frothing subsides.
Note: Be prepared to moderate the reaction by

cooling in a cold water bath.
4. Place the beaker, with cover, on a hot plate.

Raise digestion temperature in 20 increments
to a maximum of 120°C and continue digestion
until the solution clears.

5. Remove cover. Evaporate just to dryness and
cool to room temperature.

6. Add 10 mL of boiling 3 N HCI. Swirl and boil for
5 min.

7. Add 50 mL of 5';; H,SO4, 5 g of anhydrous
Na2SO4 and 40 mL of deionized water. Mix
thoroughly and proceed to Ra-226, Ra-228,
Th-228, Th-230, Th-232 and Total Thorium
determinations.
Note: Transfer the digestion for Pb-210 to a

250-mL Erlenmeyer flask, add 60 mL of
3 N HCI and 35 mL of deionized water to
give a final volume ot" 105 mL in 2 N HCI
and proceed to Pb-210 determination.
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3. GROSS ALPHA AND BETA MEASUREMENTS

3.1 PRINCIPLE
This method covers the determination of gross al-
pha and gross beta activities in waier, sediments,
tailings, air particulafes and biological samples.
Gross alpha includes llpha emitters having ener-
gies greater than 3.9 MeV and gross beta encom-
passes beta emitters having energies between 0.1
and 3.9 MeV (196-202).

In this method, solids, filters, residues from the
evaporation of water, and ash from the dry ashing of
biological samples are counted directh'. Since the
counting of both alpha and beta emitters is very
much influenced by self-absorption, the si/e of the
sample is an important consideration. The max-
imum sample size is determined by the area of the
planchet (usually 5-ctn diameter) and the maximum
thickness, above which unacceptable self-absorp-
tion occurs. For alpha particles of about 5 MeV
energy 5 mg/cm- is the limiting thickness, whereas
for betas of about 1 MeV the thickness may be
increased to about 25 mg/cm2. When both alphas
and betas are being measured in the same sample,
the sample size will be limited to about 100 mg (for
5-cm diameter planchets).

Radionuclides that are volatile under the sample
preparation conditions of this method will, of
course, not be included in the gross measurements.
Gross alpha and beta measurements do not provide
information on the energy distribution of the de-
tected radiation. In the case of samples containing
several radionuclides that may or may not have
reached radioactive equilibrium with their daugh-
ters, the measurements may be difficult to inter-
pret. This method, however, may be valuable as a
quick assessment of samples containing sufficient
activity to justify more detailed study.
Any detector responding to loss of energy by
ionization can, in principle, be used for gross alpha/
beta measurements providing the particles can pen-
etrate the window of the detector. A Geiger counter
with a thin mica window would be the simplest and
cheapest type of detector. In these counters the
output pulse has the same amplitude irrespectiv e of
the amount of ionization loss suffered by the incom-
ing particles in the detector, and, therefore, alphas
and betas cannot be distinguished. Counts result-
ing from each type of radiation could, in principle,
be separated by placing absorption foils of different
thicknesses over the sample and thus determining
the range of the radiation emitted. This procedure is
too time-consuming if a quick determination of
gross alpha and beta activities is needed.

Commercially available instruments lor gross alpha
and beta measurements consist of two main vari-
eties:

continuous flow proportion,)! i lumbers
diitil scintillation detectors (phoswich).

The major cost ol these instruments ii in the shield-
ing required to ri'duic (In1 background from exter-
nal radiation (cosmic rays, gammas trom the dt'iav
ol radon in the air, etc.). Most instruments contain
active and passive shielding. In the phoswich detec-
tor, the alpha beta detector is surrounded by a
guard detector which signals thi' passage ol exter-
nal radiation and, by means of anti-coincidence- cir-
I'uilrv. pivvc-nls it being counted. The passive
shielding consists of an enclosure of several cen-
timetres thickness ol .igi'd lead. The lead shield may
also be- a large Iraclion of the cost ol the instrument.

The iviiliniii'U> How )<nijn>rlioiiiil counter consists of a
chamber containing counting gas (a mixture oi
argon and methane) in which a small-diameter
anode- (wire or point) is surrounded by a cylindrical
cathode, l-lectrons liberated from atoms of the
counting gas by the passage of ionixing radiation
are collected at the anode. The electrical pulse, pro-
duced across a resistor in series with the anode, has
an amplitude proportional to the ioni/.ition pro-
duced by the particle absorbed in the detector. In
order to maintain this proportional behaviour, the
counter gas must be replenished continuously. In
commercial instruments, the How of counting gas is
regulated by ^n automatic regulator at a flowratc- of
about 10(1 ml./min.

Commercial instruments usually contain two 'pan-
cake' counters mounted close together. The lower
counter has a window (80-5(10 (ig/cni2) under which
the sample is placed for counting. The upper coun-
ter is operated in the anti-coincidence mode, i.e.,
eliminating counts resulting from particles or
gamma rays that penetrate both detectors. The
entire assembly is usually surrounded by about ten
centimetres (lour inches) of lead shielding.
The proportional counter is relatively insensitive to
gamma radiation and provides good discrimination
between alpha and beta particles. Since ioni/ation
loss (dE/dx) is measured rather than total energy,
the output of the counter provides a pulse height
spectrum of poor energy resolution. Despite this
drawback, gas flow proportional counter instru-
ments require tairlv simple electronic" circuitry
which provides adequate discrimination between
alphas and betas.

Commercial instruments are available with elec-
trically operated sample changers which permit
several samples to be counted unattended.
In the solid state scintillation detector, a thin slice of
scintillator of relatively low atomic number, e.g.,
CaF2, is used to detect alphas and betas. The light
emitted is recorded by a photomultiplier. A second,
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thicker piece of scintillator, usually Nal, is used to
signal the passage of external radiation. Because of
the different decav times of the light emitted by the
two scintillators, it is possible to use a sandwich of
the two with a single photomultiplier (hence the
name "phoswich" derived from phosphor sand-
wich). The composite electrical signal from the
anode of the photomultiplier is sorted out by pulse
shape discrimination circuitry, to produce two sig-
nals deriving from each scintiJJaror that are then
routed to electronic logic. Gross alpha/beta instru-
ments using phoswich detectors tend to be more
compact than the flow-through proportional coun-
ter types, but require more electronic circuitrv (usu-
ally provided as a number of NIM modules). The
sample is placed close to the scintillation counter
and a geometric factor of about 0.3 is usual. A thin,
aluminized Mylar window must be placed between
the sample and the scintillator to prevent light from
entering. This window has a negligible effect on
count rates except for very low-energy alpha parti-
cles arriving after passage through thicker parts of
the sample. The intrinsic efficiency of the phoswich
detector for alphas arid betas is close to 100'i be-
cause of the high absorptivity of the solid scin-
tillator.

In some decay s.f.emes, the alpha or beta decay of a
radionuclide results in a daughter which undergoes
prompt gamria decay. For anticoincident counting
this can result in some fraction of the activity being
automatically rejected by the guard counter. A sec-
ond measurement with the counter in the coinci-
dent mode can be used to determine this fraction.
Gross alpha/beta instruments must be regularly cal-
ibrated to ens jre that instrument settings are cor-
rect for the proper separation of alpha and beta
events and the rejection of penetrating events (gam-
mas, cosmic rays). Extended sources (in the sense
that the activity is deposited uniformly over the
planchet) of alpha and beta emitters, such as amer-
icium-241 and strontium-90, are used for calibra-
tion. The output of the detector is examined with a
multichannel analyzer and the various preset con-
trols (high voltage, discriminators) are adjusted ac-
cording to the manufacturer's instructions. Alpha-
beta crosstalk (i.e., alphas contributing to the beta
count and vice versa) is usually a few per cent
except for rare combinations of sources emitti.ig
high-energy betas (al.5 MeV) and low-energy al-
phas (s4.5 MeV). If such combinations are sus-
pected in samples, the output should be examined
with a multichannel analyzer.

Alpha particles have well-defined ranges. For ener-
gies of a few MeV, the range is a few milligrams per
square centimetre, and varies approximately as
energy to the power 1.5. Beta particles undergo
multiple scattering c>nd are absorbed with source
thickness according to -:n approximate exponential
law.

When the activities per unit mass of the sample .ire
required, two approaches ,ire possible.

a) The sample is compared with a standard
source ot identical geometry and thickness
(as expressed m terms of the range ot the
activity in question). Standards t.in be m.ide
by incorporating known activity into a matrix
thai simulates the matrix of the sample being
measured: that is, bv copreeipilation in a
compound of similar density and chemical
composition. Hvimples are, radiiim-22d in
l3aSO, .ml lead-210 in I'bSO.,.

hi An .illcmpt can be m.ide In derive .in ahso-
lute activ i(v In accounting for the geometric
factor and the absorption ot sume ol the par-
ticles uithin the source (e-.pcci.ilh (hose
moving obliquely through ihe source). Since
range is a I LIIK lion ot energv, the selt-abs irp-
tion correction lor each nuclide will depend
on iK emilted energv. A correclion musl be
made for the back-scattering ol betas Irom
the planchet. Alpha particle ranges are tabu-
lated tor several elements in reference books,
and ranges in ihemic.il compound'- cm be
derived bv taking ,1 mean ifi the atomic
ranges weighted by the mass traction in a
given compound. The magnitude ol the sell-
absorption correction lor alphas varies with
the geometric lactor. When the source is tar
.nv.n Iroin the detector, nnly those parliiles
moving vertically up will be collecled,
whereas those moving ai large angles to the
vertical, thus passing through more material
in the source, can reach the detector when
(he source is close. Since most alpha-bet.)
instruments have a geometric laclor around
D.3. it may be noted that a source1 which is
one half of the range thickness will have jn
'effective' geoi.ielric lactor (corrected for
self-absorption) of about 0.27 (aboul 111',
reduction).

As the sample is moved closer and closer to a
planar detector, Ihe self-absorption correc-
tion becomes even more significant, so that
in a nearly 2 - geometry (rarely achieved in
practice), the geometric factor of 0.5 is
reduced (o about 0.3H |.i reduction of nearly
25'i). Graphs showing the required correc-
tion for self-absorption for disc sources as a
(unction ol source-defector separation and
source thickness have been published (1%).

It .1 large number of samples of similar composition
is to be measured, the analyst should determine ,-\n
empirical correction for self-absorption bv prepar-
ing a series of sources of different thicknesses Iron;
the same sample. In the absence of self-absorption,
the count rate should be proportional to the mass of
the sample. Thus, a line drawn through the origin
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l o a n experimental point lor.i vi-rv thin source le .g. .
out1 t e n t h ol tin1 r a n g e i \ |uiv.i l i ' i i l) p i r d i r l ' - (lie
Ivhiiviour in tin- absence ol sell- . ihsorplion. I hi-
fount r.iti1 lor .1 thicker MHIIM- will geniT.illv I.ill
below this line and the difICII-IILi- is.i measureo t the
correi tion required lor sel l -absorpt ion. I Ilis tech-
nique a s s u m e s ,1 fount r.ili high e n o u g h to g i \ e
good coun t ing statistics.

The correction for Kick scatter may be est imated by
compar ing the count rate lor an identical source
contained in a low-Z material plandiet of negligible
mass (e.g., polystyrene) with the count rate ob-
tained under identical geometry in a regular
stainless steel planchet.

3.2 INTERFERENCES
Natural background contributions give a positive
bias.

3.3 APPARATUS
• Counting systems: Low-backgrounc; alpha and

beta counter
• Counting planchets: Stainless steel to fit counting

system used
• Electric hot plate
• Drving oven
• Infrared heat lamp
<• Desiccator
• Vortex mixer.

3.4 REAGENTS
• Americium-241: NBS or NI3S-traceable
• Strontium-90: NBS or NBS-traceable
• Acetone: Reagent grade
• Nitric acid (5'.v): Dilute 5 ml. cone. UNO, to

100 mL with deionized water
• Acetone-glue: Dissolve 10 drops of cellulose-

acetone glue in 100 mL acetone
• Lead nitrate solution (3.2'r): Dissolve' 32 g of

Pb(NO,)2 in deionized water and dilute to 1 I.
• Lead sulfate wash solution: Dissolve 50 g of K,SO4

in 1 L of 0.5';; H-,SO4.

3.5 PROCEDURES

3.5.1 Water
1. Evaporate to dryness an aliquot of sample acid-

ified with HNO, in a preweighed borosilicate
beaker or porcelain evaporation dish and deter-
mine weight of residue.

2. Rinse down the sides of the beaker with 10 mL
of concentrated HNO,, cover with a watch glass
and evaporate to 1-2 mL.

3. Add 10 mL of 1 M HNOV Mix well.
4. Transfer an aliquot equivalent to 100 mg of the

residue to a preweighed 5-cm stainless steel
planchet. Evaporate to dryness under an in-
frared heat lamp and flame to a duJJ-red heat

with a Meker burner. This will greatly increase
the removal of gaseous and volatile tadio-
nuclides.

5. Determine the weight of residue in (lie
planchet.

f>. Store the planchet in a desiccator until ready !oi
counting.

3.5.2 Tailings, soils, sediments, plant tissues
and ashes

1. Place a planchet in a level position.
2. Weigh H)tl mg of the sample into a 16-mm •*

100-min disposable test tube. Add 4 ml.
acetone-glue solution.

3. Mix vigorously with a vortex mixer and imme-
diately pour into the planchet. Complete the
transfer with an additional 1 niLol acetone-glue
solution.

4. Evaporate acetone using an infrared heat lamp
and store in desiccator until ready for counting.

3.5.3 Fish and other biological samples
1. Dry ash according to Procedure A (Section

2.5.1).
2. Follow all steps of 3.5.2 (above).

3.5.4 Air filter
1. Clue air filter (5-cm diameter or smaller) on

planchet and proceed to counting. Digest larger
filtc; using HNOV'HC1O4/HF and pyrosulfate
fusion (Procedure E, Section 2.5.5) with one
minor change. Dissolve the pyrosulfate fusion
cake in 50 mL of 0.59; HCI.

2. Cool the solution to room temperature. Add
1 mL of 36 N H,SO4, 3 g of Na,SO4 and stir
vigorously with a magnetic stirrer. Inject four
0.5-mL aliquots of a 3.2'v Pb(NO-i)-, solution.
Allow 5 min to pass between aliquots. Add two
additional 0.5-mL aliquots dropwise. Stir for
30 min.

3. Filter the PbSO4 precipitate onto a 0.8-(i mem-
brane filter and wash with 10 mL of lead sulfate
wash.

4. Dry and glue filter onto planchet.

3.5.5 Gross alpha and gross beta measurement
1. Adjust the gross alpha/beta analyzer to the

manufacturer's instructions for energv discrim-
ination.

2. Place a standard Am-241 source of known alpha
activity. Au, in the sample chamber and deter-
mine the gross alpha count rate, ru. Remove,
and insert a standard Sr-90 source of known
beta activity, A3. Determine the gross beta
count rate, ro. With an empty sample chamber
determine the gross alpha and beta background
count rates, bu and bp, respectively.
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3. Place the sample source of known weight, W, in
the sample chamber and determine the gross
alpha count rate, Ra, and the gross beta count
rate, Rp.

3.6 CALCULATION
1. Calculate the gross alpha calibration constant,

Fa, of the detector from the equation:

2. Calculate the gross beta calibration constant,
of the detector from the equation:

3. Calculate the gross alpha, Ga, and gross beta,
Gp, contents of the sample (Bq/g) from the
equations:

R,. - b,.

F.W

and Gp

4. Calculate the counting precisions, CTGU and <rGij,
of both measurements according to the equa-
tions:

o-G, = G, x

where:

i - u or 0

and: (TV,)- = y, tv.

where the symbol y, represents the appropriate
count rate (R,, b, or r, j determined from the counts in
the period tv.

3.7 PRECISION
There are several factors ihat influence the overall
precisions of the gross alpha and gross beta mea-
surements. In addition to counting precision, they
include sample homogeneit •, reproducibility of
sample positioning in the counting chamber, preci-
sion of weighing and volume measurements, tim-
ing errors and instrumental dead time errors. For
samples whose activities are low and for which
fewer than 100 counts are accumulated, th.1 count-
ing precision will usuallv be the largest corrributor
to the overall precision. For samples whose activi-
ties are high and for which greater than 10 000
counts are accumulated, the contribution of count-
ing statistics will be negligible.

The magnitude of the contribution of procedural
uncertainty should be assessed and combined with
the counting precision in estimating a reportable
overall precision of the measurement (see Appen-
dix A).

(R, -
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4. GAMMA RAY SPECTROSCOPY

Gamma ray spectroscopy is mainly used to deter-
mine the activity of individual gamma emitters. In
radiochemical procedures for determination of spe-
cific alpha and beta emitters, gamma emitting
tracers can be added at the start of analysis and the
recover}- in the final source determined by gamma
spectroscopv; for example, barium-133 in the deter-
mination of radium-226 and bismuth-207 in the de-
termination of lead-210. Gamma ray spectroscopy
may also be used to estimate the gross gamma ac-
tivity of samples.

Gamma ray detectors tha' are commercially avail-
able consist of three main types:

1. Scintillometers: these consist of inorganic
crystals such as WiI(TI) and CsI(TI) coupled
to photomultipliers.

2. Lithium-drifted germanium detectors
(Ge(Li)): in which a soHd-state detector is
maintained permanently at liquid nitrogen
temperatures. Failure to maintain low tem-
peratures will destroy this detector.

3. Hvperpure germanium detectors: similar to
tvpe 2 except that they onlv require cooling
to liquid nitrogen temperatures for a few
hours before use. These detectors can warm
up to room temperature without permanent
damage occurring.

Scintillation detectors (type 1) offer resolutions of
between 20-60 KeV (FVVHM) and efficiencies ap-
proaching 100% at lower energies (400 KeV) The
cost depends on the size of the crystal and whether
a straightforward cylindrical geometry as opposed
to a well configuration is required. Costs are typ-
ically in the order of several hundred dollars.
The solid-state detectors (types 2 and 3) offer much
higher resolution than scintillometers (typically
2 KeV at 1 MeV). The efficiency is about 70% of that
of a similar-sized Nal(Tl) crystal. Costs are high
(S10 000 - S20 000 in 1984), a supply of liquid nitro-
gen is required, and modern solid-state electronics
are recommended. This is the only detector which
allows accurate multi-radionuclide analysis without
chemical separation.

4.1 TRACER MEASUREMENT

4.1.1 Principle
The gamma ray spectrometer is energy calibrated
by exposing the detector to the radiation of several
standard gamma sources emitting radiation at suit-
able energies, e.g., cobalt-57, cesium-137, cobalt-60
and yttrium-88. The detector output is usually ex-
amined with a multichannel analyzer where the
position of the photopeak for each radionuclide

(expressed as channel number) may be correlated
against energy in order to check linearity. If a multi-
channel analyzer is not available, a spectrum of the
photopeaks mav be derived bv incrementing the
window of a single channel analyzer and recording
the count rate at each setting. If routine measure-
ments are only concerned with a few standard
gamma rav emitters, the discriminator window may
be set to the desired photopeak and the counts
accumulated in the electronic counter.

The source itself should be of a standard geometry
and preferably small compared with the sensitive
volume of the detector. Normally, absorption
within the source is negligible for sample thickness
of a few grams per square centimetre. Shielding, in
the form of lead bricks, is usually required to reduce
background to suitable levels. Background is mea-
sured with an empty sample chamber.

4.1.2 Interferences
In tracer measurements, a high activity of tracer is
added to minimize counting time and interferences
from gamma emitters present in the sample. Spec-
tral interference may arise if the same photopeak
energy is present in both the sample and the tracer
at comparable activities.

4.1.3 Apparatus
• Gamma ray detector
• Stabilized high-voltage supply (1-5 Kv depending

on detector)
• Preamplifier
• Main amplifier
• Single-channel analyzer
• Sealer-counter
• Multichannel analyzer (optional): 1024 channel.

4.1.4 Reagents
• Standard gamma emitting sources: radium-226,

cerium-141, chromium-51, cesium-137 and co-
balt-60

4.1.5 Procedures
1. In Chapter 2, the addition of chemical yield

tracers to samples is described. Two of these
gamma emitters, Ba-133 and Bi-207, are added
to samples in amounts totalling KVcpm (counts
per minute) each. The preparation of the sam-
ple source containing Ba-133 tracer is described
in Section 5.1.5. The procedure for preparation
of the standard Ba-133 source is described in
steps 16 to 21 of Section 5.1.5. The preparation
of the sample source containing Bi-207 tracer is
described in Section 7.5. The procedure for
preparation of the standard Bi-207 source is
described in step 20 of that section.
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2. Determine the relationship between the multi-
channel analyzer channel number and energv
bv placing sources of different energies on the
detector. Some suggested sources are Ra-226
(0.35, 0.61, 1.12 and 1.76 MeV), Ce-141 (0.14
MeV), Cr-5f (0.32MeV)andCs-I.17(0.ft6MeV).

3. Place the sample source containing the gamma-
emitting tracer of interest on the detector. From
the calibration in step 2 establish the appropri-
ate energy window. Determine the gamma
count ratu, K,, obtained in lh,il itindon-.

4. Using the same procedure determine the hack-
ground count rate, b,, with no sample on the
detector.

4.1.6 Calculation
The only calculation required is to determine the
count rate from the measurement of total counts
accumulated in a specified period of time. Correct
for background contribution.

R; - R, - br

4.1.7 Precision
Precision of the count rate measurement, <rRt', is
solely a function of the counting statistics. It can be
expressed as:

where:

[ (crR, )^ - (c rb , ) : J •

and tK and tb are the measurement periods tor tin.' count
rate determinations.

4.2 GROSS GAMMA MEASUREMENT

4.2.1 Principle
Gross gamma activity or activity of individual
gamma ray emitting radionuclides is determined by
counting a standard source (having the same geom-
etry and mass distribution as the sample) and com-
paring its count rate with that of the sample. Gross
gamma measurement is rarely required as a stan-
dard radiometric procedure since the results are
difficult to interpret. However, these measure-
ments are easily done by setting a suitable energy
window from well above the noise level (typically
around 100 Ke V) to a high energy above which there
is unlikely to be any gamma ray emissions (typically
around 2.7 MeV). Like gross alpha and gross beta
tests, gross gamma measurement is a preliminary
test to sort out the most active samples and give
some idea of their activity levels.

4.2.2 Interferences
With instruments where the detector is adequately
shielded, there are no significant interferences.

4.2.3 Apparatus
Sec Section 4.1.3.

4.2.4 Reagents
• Standard cesium-1.17 source: Ot known gamma

activitv and having the same genmeirv and mas1-
distribution as the sample

• Gamma emitting sources: radium-226, ceri-
um-141, chromium-51, cesium-1.17 and c>ba,'t-6(l.

4.2.5 Procedures
1. Determine the relationship between the multi-

channel analv/er channel number and gamma
energv using the procedure described in step 2
ot Section 4.1.?.

2. Place the Cs-1.17 source on the detector, l-rom
the calibration in step 1 above, establish the
energv window for Cs-1.17.

3. Calculate the instrument calibration conslant, V,
by comparing the observed count rate, r, with
the known activity, in Bq, of the standard. A_.

b
I

A

where:
b -- background count rate- with no sample on
the detector.

4. Transfer a known weight, \V (10-211 gm|, ot
sample to a plastic container, f-'or liquids, trans-
fer a known volume to a Marinelli beaker.

5. Set the energv window to include the range
from 100 KeV'to 2.8 MeV

6. Count for a period suitable lor obtaining the
desired counting precision. Calculate the gross
gamma count rate, R. Determine the gross
gamma background count rate, !3, with no sam-
ple on the detector.

7. Calculate the gross gamma activity, G.%. of the
sample and report it in terms of equivalent
Cs-137 activity (Bq g or Bq L) using the equa-
tion:

K - B

F\V

8. Calculate the counting precision of the gross
gamma measurement, trG ,̂ from the equation:

(ITKI- + (crB)- (irr): - (crbl- !

(R - B)- (r - bf

whore:

(crv)- = vt,
and the symbol y represents the appropriate count
rate (R, B, r or b} determined from the counts in the
period t,.
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4.2.6 Precision dependent on the relative amounts of the different
The precision and accuracy' of the method is influ- gamma emitters present and is not necessarily sim-
enced by <rG and the number and energy of Die ply proportional to the total activity present. Con-
gamma emitters present. This is so because the sequently its use should be restricted to relative
counting efficiencv is a function of the gamma measurements between samples of the same type,
energy. The gross gamma activity obtained is also



5. DETERMINATION OF RADIUM-226

For the determination of radium-226, Uvo radio-
chemical methods have been chosen. They are al-
pha spectroscopy and radon emanation. The first
requires alpha spectroscopy capabilities and the
second requires ZnS scintillation cells and a scin-
tillation counter.

5.1 ALPHA SPECTROSCOPY METHOD

5.1.1 Principle
All radium isotopes, together with actinide and lan-
thanide elements, are separated from the gross
sample constituents by coprecipitation with lead
sulfate. After dissolving the latter in either alkaline
ethylenediaminetetraaeetic acid or alkaline diethyl-
enetriaminepentaacetic acid, radium isotopes are
then separated from the others by coprecipitation
with barium sulfate at pH 4.8. The alpha spectrum
of this source allows radium-226 to be determined
unambiguously whereas the energies of ra-
dium-223 and radium-224 overlap resulting in a
composite peak. The radium-223 contribution to
the composite peak is equaj to the polonium-215
peak at 7.38 MeV. The very short half-lives of
radon-219 (4 s) and polonium-215 (!.8 ms) ensure
that polonium-215 is in equilibrium with ra-
dium-223.

5.1.2 Interferences
There are no elemental or isotopic interferences in
the analysis of radium-226 by this method. The
major problem that may be encountered is that of
poor spectral resolution. This may occur if the bar-
ium sulfate is not distributed in a thin, uniform
layer or if the mass of the source becomes too large.
The resulting loss in resolution may cause the low-
energy tail of the radon-222 peak to spill into the
radium-226 peak. This of course can only occur after
ingrowth of radon-222. Counting samples as soon
after preparation as possible will minimize this
effect.

5.1.3 Apparatus
• Alpha spectrometer: Surface barrier or silicon-

diffused junction detectors, preamplifier, bias
voltage supply, linear amplifier, multichannel
analyzer

• Gamma counting system: Nal crystal, power sup-
ply, pulse height analyzer

• Vortex mixer
• Syringes: Disposable, 3- or 5-mL capacity
• Micropipettes: 100- and 200-(JLL and 1.0-mL with

disposable tips
• Centrifuge
• Filter holder: Conical, for 25-mm filter with

stainless steel support screen

• Membrc ne filter: Cellulose acetate, 25-mm diame-
ter, 0.2-p. pores

• Centrifuge tubes: Conical, 40-mL capacity
• Plastic discs: 25-mm diameter x 2-mni.

5.1.4 Reagents
• Barium solution (1 mg of Ba per mL): Dilute 20 mL

of a 5-mg Ba per mL solution to 100 mL with
deionized water

• Sodium sulfate solution (40'/; w/v): Dissolve 400 g
of anhydrous Na2SO4 in deioni/.ed water and
make up to 1 L

• Lead nitrate solution (3.2'.? ): Dissolve 32 g of
PbtNO-J;) in deionized water and dilute to ] L

• Lead sulfate wash solution: Dissolve 50 g of K-,SO4
in 1 L of 0.5'-? H,SO4

• Alkaline DTPA (0~2 M and 0.5 M): Dissolve 38 g of
NaOH in 800 mL of deionized water and add 80 g
of diethylenetriaminepentaacetic acid while stir-
ring. Cool, adjust pH to 10.6 with 10 N NaOH and
dilute to 1 L with water. Prepare 100 mL of 0.5 M
using 9.5 g of NaOH and 20 g of DTPA

• Sodium hydroxide solution (10 N): Dissolve 400 g
NaOH in deionized water and make up to 1 L

• Sulfuric acid (36 N): Reagent grade
• Potassium sulfate: Anhydrous, reagent grade
• Seeding suspension (0.125 mg/mL of Ba): Place

11.3 mg of BaClv2H2Q 10 mL of a 70'v sodium
hydrogen sulfate solution, and one drop of 72'/i
perchloric acid into a 250-mL Erlenmever flask.
Evaporate the solution carefully over a blast
burner, swirling the solution continuously to pre-
vent bumping, until the barium sulfate has dis-
solved. Increase the heating and continue until
most of the excess sulfuric acid has been expelled
and a pyrosulfate fusion is obtained. Cool the
flask, while rolling the melt around the sides so
that the cake is deposited on the sides as uni-
formly as possible to facilitate subsequent dissolu-
tion. Cool the flask and contents to room tem-
perature. Add 25 mL of 407r sodium sulfate
solution and 25 mL of deionized water. Swirl con-
tinuously until the cake is completely dissolved.
For the best alpha spectrum resolution, prepare
this suspension the day it is to be used. However,
for most practical work, the suspension can be
used almost indefinitely. Shake vigorously or
place in an ultrasonic bath for a few minutes be-
fore use if not freshly prepared.

• Sodium sulfate-acetic acid: Mix 50 mL of 40t/T
sodium sulfate solution with 4 mL of glacial acetic
acid

• Radium-226 standard solution (4 Bq per mL): Di-
lute NBS traceable radium-226 in 0.1 N HO

• Barium-133: See Chapter 2.
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5.1.5 Procedures
1. To the prepared sample solution (Procedure C.

D or F, Sections 2.5.3, 2.5.4 and 2.5.6 respec-
tively) at room temperature, inject three 1-mL
aliquots of a 3.2'/f Pb(NC)-,), while stirring vig-
orously. Allow 5 min between aliquots. Add
two additional 1-mL aliquots dropwise. Keep
stirring for 30 min. For a clear aqueous sample,
transfer J000 mL to a 1500-mL beaker. Add
1.0 mL of Ba-133 (also 1.0 mL of Th-234 if thor-
ium determination is required), 20 mL of 36 N
H2SO^ and 40 g of K,5O4 and mix. Inject five
1-mL aliquots of a 3.2'/< Pb(NO1)2 into the solu-
tion with vigorous stirring. Allow 5 min be-
tween aliquots. Add two additional 1-mL ali-
quots, dropwise. Keep stirring for 30 min.

2. Allow to stand for 4 h or more. Carefully decant
most of the supernatant.

3. Swirl to suspend the precipitate and transfer to
a 40-mL conical centrifuge tube with the aid of a
sulfate wash solution.

4. Centrifuge at 2000 rpm for 10 min. Decant the
supernatant.

5. Using a 5-mL disposable syringe, with the tip
directly on top of the tightly packed precipitate,
inject 5 mL of the sulfate wash solution to dis-
perse it. Mix thoroughly using a vortex mixer
and rinse the walls with 2 mL of the sulfate
wash solution.

6. Centrifuge and decant the wash solution.
7. Disperse the precipitate by injecting 5 mL of a

0.2 M alkaline DTPA solution. Mix using a
vortex mixer and heat in a hot water bath until
the precipitate dissolves. It should be free of
any turbidity when examined with a flashlight
in a darkened room.

8. If the solution is turbid and the pH is below 9,
add a drop of 10 N NaOH. If the solution is
turbid and the pH is above 9, add 50-fj.L aliquots
of a 0.5 M alkaline DTPA until the solution
clears.

9. Cool in a cold water bath. Add 0.1 mL of the
1 mg'mL barium solution.

10. L'sing a syringe, rapidly inject 3 ml. of the
mixed NiiiSOj acetic acid solution into the solu-
tion. Immediately add 0.2 ml. of the seeding
suspension from <j micropipetteand mi\ using
the vortex mixer. A turbidity much greater than
that present in the seeding suspension forms
instantly and reaches its maximum intensity
within 1 min. Allow to cool for 30 min.

Note: 1'he syringe and the micropipette should
be prefilled and mounted side by side on
a stand to allow the addition of seeding
suspension within two seconds ot the
injection.

I 1. Mix the content ol the centrituge tubr using the
vortex mixer. Pour the content unto a 25-mm
0.2-/J membrane tiller .ind while holding the
centrifuge tube in the pouring position, rinse
the interior with 2- 3 ml. ol sulfale wash suiu-
lion html a wash botlle. Rinse Ihe sides ol tin1

filter holder with 2 3 ml. of si'llate wash solu-
tion in a circular motion jusl ,ibo\ e the piv\ ions
aqueous level.

Mule: tolled the liltrale in ,i clean U-st lube and
saw tor (hiiriiim iletenninjljon. il
req uired.

12. C Hue I he membrane liltcr onto a plastic disi lor
alpha speclromelnc determination ft Kd-22n
(Ka-223 and Ra-224 mav be determined indi-
rectly through their respective polonium
daughlers) and gamma counting ot the tracer
Ba-133 for yield measurement (described in
Chapter 4).

13. Place the sample source in the alpha spec-
trometer and record the alpha particle spec-
trum on the multichannel analyzer. Depending
on the source thickness, the activities ot the
radium isotopes present ^nd the age ot the
source, Ihe spectrum should be similar to that
shown in Figure 2. A radiu"i isotope spectrum
obtained using Flliot Lake uranium mill tailings
is shown in Figure 3 11 shows the presence of
the other radium isotopes, Ra-224 and Ra-223.
Consequently, i! is more compliciied Ih.in the
spectrum of Ra-226 alone.

14. Count for a sufficient length of time to prevent
counting statistics becoming a significant
source ol error. Calculate the count rate, R.
Remove the sample I mm the alpha spec-
trometer .is soon as possible in order to mini-
mize contamination of the detector with Rn-222
recoil. This problem can be minimized by equi-
pping the spectrometer with pressure and wilt-
age regulating devices !2()3).

15. Determine the Ba-133 gamma count rate, R,, for
the sample source (described in Chapter 4).

16. Prepare a calibration source by placing an exact
activity, A., (Bq), of the standard Ra-226 solution
and 100 fiL of the barium solution into a conical
centrifuge tube. Add an activity of Ba-133 iden-
tical to that employed for samples at the decom-
position stage (see Chapter 2) or at step 1 above.
Precipitate as barium sulfate, filter and prepare
the source in the manner described in steps
1-12 above.

17. Count the radium calibration source in the
alpha spectrometer under the same conditions
used for the sample source. Record the count
rate, r, for Ra-226.

18. Determine the Ba-133 gamma count rate, r r for
the standard source (described in Chapter 4).
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14. Prepare a blank reagent source in tin- same
manner as the calibration source.

21). Count the bKink source in tin1 dip I'M spec-
trometer under the sdint' conditions used lor
tilt" calibration source. Record (he count rate, b,
for Ra-226.

21. Detenuine the Ba-133 gamma count rate, (">,, lor
the blank source (described in Chapter 4).

Ro-226
I

52keV-

Ro226

fin222 Po2IB
Po2l4

Po2IO

4.0 5.0 6.0
ENERGY (MeV)

7.0 8.0

Hg. 2 - Alpha spectrum i>l Ra-22d Mui daughters in kimrrn
siiltate. Sliaded curve, obtained immedi.iteK .ttter sep.iratini^
open curve, daughters in^;rin\[l alter 2t! d (41).

5.1.6 Calculations
I. Calculate the apparent calibration constant

from the equation:
h

I
A

Calculate the relative chemical yield factor, V,
the recovery of the sample source relative to the
recovery ol the calibration source, I mm the
equation:

3. Calculate the Ka-22h alpha aclivitv ol the sain
pie, A (Hq^t, according lo the equation:

R h

I- 'i W

where:
t\' is tin1 uei>;hl (in gr.mi-l nl Die solid sample
on^inallv taki'n In the caseiit liquid samplfs. W
ni.n repri^ent \okinlt' (litres).

4. Calculate the radiometric counting precision,
(rA, ot the Ra-226 measurement according to
the equation:

( i r K l - - l i r b l - ( i r r ) - ' • ( i r h ) - ' (rr1) i ;

(R

o

or.

O
o

ENERGY (MeV)

Fig. 3-Typical alpha spectrum of radium isotopes present in uranium mill tailings taken from Llliot t.ake, Ontario. Peak I,
Ra-226; Peak 2, Rn-222: Peak 3, Ra-223 and R,i-.''24; re.ik 4. Hi-212 and Po-2JS; P,'ak 5, Rn-22H and »i-211; Peak f., ro-21h.
Rn-219 and Bi-211; Peak 7, Po-21S; Peak 8. Po-214; Peak S, Po-212.
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where-
(ur,)- + (trb,y-

(R, -
and:

(cry)- = y'tv,
where the symbol y represents the appropriate cuunt
rate (R, b, r, R,, b, or r,) determined from (he counts
obtained in the period tv.

5.1.7 Precision
There are several factors that influence the overall
precision of radium-226 activity measurements by
alpha spectroscopy. In addition to counting preci-
sion, they include sample homogeneity, repro-
ducibility of sample positioning in the alpha spec-
trometer, precision of weighing and volume mea-
surements, timing errors and instrumental dead
time errors. For samples where radium-226 activi-
ties are low (less than 100 counts obtained) the
counting precision will usually be the largest con-
tributor to the overall precision. For samples whose
radium-226 activities are high (greater than 10 000
counts obtained) the contribution of the counting
statistics will be negligible. The magnitude of the
contribution of procedural uncertainty should be
assessed and combined with the counting precision
in estimating a reportable overall precision of the
measurement (see Appendix A).

Recently four 'standard' uranium tailings samples
were submitted to eight Canadian laboratories for
radium-226 analysis. The results (204) show that
samples analysed using alpha spectroscopy gave
average in-laboratory relative standard deviations
(RSD) of 5-10% at the 3-10 Bq/g activity level and 27,
at the 40 Bq/g activity level. Between-laboratory
RSDs were of similar magnitude.

5.2 RADON EMANATION METHOD

5.2.1 Principle
All radium isotopes, together with actinide and lan-
thanide elements, are separated from the gross
sample constituents by coprecipitation with lead
sulfate. After dissolving the latter in either alkaline
ethylenediaminetetraacetic acid or alkaline diethyl-
enetriaminepentaacetic acid, radium isotopes are
then separated from the others by coprecipitation
with barium sulfate at pH 4.8. The radium-barium
sulfate is redissol ved in alkaline EDTA and placed in
a bubbler from which the gaseous radon is stripped
after a suitable ingrowth period has elapsed. The
gas is transferred to a Lucas cell and counted on a
scintillation counter.

5.2.2 Interferences
The only possible interference in this method is the
presence of radium-224. Its daughter, radon-220, is
also an alpha particle emitter, as are its descendents

potonium-216, bismuth-212 and polonium-212.
These interferences are avoided by allowing suffi-
cient time for radon-220 and its daughters to decay
away prior to counting. The presence of radon-222
in the stripping gas would result in a positive error.
For this reason, aged compressed gases are used.

5.2.3 Apparatus
• Scintillator detector system: Photomultipliertube,

high-voltage supply, amplifier, timer and sealer
• Vortex mixer
• Syringes: Disposable, 3- or 5-mL capacity
• Micropipettes: 100- and 200-JJ.L and 1.0-rnL with

disposable tips
• Centrifuge
• Radon bubblers: 25-mL capacity as shown in Fig-

ure 4
• Scintillation cells: 100-mL capacity.

-— SCINTILLATION CELL

T - Z STOPCOCK

$-£ 3ALL 8 SOCKET

NITROGEN GAS INLET

1 - 2 STOPCOCK

flADON BUBBLER

• GLASS FRIT, MEDIUM P0R0SITv

Fig. 4 - Radon emanat ion apparatus for scint i l lat ion cel l .

5.2.4 Reagents
• Barium solution (5 mg of Ba per mL): Dissolve

900 mg of BaCl2-2H2O in 100 mL of deionized
water

• Lead nitrate solution (3.29c): Dissolve 32 g of
Pb(NO3)2 in deionized water and dilute to 1 L

• Lead sulfate wash solution: Dissolve 50 g of K,SO.
in 1 L of 0.5% H,SO4

• Alkaline DTPA (0~2M): Dissolve 38 g cf NaOH in
800 mL of deionized water and add 80 g of di-
ethylenetriaminepentaacetic (DTPA) acid while
stirring. Cool, adjust pH to 10.6 with 10 N NaOH
and dilute to 1 L with water
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• Alkaline DTPA (0.5 M): Dissolve 9.5 g of NaOH in
50 mL of deionized water and add 20 g of DTPA
while stirring. Cool, adjust pH to 10.6 with 1(1 N
NaOH and dilute to 100 mL with water

• Sodium hydroxide solution (10 N): Dissolve 400 g
NaOH in deionized water and make up to 1 L

• Sulfuric acid (36 N): Reagent grade
• Potassium sulfate: Anhydrous, reagent grade
• Sodium sulfate-acetic acid: Mix 50 mL of 40'/;

Na2SO4 solution with 4 mL of glacial acetic acid
• Radium-226 standard solution (4 Bq/mL): Dilute

NBS traceable radium-226 in 0.1 N HC1
• Nitrogen gas: Aged for at least 30 d.

5.2.5 Procedures
1. Follow steps 1 to 6 in Section 5.1.5 (Ra-226alpha

spectroscopy method).
2. Disperse the precipitate by injecting ID ml. of a

0.2 M alkaline D'lTA solution in the test tube.
Mix using a vortex mixer and heat in a hot water
bath until the precipitate dissolves. If turbid,
add a few drops of 10 N NaOH.

3. Cool in a cold water bath and add I mL of the
5 mg/mL barium solution.

4. Using a syringe, rapidly inject 3 mL of the
mixed Na-,SO4'acetic acid into the solution.
Allow to cool for 30 min while mixing occasion-
ally.

5. Centrifuge at 2000 rpm for 10 min and decant
the supernatant (into a clean test tube if thor-
ium is required).

6. Dissolve the BaSO., precipitate with 10 ml. of
0.2 M alkaline DTI'A, as in step 2 above, and
transfer the solution to a radon bubbler with the
aid of 5 mL of DTPA.

7. Open both the inlet and outlet stopcocks and
de-emanate tlv solution by slowly passingaged
nitrogen (2-3 PS1) through the bubbler for
about 10 min.

8. Close the inlet and outlet stopcocks, and record
time (T,). Allow 7 d for ingrowth of Rn-222 to
reach about 7O'/i of its equilibrium activity.
Shorter ingrowth periods can be used with a
corresponding reduction in sensitivity.

9. At the end of the ingrowth period, attach an
evacuated scintillation cell (less than 100 u. pres-
sure) to the bubbler apparatus. Open the stop-
cock on the cell and check the assembly for
leaks. Slowly open the outlet stopcock on the
bubbler ana when no further significant bub-
bling takes place close the stopcock.

10. Adjust the nitrogen gas pressure so that the gas
flows at slightly above atmospheric pressure.
Connect the hose to the bubbler inlet stopcock
and open slowly. When the stopcock can be
fully opened without a significant amount of
bubbling, the bubbler is at atmospheric pres-
sure.

11. Open the outlet stopcock slowly and allow bub-
bling to proceed for 10--I5 min. Toward the end
of the de-emanation, when the bubbling almost
ceases, the system is near atmospheric pres-
sure. Close the cell stopcock and record the
time (T,). This is the beginning of Rn-222 decay
and ingrowth of its daughters.

12. Store the scintillation cell for al least 5 h to
ensure equilibrium between Rn-222 and its
daughters and decay of Rn-220 descendants.
Count the alpha scintillations from the cell in a
scintillation counter.

13. Calibrate each scintillation cell by repeating
steps 6 to 12 above, using a solution of Ra-226
with known activity, A., (Bcj). Each scintillation
cell should be calibrated periodically to ensure
instrument quality control.

5.2.6 Calculations
1. Using the data obtained in step 13 of Section

5.2.5 above, calculate the calibration constant,
F, for the instrument and cell from the equation:

F =
A , ( 1 - v "•) v *'•

where:
r' ~ nel count rate, cpm, lor the stan-

dard (correctei4 for the cell back-
ground count rate)

A, = activity of standard Ra-22ft in the
bubbler (Bu.)

t, = ingrowth time of Rn-222 in hours
t., = decay time of Rn-222 in hours occur-

ring between de-emanation and
counting

A = decay constant of Rn-222, (11.01)75?
h-').'

2. Using this value of F and the data obtained in
steps 8 to 12 of Section 5.2.5 above, calculate the
Ra-226 activity concentration, A, in becquerels
per litre as follows:

R' 1 1 At
A =-

FV [1 - e •" - ] | e »'!•]
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whore: 5.2.7 Precision
Rr - net count rale, cpm, for the sample Five studies (20:>) carried out to evaluate the preci-

(corrected for the cell background sion of the radon emanation method for radium-226
count rate) measurement showed an average relative in-labora-

V - litres of sample used tor>' repeatability of 10'; (RSD). The relative be-
, , . . . . , ... tween-laboratorv reprodudbi/ilv was found d> be

I, - the elapsed time in davs between I. . , , , . - , r , ,„ , . , , .
andl^anciAisthedecavconslamoi between 14', a n d l h ' , (RSD).
Rn-222 (0.1S1 d ').

I,, - the time interval in hours between
I\ and 1 tand A is the decay constant
of Rn-222 (O.(K)75fih ')

(t (he cotinfin^ time in minutes and A
is the decay constant of Rn-222 (1.2<>
v Id ' mi'n ').
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6. DETERMINATION OF RADIUM-228
6.1 PRINCIPLE
Radium-228 emits beta particles of very low eneigv
(0.05 MeV maximum) which makes its direct mea-
surement impossible using conventional beta-
counting systems. Consequently, it is determined
indirectly by counting its daughter, actinium-228, a
high-energy beta emitter (2.2 MeV maximum). The
radium isotopes are iirst isolated on barium sullate.
Then, alter a suitable ingrowth period, acti-
nium-228 is separated from the radium isotopes 'n
eopredpitation with eerous hydroxide (41,54).

6.2 INTERFERENCES
The presence ol striinlium-W has been round (20b)
to give a positive bias to this method.

6.3 APPARATUS
• Beta-counting system: Low-background counting

system (see Chapter 3)
• Centrifuge
• Filter holder: Conical, for 25-mm filter with

stainless steel support screen
• Membrane filter: I'V'C or PTFE, 25-mm diametei,

0.2-(JL pores
• Centrifuge tubes: Conical, 40-ml. capacity
• Plastic discs: 25-mm diameter < 2-mm
• Vortex mixer: Variable speed.

6.4 REAGENTS
• Barium solution (5 mg of Ha per ml.I: Dissolve

90(1 mgofBaCK-2H,0in KlOmLol deioni/ed wafer
• Cerium carrier (0.5 mg of Ce per mL): Dissolve

310 mg of Ce(.\'O-,),-6lU) in 200 mL of 0.1 \
UNO,

• Hvdra/.ine dihydrochloride solulion (25'; w v):
Dissolve 8.25 g of N2H4'2HC1 in deionized water
and make up to 25 mL

• Sodium sulfate-acetic acid: Mix 50 mL of 40';
Na2SO4 solution with 4 mL of glacial acetic acid

• Radium-228 standard solution (4 Bq.'mL): Prepare
a solution to contain 1 mg of Th per mL by dissolv-
ing thorium oxide or nitrate (bottled prior to 1940)
using KF'pyrosulfate fusion (see Chapter 2).

6.5 PROCEDURES
1. Follow steps 1 to 5 in Section 5.2.5.

2. With the tip ot a disposable syringe directly en
top of the BaSO4 precipitate, rapidly inject 5 n' L
of the sulfate wash solution to disperse the prt-
cipitate. Mix using a vortex mixer. Rinse the
walls with 2 mL of the sulfate wash.

3. Centrifuge and discard the supernatant.

4. Add 1 mL of deionized water to cover the BaSO4

precipitate. Seal the tube with plastic wrap. Rec-
ord the time and allow 30 h or more for in-
growth of Ac-228 to gi eater than 96'A of its
equilibrium activity.

5. At the end of the ingrowth period, add 5 ml. of
0.2 M alkaline DTI'A. Mix and heat in a hot-
water bath to dissolve the precipitate.

d. Add 1 mLof cerium carrier and mix thoroughly
using a vortex mixer.

7. Add 2 drops of 25'.' hvdra/ine dilivdrocblonde
and 2.5 ml. of ION XaOII. Mix thoroughly and
heat in a hot-water bath lor 10 min.

K. Cool in a cold-water bath for 5 min. Filter the
precipitate of cerous hydroxide onto a 25-mm,
0.2-M membrane filter. Rinse twice wilh
5-mI. aliquols ol 50'; ethanoi.

4. Cilue Ihe filter onto a 25-mm plastic disc. Drv
under a heat lamp and cover with aluminum
foil for the bela counting of Ac-22S.

\ 'ok': The separation ot Ai>22S b\ mprecipil.i-
tion with cerous hydroxide (steps 7 9
above) takes approximately 30 min and
in view of the short hall life of Ac-22.S
(b.13 h), the authors recommend sam-
ples be prepared one at a time just before
beta counting.

10. Place the sample source in the beta counter and
record the total beta counts obtained in a suit-
able period oi lime. Calculate the count rate, R.

11. I'repare a calibration source bv placing an exact
activity (in Bq), A_, of the standard Ra-22K solu-
tion into a conical centrifuge tube and perlorm
steps 1 to y above.

12. Count the radium (actuallv Ac-228) calibration
source in the beta counter for a suitable period
of time. Calculate the count rate, r.

13. Prepare a blank source in the same manner as
the calibration source.

14. Count the blank source in the beta counter un-
der the same conditions used for the calibration
source. Record the count rate, b.

6.6 CALCULATIONS
1. Calculate the calibration constant, F, from the

equation:

where:
-it is the elapsed time (in huurs) between the
time of precipitation with Ce(O( I), and the
time of counting.

2. Calculate the Ra-228 content of the sample,
A (Bq/g) from the equation:

A =-
R - b

FW
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where:
W is the weight (in grams) of the solid sam-
ple originally taken for sample decomposi-
tion. In the cast- of a liquid sample, W mav
represent volume (in litres) and the results
art? expressed in units of Bq'l..

3. Calculate the radiometric counting precision,
irA, of the Rci-228 measurement according to
the equation:

ITA - A

where:

(ub)2 (irr)- - (crb)-

(R - (r - b)-

(iry)- - y't̂
where the symbol y represenls the appropriate
count rate (R, r or b) determined Irom counts
measured in the period ts.

6.7 PRECISION
There are several factors that influence the overall
precision of radium-228 activity measurements by

beta spec'rometry. They include counting preci-
sion, sample homogeneity, reproducibility of sam-
ple positioning in the beta spectrometer, precision
of weighing and volume measurements, t;ming er-
rors and instrumental dead-time errors. Fur sam-
ples where radium-228 activites are low (less than
100 counts obtained) the counting precision will
usually be the largest contributor to the overall pre-
cision. For samples whose radium-228 activities are
high (greater than 10 000 counts obtained) the con-
tribution of the counting statistics will be negligible.
The magnitude of the contribution ol procedural
uncertainty should be assessed and combined with
the counting precision in estimating a reportable
overall precision of the measurement (see Appen-
dix).

In a recent interlaboratory study (204) carried out by
several Canadian laboratories using uranium mill
tailings, the relative repeatability (average in-labo-
ratory RSD) of this method was found to be 10 . M
the 1 Bq g level. In cases where the activitv of ra-
dium-228 is low, the main source of uncertainty
may be from the counting statistics.
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7. DETERMINATION OF LEAD-210

7.1 PRINCIPLE
Lead-210 is determined indirectly by measuring
the beta activity of its daughter bismuth-210.
Bismuth-210 is allowed to grow in fora minimum of
30 d to achieve an equilibrium of greater than W ; .
It is then separated from lead-210 by solvent extrac-
tion using a 0.1'i solution of diethylammonium
diethvkiithiocarbamate in chloroform. Subse-
quently. bismuth-2111 is precipitated as bismuth oxy-
chloride, BiOCl. Atter allowing five or more hours
for other shorl-lived bismuth isotopes to decay,
bismuth-210 is determined using a beta counter (̂ 1).
Its chemical recovery is determined by measuring
the activity ol the isotopic tracer, bismuth-2U7 (54).

7.2 INTERFERENCES
The interference of bismuth-212 (60 min half-life)
from the thorium-232 decay series can be avoided
by allowing at least five hours between precipitation
and counting of the sample.

7.3 APPARATUS
• Low-background beta-counting system (see

Chapter 3)
• Gamma-counting system: Nal crystal, power sup-

ply, multichannel analyzer
• Magnetic stirrer: Six-place with single-speed con-

troller
• Hotplate: Variable temperature, Teflon-coated

40-cm x 80-cm surface
• Vortex mixer: Variable speed
• Filter holder: Conical with stainless steel support

screen for 25-mm filter
• Membrane filter: Cellulose acetate 25-mm diame-

ter, 0.45-|x pores
• Pipettes: Disposable polyethylene, 4-mL capacity
• Plastic discs: 25-mm diameter x 2-mm.

7.4 REAGENTS
• DDTC solution (O.I1;;): Dissolve 1.0 g of di-

ethylammonium diethvldithiocarbamate in 1 L
chloroform; prepare daily

• Bismuth carrier (5 mg per mL): Dissolve 5.80 g of
Bi(NO3)2-5H2O in 2 N HC1 and dilute to 500 mL

• Ascorbic acid: Reagent grade
• Nitric acid (16 N): Reagent grade
• Ammonium hydroxide (7 N): Reagent grade
• Lead-210 standard solution (4 Bq mL): Dilute NBS

traceable lead-210 in 0.1 N HC1.

7.5 PROCEDURES
1. Place a Teflon-coated stirrer in the 2 N HC1

sample solution prepared in Procedures B, E or
F of Chapter 2 (Sections 2.5.2, 2.5.5 and 2.5.6,
respectively).

2. Add enough ascorbic acid to reduce any ferric
iron present and 500 mg in excess.

3. Add 10 mL of 0.1';; DDTC in chloroform to the
100-mL sample solution (or 20 mL to a 500-mL
sample solution). Cover with a watch glass.

WARNING: The handling and evaporation of
chloroform (steps 3-8) should be
conducted in a well-ventilated
fumehood.

4. Stir vigorously with magnetic stirrer for 1 min.
Record (he time as the beginning ol Bi-210 de-
cay.

\'ote: Preset stirrer speed to give thorough
mixing of the two phases.

5. Allow 3-5 min for phase separation and, using a
disposable polvethlene pipette, transfer the
DDTC extract to a 100-mL beaker.

6. Repeat the DDTC extraction two more times
and add extracts to the beaker. The last extract
should be colourless. If not, repeat extraction
until the extract is clear.

Note: Using one six-place magnetic stirrer,
6 samples can be extracted in less than
80 min, and if two six-place stirrers are
used, 12 samples can be extracted in less
than 2 h.

7. Evaporate the combined extract to dryness on a
hotplate set at 60-65cC.

8. Add 5 mL of 16 N HNO,, cover with watch glass
and digest until clear. Remove watch glass and
evaporate to a volume of 2 mL. Cool to room
temperature.

9. Rinse the walls with 2-3 mL o(deionized water,
swirl to mix and transfer to a 40-mL centrifuge
tube with the aid of up to 5 mL of water.

10. Add 1.0 mL of bismuth carrier. While mixing
with a vortex mixer, add 7 .V NH4OH until the
solution just turns cloudy (pH should be 8).

11. Heat in a hot-water bath for 15 min and mix
contents by vortex mixer every 3-4 min.

12. Remove and cool m a cold-water bath.

13. Centrifuge, decant supernate, and invert cen-
trifuge tube in a clean tissue to drain.

14. Rinse the wal s with 1 mL of hot 3 N HCI and
mix with a vortex mixer to dissolve the precipi-
tate.

15. Add 30-35 mL ol deioni/ed miter A fine, silky
white suspension of BiOCl appears. Heat in
hot-water bath at HO'C.

Note: If the HXO, oxidation in step 8 above is
incomplete, the BiOCl precipitate ap-
pears very coarse and yellowish.

16. Filter the BiOCl onto a 0.45-p. membrane filter.
Wash twice with 5-mL portions of hot water.
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17. Glue filter onto a plastic disc, dry under in-
frared heat lamp and cover with aluminum foil.
Allow 10 h for other short-lived bismuth iso-
topes, such as Bi-211, Bi-212 and Bi-21-4, to de-
cay.

1H. Place the sample source in the beta counter and
determine the Bi-210 count rate, R. Compute
the elapsed time from the nrst DDTC extraction
to the mid-point of the measurement, t (in
hours).

19. Place the sample source in the gamma spec-
trometer and determine tiie Bi-207 count rate,
R, (see Chapter 4).

20. Prepare a calibration source by taking aliquots
of standard Pb-210 and 13i-2()7 and proceeding
through steps 2-17 abtwe. Use the same aliquot
of Bi-207 as emploved for the sample at the
decomposition stage (see Chapter 2).

21. Place the calibration source in the beta counter
and determine the Bi-210 count rate, r. Com-
pute the elapsed time from the first DDTC ex-
traction to the mid-point of the measurement, t,
(in hours).

22. Place the calibration source in the gamma spec-
trometer and determine the Bi-207 count rate, r,
(see Chapter 4).

23. Prepare a blank reagent source in the same
manner as the calibration source.

24. Determine the Bi-210 beta count rate, b, and the
Bi-207 gamma count rate, b,, for the blank
source (see Chapter 4).

7.6 CALCULATIONS
1. Calculate the apparent calibration constant, F,

from the equation:

F >. o i•'«'•' . i.t.

A_

where As is the activity of standard Pb-210 ali-
quot and t2 is the elapsed time, in hours, be-
tween the first DDTC extraction and the mid-
point of the beta measurement.

2. Calculate the chemical yield of the sample
source relative to thai of the calibration source
from the equation:

Y _ « . - • > •
r, - b,

3. Calculate the Pb-210 activity of the sample,
A (Bq/g), according to the equation:

R - b

where:
Ur is the weight (in ^mms) ot the solid .̂ini
pie originally taken and t is the elapsed lime
in hours between the first DDTC extraction
and (he mid-point of tin- bel.i measure-
ment. In the case of liquid samples, \V will
represent volume.

4. Calculate the radiometric counting precision,
aA, of the Pb-210 measurement according to
the equation:

HO-

hi-' V i

wher:':

(irY)-

Y-
and:

(crR,)- i (<rb,)-' (irb.l-

(<ry)- - y t̂
where ihe symbol y represents the appropriate
count rate (R, b, r, R,, h, or r() determined from
the counts obtained in the period tv -

7.7 PRECISION
There are several factors that influence the overall
precision of lead-210 activity measurements. In ad-
dition to counting precision, they include sample
homogeneity, reproducibilitv of sample positioning
in the beta spectrometer, precision of weighing and
volume measurements, timing errors and instru-
mental dead time errors. For samples in which
lead-210 activities are low (less than )()() counts ob-
tained), the counting precision will usually be the
largest contributor to the overall precision, for sam-
ples in which lead-210 activities are high (greater
than 10 000 counts obtained) the contribution of the
counting statistics will be negligible. The magni-
tude of the contribution of procedural uncertainty
should be assessed and combined with the count-
ing precision in estimating a reportable overall pre-
cision of the measurement (see Appendix).

Recently, four 'standard' uranium mill tailings sam-
ples were submitted to eight Canadian laboratories
for lead-210 analysis. The results (204) show that
samples analysed using the method described here
gave average relative laboratory repeatabilities of
5-10?, (RSD) at the 3-10 Bq/g activity levels and 2'~,
at the 40 Bq/g activity level. The reproducibtlities
among the participating laboratories (RSDs of the
laboratory mean values) were of the same order as
the repeatabilities.

A =
YFW
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8. DETERMINATION OF TOTAL THORIUM BY
SPECTROPHOTOMETRY

8.1 PRINCIPLE
Many cations react ivi'tJi arsen.izo HI (i,#-difiydroxv-
naphthalene-3,6-disulphonic acid-2,7-bis(azo-2-
phenylarsonic acid)) to form stable coloured com-
plexes (135-137). The high stability of these com-
plexes permits the spectrophotometrie determina-
tion of the cations in strung acid media and in the
presence of complex-forming anions such as phos-
phate, sulfate, fluoride, ethylenediaminetetra-
acetate and others (135-137,207,208).

Thorium, together with other multivalent elements
with ionic radii larger than 1.0 atomic units in solu-
tion, is separated from other cations bv coprecipita-
tion with lead sulfate. The lead sulfate is dissolved
in diethylenetriaminepentaacetate solution after
which thorium is extracted into his(2-ethvl-
hexyl)phosphoric acid. Finally, thorium is back
extracted into an aqueous solution of oxalic acid for
spectrophotometric determination with arsena/o
III (59).

The thorium-arsenazo III complex is developed in a
3 N HCL medium. The wavelength oi ihe maximum
absorbance is at 665 nm.

8.2 INTERFERENCES
There are no interferences.

8.3 APPARATUS
• Spectrophotometer: With 10-mm and 50-mm ab-

sorption cells
• Automatic shaker: Reciprocating with variable

speed
• Vortex mixer: Variable speed
• Bottles: Polypropylene with screw cap, 100-mL
• Volumetric test tubes: Calibrated at 25-mL and

50-mL
• Culture tubes: Disposable, 150-mm x 20-mm
• Pipettes: Glass Pasteur and polypropylene dis-

posable.

8.4 REAGENTS
• Thorium standard solution (100 mg'L): Dissolve

207 mg Th(NO1)4 in 0.1 N HCI and dilute to 1 L
• HDEHP (5'7r v/v prewashed): Dilute 50 mL of bis-

(2-ethylhexyl)phosphoric acid to 950 mL with
n-heptane. Wash twice, for one minute each with
200-mL portions of a one-to-one mixture of diam-
monium citrate and concentrated ammonium hy-
droxide and twice with 200-mL portions of 4 M
HNO3. Just before use, wash with a one-half-
volume portion of 4 M J'.i-.'O, for one minute (6)

• Aluminum nitrate (2 M): Dissolve 750 g of
Al(NO-,)y9H,O in 450 mL of deionized water and
50 mL of 16 N HNO-, with heating. Under vac-
uum, filter the solution through two glass-fibre
filters. Dilute to 1 L

• Hydrogen peroxide (30'r): Reagent grade
• Oxalic acid solution (0.4 M): Dissolve 3d g of oxalic

acid in deionized water and dilute to 1 !.
• Arsenazo III (0.1'i): Dissolve 1 g of Arsena/o HI in

I L of deionized water
• Toluene: Reagent grade
• Nitric acid (lf> N): Keagent grade.

8.5 PROCEDURES
1. Transfer the DTPA-PbSO4 solution (follow

steps 1-8 of Section 5.1.5) or the DTPA-acetic
acid solution after the removal of I3<)5O., (step 11
of Section 5.1.5) into a 100-mL polypropylene
bottle, and dilute to 25 ml. with deioni/ed
water.

2. Add lOmLof 16N UNO,, 5mLof2M AKN'O-,),
and 1 mLot'30'i M,O,, tighten the cap, shake
vigorously for 20 s, loosen the cap and allow to
stand for 10 min.

3. Add 10 mL of the prewashed 5'r HDEHP to the
mixture, tighten the cap, place the bottle hori-
zontally in an automatic reciprocating shaker
and shake vigorously (end-to-end) for 15 min.

4. Open the cap carefully to release pressure,
empty contents into a 150-mm x 20-mm test
tube and allow 10 min for phase separation.

5. Siphon off the lower aqueous layer using a glass
Pasteur pipette connected to an aspirator.
Note: The pipette should be connected by rub-

ber tubing to a safety flask, which in turn
is connected to the aspirator. By bending
the rubber tubing an inch from the top of
the pipette and controlling pressure ex-
erted on the bend, one can regulate or
stop the flow of the siphoning action.
This phase separation is much cleaner
and easier to perform than using a sepa-
ratory funnel. This is particularly bene-
ficial when small volumes are involved
as in the following steps.

6. Add 10 mL of 4 N HNO-, and 0.5 mL of 30'?
H,O, to the organic phase. Mix vigorously
using a vortex mixer for 30 s and allow 5 min for
phase separation. Siphon off the aqueous layer
and discard.

7. Repeat sttp 6 with 10 mL of 4 N HNO^ only.
8. Add 10 mL of toluene and 6 mL of 0.4 M oxalic

acid to the organic phase. Mix vigorously using
a vortex mixer for 2 min. Allow 5 min for phase
separation.
Note: If a fine, white precipitate appears, it

indicates the presence of at least 1.5 mg
of Th-232 in the sample aliquot. Reduce
the sample size by a factor of at least 20,
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or dilute the DTPA-1'bSO., and take an
aliquot.

9. Using a disposable pipette, remove the lower
oxalic <Kid extract and place it in a 25-mL vol-
umetric test tube.

10. Repeat extraction with 6 mL of 0.4 M oxalic acid
and combine the extracts.

11. Add 6 mL of 12 N 11C1 and 0.5 mL of the 0.1' I
Arsena/o 111 solution to the oxalic acid extract
and dilute to 25 ml. with deioni/ed water.

12. In a spectrophotometer, determine the absor-
bance at 665 run after adjusting to zero absor-
bance using a reagent blank.

13. Carry standard thorium solutions, containing
1-25 ^g, through the entire procedure and plot
absorbance versus micrograms thorium. The
amount of total thorium in a sample aliquot can
either be read directly from this plot or calcu-
lated frc>m the regression equation for the cal-
ibration curve.

8.6 CALCULATIONS
The quantity of thorium in the sample can be calcu-
lated from the equation:

wheiv:
R,

miMii iibsorh.iiuv reading ot rt\ii;i'nl
blank

R̂  mean ab-.orli.ina' reading ol M.md.ird
RM - mean ah^orbaniv reading DJ samplr
Q^ thorium in si,ind,ial ^ampk-, (j.^.

Die thorium in the original sample, expressed in
u.g g or |j.g mL, can be calculated when the appro-
priate dilution, concentration and extraction factors
are used.

8.7 PRECISION
The precision is ±5'i. The detection limit is 0.05 ng.
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9. DETERMINATION OF THORIUM ISOTOPES BY ALPHA
SPECTROSCOPY

9.1 PRINCIPLE
The naturally occurring, alpha-emitting thorium
isotopes (thorium-227, thorium-228, thorium-230
and thorium-232) arc normally determined by
alpha specfroscopv. II (horium-227 is lo he mea-
sured in the presence of thorium-228 or Iho-
rium-230, the alpha spectrum must be recorded
immediately alter preparation ol the source. Other-
wise, the ingrowth of the daughtt rs of thorium-22K
will directly interlere with the tliorium-227 peak.
The thorium isotopes .ire first isolated by chemical
separations and then they i\w coprecipitated with
50 fig of cerium carrier from a strongly alkaline
EDTA solution. The precipitate is tillered onto an
alkali-resistant membrane filter to provide the
source for alpha spectroscopy (59,60). Under cer-
tain conditions the observed resolution approaches
that obtained bv electrodeposition on a polished
stainless steel disc (35).

The chemical recovery is determined by the use of
the thorium-234 tracer which is added at the time of
sample dissolution (see Chapter 2). Apparent
recoveries greater than 100'; can occur if the sample
contains a large amount ol uranium-238, the parent
of thorium-234 (24 d half-life).

9.2 INTERFERENCES
This method involves isolation of thorium isotopes
from all other elements. Therefore, the only inter-
ferences ore spectral. When the alpha source is kept
thin, high-resolution spectra are assured and no
interferences should be encountered. The source
thickness will increase as the amount of tho-
rium-232 increases above 50 p.g. Thick sources will
result in poor resolution and self-absorption. A cor-
rection for these effects can be made by means of a
computer simulation (1%).

9.3 APPARATUS
• Alpha spectrometer: Surface barrier or silicon-

diffused junction detector, preamplifier, bias
voltage supply, linear amplifier, multichannel
analyzer

• Beta counter: Low-background beta-counting sys-
tem (see Chapter 3)

• Filter holder: Conical with stainless steel support
screen for 25-mm filter

• Membrane filters: PVC or PTFE, 25-mm diameter,
0.1-n porosity

• Vortex mixer: Variable speed
• Plastic discs: 25-mm diameter x 2-mm.

9.4 REAGENTS
• Thorium-228 standard solution (4 Bq/mL): Dilute

NBS traceable thorium-228 in 0.1 N HC1

• Alkaline EDTA (0.05 M): Dissolve 9.31 g of
disodium ethylenediaminetetraacetic acid dihy-
drate in 400 mL of deionized water and 4.5 mL of
10 N NaOH. Adjust the pH to 10.6 with 10 N
NaOH and dilute the solution to 500 mL

• Cerium carrier solution (0.5 mg of Ce per mL):
Dissolve 310 mg of Ce(NO,)1-6H2O j n 200 mL of
0.1 N UNO,. Following steps 5 to 13 below, pre-
pare a blank cerium hydroxide source. Determine
the alpha particle spectrum. If thorium 232 and its
daughters are present, purify the carrier accord-
ing to the published procedure (6,209).

9.5 PROCEDURES
1. Follow steps 1 to 10 of the procedure for the

determination of total thorium by spec-
trophotometry, (Section 8.5) with one ex-
ception, i.e., place the oxalic acid extracts in a
50-mL beaker.

2. Add S mL of 15 N HNO, and 2 mL of 70'A
HC1O4, cover with a watch glass and digest at
100°C until clear.

3. Remove the watch glass and evaporate just to
dryness. Cool the beaker and its contents.

4. Use heat and agitation to dissolve the residue in
5 mL of IN HC1. Cool.

5. Transfer to a 40-mL centrifuge tube, rinse the
beaker with 6 mL of 0.05 M EDTA and add to
the centrifuge tube.

6. Add 100 /J.L of the cerium carrier solution and
mix thoroughly using a vortex mixer.

7. Add 2 drops of 25'A hydrazine dihvdrochloride
and 2.5 mL of 10 NNaOH. Mix thoroughly
using a vortex mixer and heat in a hot-water
bath for 10 min. A milky opalescence, barely
visible, will be observed.

8. Cool in a cold water bath for 10 min.

9. Prepare a 25-mm diameter, 0. 1-/JL membrane
filter on a filter holder with a stainless steel
support screen.

10. Mix the contents of the centrifuge tube vig-
orously using a vortex mixer, and pour into the
filter holder.

11. Rinse 5 mL of 1 N NaOH around the sides of the
centrifuge tube. Mix and add to the filter holder
after the sample has passed through.

12. Wash the centrifuge tube, filter holder and pre-
cipitate with three 5-mL portions of 80'; eth
anol.

13. Remove the filter carefully. Glue it to a plastic-
disc and dry under an infrared heat lamp at a
distance of 10 cm.
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14. Place the sample source in the alpha spec-
trometer and record the alpha particle spec-
trum on the multichannel analyzer. Depending
on the source thickness, the activities ol the
thorium isotopes present and the age of the
source, the spectrum should be similar to that
shown in Figure 5. This is a typical alpha parti-
cle spectrum ol thorium isotopes for Elliot Lake
uranium mill tailings.

Ili. After a suitable counting time, record the total
counts collected under the Th-232, Th-230 and
Th-228 peaks. Calculate their respective count
rates, counts per minute, K,, R,, and [<„.

16. Determine the beta count rate, R., lor the
Th-234 contained in the sample source.

17. Prepare a calibration source bv placing an exact
aliquot of the standard Th-228 solution, A_, and
an aliquot of the standard Th-234 solution,
identical to that employed with samples at the
decomposition stage (see Chapter 2), in a cen-
trifuge tube. Follow the radiochemical pro-
cedure steps l-)3 above.

18. Place the calibration source in the alpha spec-
trometer and, under the same conditions used

for the sample source, record the count rate, r,
for the Th-228 peak.

iy. Determine the Th-234 beta count rate of the
calibration source, r,.

20. Prepare a blank source for background deter-
mination by repeating steps I to 13 above using
reagents only.

21. Place the blank source in the alpha spec-
trometer and, under the same conditions used
for the sample source, record the background
count rates, b-,, b,,and bs for Th-232, Th-230 and
Th-228, respectively

22. Determine the background Th-234 beta count
rate, b(, using the blank source.

9.6 CALCULATIONS
1. Calculate the apparent calibration constant, F,

from the equation:

c

Calculate the chemical yield, Y, of the sample
source relative to that of the calibration source
from the equation:

3:
o

UJ

o
o

ENERGY (MeV)

Fie 5-Typical alpha spectrum of thorium isotopes present in uranium mi]J tailings taken from Elliot Lake. Ontario. Peak 1,
Th-232; Peak 2. Th-230; Peak 3, Th-228; Peak 4, Ra-224; Peak 5. Th-227; Peak 6, Rn-220; Peak 7. Po-216.
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3. Calculate the Th-232, Th-230 and 'J"h-22S activi-
ties, A;, A,, and AK (Bq-g), of the sample accord-
ing (c (/it1 equations:

R , - L>,
A, - •

I-'VVY

IVVY

where:
W is the weight in gnuns ol solid s.miple
originally taken. In the case ol liquid s.mi-
pU's, W will ivpresi'iil \polium' (litres).

4. Calculate the radiometric counting precisions,
<rA, (i •- 2,0,8), of the thorium isotope measure-
ments according to the equation:

r T

,); - (irb,j- wrF • Icrlvl-' M^

.R.

l . r K , ) -

K)-
" A , A, •

vshere:

(.rY!-

and:
(<rv)- - i-l,

where the symbol v represents the appropriate
count rate (K,, h,, r, (\, K,, h, or r,), determined
from counts measured in the period t̂  .

9.7 PRECISION
There are several factors that influence the overall
precision of thorium isotope activity measurements
by alpha spectroscopy. In addition to counting pre-
cision, they include sample homogeneity, repro-
ducibiiity of sampfe positioning in the alpha spec-
trometer, precision of weighing and volume
measurements, timing errors and instrumental
dead-time errors. For samples where the individual
thorium isotope activity is low (less than 100 counts
obtained), the counting precision will usually be the
largest contributor to the overall precision. For sam-
ples where the individual thorium isotope activity
is high (greater than 10 000 counts obtained), the
contribution of the counting statistics will be negli-
gible. The magnitude of the contribution of pro-
cedural uncertaintv should be assessed and com-
bined with the counting precision in estimating a
reportable overall precision of the measurement
(see Appendix A).

Recently four 'standard' uranium mill tailings sam-
ples were submitted to eight Canadian laboratories
for thorium isotope analysis. The results (204) show-
that samples analysed using alpha spectroscopy
gave average relative in-laboratory repeatabilities of
6-10'* (RSD) at the 0.2-10 Bq'g activity level and I'J
at the 40 Bq/g activity levels. The reproducibilities
(between-laboratorv RSDs) among all the par-
ticipating laboratories were of the same magnitude.



10. DETERMINATION OF RADON-222

10.1 PRINCIPLE
There tire many suitable techniques available lor
determining radon-222 in the atmosphere (104—128).
For the purposes of this manual, time integration
has been chosen as the most appropriate because of
its low cost and relative simplicity (119). The method
involves atmospheric sampling over 48 h and si-
multaneous collection in commercially-available
radon-tight Mylar bags, transfer of the radon to
cooled charcoal and finally gamma-counting of the
radon daughters after secular equilibrium has been
attained. The activity so determined is related to the
atmospheric radon-222 content over the 48-h sam-
pling period. A maximum error of .- 15'! due to
averaging can be expected.

10.2 INTERFERENCES
No radioactive elements or isotopes.

10.3 APPARATUS
• Aquarium pump: Fioivrate of approximately

3 Lmin equipped with a needle valve capable of
restricting the flow from 0 to 125 mLmin

• Lead storage battery: 12 volt; 70amp hour capacity
• Power inverter
• Mylar sample bags: 40-L capacity (radon tight)
• Small funnel
• Rubber tubing: 2 m of 3-mra ID
• Air filter: Cellulose acetate membrane filter
• Graduated cylinder: 10-mL
• Nal gamma detector (lead shielded)
• Multichannel analyzer
• Detector power supply
• Granulated charcoal
• MnO2 impregnated acrylic fibre
• Dry ice/acetone bath
• Freeze-out trap containing copper filaments
• Drying column
• Anhydrous calcium chloride
• Aged air
• Drying tube.

10.4 REAGENTS
Radium-226 solution: NI35 standard.

10.5 (A) PROCEDURES FOR SYSTEM
CALIBRATION

1. Set up the apparatus as shown in Figure 6 and
adjust the needle valve to deliver a flowrate, G,
of approximately 10 mL'min. Calibrate the flow-
rate by displacing water from an inverted grad-
uated cylinder for a measured period of time.
Repeat several times. See Note 1.

2. Prepare a standard Rn-222 calibration tube
by adsorbing a known activity, approximately
2000 Bq (60 nCi), of Ra-226 (into acrylic fibre
impregnated with manganese dioxide. This

material is known to hold radium strongly but
to emanate radon freely (21-24). Dry the fibre
containing the radium in an oven at 110 C and
carefully place it into a drying tube. Prior to
starting the calibration measurements it is
imperative that old ingrown radon be removed
trom the calibration tube. See Note 2.

3. Remove sampling tunnel and connect the cal-
ibration tube to the sample line.

4. Connect the aged air to the calibration tube and
start the calibrated pump. Record the time and
dale as T,. Pass aged air through the calibration
tube for exactly t min at 10 ml. min and record
the time ami date of T, - tas l , . Disconnect the
calibration tube from the sample line and sam-
ple aged-air onlv for approximately 48 h.

5. After 48 h of sampling time stop the pump and
record the time and date as I,. See Note 3.

ft. As soon as practical, transfer the gas from the
Mvlar collection bag, bv using the aquarium
pump, to the charcoal trap cooled to -75 C in a
dry ice acetone bath. The needle valve should
be adjusted to provide a flowrale of 20(1 ml. min
for this operation, which should take approxi-
mately 20 min. See Note 4.

7. Remove the charcoal from the trap and transfer
to a suitable sealed container for the gamma-ray
measurement. Add fresh charcoal to the trap.

8. Allow 3 h for radioactive equilibrium to be
achieved between the radon and its daughters.
Place the charcoal in the counting position on
the lead-shielded gamma-ray detector. Set the
multichannel analyzer to accept energies from
0.15 to 1.5 MeV which will include the peaks
of interest from Pb-214 at 0.295 MeV and
0.352 MeV and from Bi-214 at 0.609 MeV.

9. Count the charcoal for 2 h, recording the start
date and time as T4. Express the result in counts
per minute r.

10. Repeat steps 4 to 9 but using only aged air as the
sample to obtain a system blank, b.

J1. Correct for the Rn-222 that has decayed from T2
to T4 and for the background contribution by
the equation:

= ( r - b) e" '-"

where:
At is the elapsed time, in days, from the
time of sampling to the time of analysis
(T4 - T2).

12. Calculate the total activity, As, in Bq, collected
in the Mylar bag by using the equation

As = ARc, (t - e f)
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where ARtl is the activity of Ra-226 adsorbed
into the acrylic fibre, k is the Rn-222 decay
constant and is equal to 1.25 x KHmirr1 and t
is T, - T,, expressed in minutes.
For example, if 2444 Bq of standard Ra-226 is
adsorbed onto the acrylic fibre/manganese di-
oxide medium and aged air is passed through it
for 3 min, the total activity of Rn-222 collected in
the collection bag will be

2 4 4 4 ( 1 - c •' • i " - >"*) -- l l . m Bq .

13. Repeat calibration steps 3 to 11 three more times
for 2t, 3t and 4t min.

14. Prepare a table relating the activity of Rn-222 .is
collected to the corrected count rate rc"rl.

15. Determine the average calibration factor, F, and
its precision by linear regression analysis. Note
that F (count rate/unit of activity) refer to ac-
tivity in the sampling bag at the end of the
collection period.

(B) PROCEDURES FOR ATMOSPHERIC
SAMPLE COLLECTION AND
MEASUREMENT

16. For sampling of the atmosphere use the appara-
tus shown in Figure 6 and described in step ]
above.

17. Locate the sample tube at the desired sampling
point, taking care to ensure that the pump,
battery and sample bags are protected from the
weather.

18. Commence atmospheric sampling at the cali-
brated flowrate, G (10 mL/min), recording the
date and time as Ts.

19. After approximately 48 h, stop sampling and
record the date and times as T,,.
Return the collection bag to the laboratory and
as soon as possible transfer the gas to the char-
coal as described in step 6 above. Remove the
charcoal from the trap, transfer to a suitable
sealed container, allow 3 h for daughter in-
growth and commence counting as described in
steps 8 and 9. Record the start of the count time
as T7. See Note 3.

NEEDLE VALVE

FUNNEL-7 FILTER-1 PUMP-1 MYLAR SAMPLE BAG

Fig. 6 - Schematic of apparatus tor integrated radon sampling.

10.6 CALCULATIONS
1. Correct the observed count rate, R, for decay

and background contribution by
RCMT = (R - b) e" i m i

where:

.M ~ elapsed time, in days, from (he time ol
sampling to the time of analysis (1- - T,,)

2. Calculate the atmospheric Rn-222 content, A, in
(Bq/L), by the equation

A - - k R"
1-G ( l - o lsn'-)

where:
k = 0.125 (Rn decay constant in

miiv'x 10(10)
F - the calibration constant in units ol

gamma count rale ISq
G - the calibrated flou'rati' in nil. min
XU - the sampling period expressed in

days (T,, - '[,).

10.7 PRECISION
Measurement precision is affected by the sampling
reproducibility and counting statistics, particularly
for low radon-activity samples. The calibration, the
sampling procedures, and a measurement preci-
sion estimate can be derived from the statistics of
the regression fit to the data. Additionally, since the
atmospheric radon concentration can be dvnamic,
reproducibility of the measurement can be affected
by activity variations during the sampling period.
The decay correction assumes that the sampling
rate is constant but the results represent concentra-
tion variations during sampling. In the most ex-
treme cases of variations, the error incurred by the
approximation is likely to be less than lS'-r (119).

NOTES
1. To prevent rain from being drawn into the sam-

pling tube and subsequent saturation of the
cellulose acetate filter, a funnel may be attached
to the sampling tube.

2. It is necessary to flush out ingrown radon from
the calibration tube immediately prior to start-
ing step 3. This can be accomplished bv passing
aged air through the tube at a flowrate of
200 mL/min for 10 min.

3. During atmospheric sampling in the field, this
step would be the last field step prior to return-
ing the sample to the laboratory. For calibration
purposes, however, it is assumed that most of
the measurements will be done in the labora-
tory.

4. It may be advisable to use the ice-water cooled
freeze-out trap and the calcium chloride drying
tube in the transfer line if atmospheric sampling
took place during humid conditions to prevent
water saturation of the charcoal. The trap and
drying tube are placed between the Mylar bag
and the charcoal trap. However, the use of these
two dessicating devices must be checked with
the standard to ensure that radon removal does
not take place in the system prior to the charcoal
trap.
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11. DETERMINATION OF RADON-222, RADON-220 AND
RADON-219

11.1 PRINCIPLE
This method is based on a publication of Perdue et
al. (128) describing the simultaneous measurement
of the three radon isotopes (radon-222, radon-220
and radon-219) using an alpha spectrometric tech-
nique. It is a modification of the two-filter Lucas cell
method described by Thomas and Le Clare (210).
As air flows through the system the first filter
passes the radon isotopes but traps their daughters.
A definite ingrowth of radon daughters occurs be-
fore reaching the second filter where they are col-
lected. A surface-barrier detector located within
5mrnofthe second filter is used to measure the alpha
spectrum of the radon daughters. The concentra-
tion of the radon isotopes can be calculated by en-
tering these daughter count rates into a suitable
computer program (128). This method eliminates
the possible error that can occur in the gross count-
ing method which assumes that all daughter counts
come from radon-222 only.

Normally, radon-219 will be a small fraction of the
radon-222 concentration. This is because of the low
activity of the uranium-235 series relative to the
uranium-238 series (approximately 5'7, for natural
abundances) and also, the short half-life of
radon-219 (4 s). Only those atoms generated on the
surface of solids will be able to diffuse into the
surrounding air before they decay. Under certain
conditions, the long-lived parents of radon-219,
namely protactinium-231 and actinium-227, may be
concentrated at the surface of tailings particles. This
will give rise to a higher ratio of radon-219 to
radon-222 than would be the case where the radon
parents are distributed evenly throughout each par-
ticle. Such abnormalities have been observed in the
Nordic tailings from the Elliot Lake area (211).

11.2 INTERFERENCES
No radioactive elements.

11.3 APPARATUS
• Air filters: Cellulose acetate membrane niters
• Air pump: Constant-rate motor-operated
• Flowmeter: Calibrated using a wet-test meter
• Surface barrier detector: 450 mm2

• Bias power supply
• Multichannel analyzer.

11.4 REAGENT
• Helium supply.

11.5 PROCEDURES
1. The apparatus is assembled as in the schematic

shown in Figure 7. Air is pulled through the
filter at a flowrate of approximately 12 L/min.

An air filter, #1, is located at the «mp!e inlet to
prevent dust from being deposited on filter #2
and to remove airborne radon daughters. The
flow is monitored with a flowmeter. A surface
barrier detector is positioned within 5 mm of
filter #2.

2. The sampling time will depend on the relative
activity levels of the radon isotopes. Since
Pb-211~, the longest-lived Rn-219 daughter, has
a half-life of 36.1 min, and the long-lived daugh-
ter of Rn-220, Pb-212, has a half-life of 10.6 h, a
sample time of 1 h should be adequate.

3. At the end of the sample period, flush the
chamber containing the surface barrier detector
with helium.

4. Count the activity trapped on the filter for
10 min, starting 2 min after the end of sampling.
A spectrum similar to that in Figure 8 should be
obtained on the multichannel analyzer. The res-
olution will depend on the completeness of the
helium flush and the degree of penetration of
the daughters into the filter's surface.

5. The count rate is determined over each of the
four energy regions;
a) 5.20-6.16 MeV (Bi-212, Po-218);
b) 6.16-6.75 MeV (Bi-211);
c) 6.75-8.10 MeV (Po-214, Po-215);
d) 8.10-9.50 MeV (Po-212).

6. Recount the sample for 15 min, starting 15 min
after the end of sampling.

PUMP

FLOW MCItH

MOLTI
CHANNEL
ANALYSER

FILTER No.2

SURFACE BARRIER DETFCT0K

- FILTER No. I

Fig. 7 - Schematic of Iwo-filter apparatus tor measuring radon
isotopes in the field.
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7. Perform a final count beginning approximately
300 min after the end of sampling.

8. These three measurements allow the calcula-
tion of activities of Pb-211 and Bi-211 (daughters
of Rn-219), Po-218, Pb-214 and Bi-214 (daugh-
ters of Rn-222) and Po-212 (daughter of Rn-220).

11.6 CALCULATIONS
1. Counts from each region are used to calculate

the activities of Rn-222, Rn-220 and Rn-219
according to the equations described by Kerr
(212) and Perdue et al. (128).

2. To know the airborne concentrations of radon
daughters in the sampled air, filter #1 must be
removed.

4.

In summary, the experimental information
required to make these calculations are:

- start time of atmospheric sampling;
- sample rate;
- efficiency of detector;
- counts for regions a, b, c and d (see step 5

above) for the three sample periods;
- starting and stopping time of each count

interval.
The program accounts for the energy overlap
between Bi-212 and Po-218 in region a, but the
counts for Bi-212 can be subtracted as they are
approximately equal to 0.56 times the counts in
region d. A correction is made for the overlap of
Bi-211 from region b into region a.
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12. DETERMINATION OF URANIUM

Two very sensitive methods for the determination
of uranium are described here. 1 he first is the fluo-
rometric method which requires a fluorometer
(151-160). The second is the bromo-PADAP spec-
trophotometric method which requires a spcc-
trophotometer (148,159).

12.1 FLUOROMETRIC METHOD

12.1.1 Principle
Uranium fused with sodium fluoride produces a
brilliant yellow green fluorescence when exposed In
ultraviolet light. This technique is specific for ura-
nium when the excitation wavelength is 365 run.
Ihe intensity of the fluorescence is proportional to
the amount of uranium present.

12.1.2 Interferences
Many cations interfere by quenching the uranium
fluorescence intensity. These include Cr, Mn, Fe,
Co, Ni, Cu, Zn, Ag, Sn, IV, 1't, Au, Hg, Vb, La, Th,
Ce, Pr and Nd. Some cations interfere by enhancing
the uranium fluorescence even though by them-
selves they do not fluoresce in fluoride phosphors.
These include Ca, Mg, V, Be, Mo, Mb and Sb. These
interferences can be eliminated either by dilution or
by extracting uranyl nitrate into ethyl aeetafe or
methyl isobutyl ketone, as detailed by Donaldson
(1-59).'

12.1.3 Apparatus
• Fluorometer
• Fusion dishes: Platinum or platinum-rhodium,

the size and shape to be determined by the re-
quirements of the fluorometer

• Trays for fusion dishes: Aluminum block with
holes to (it fusion dishes

• Fusion burner: Commercially available and capa-
ble of a 1000°C temperature

• Infrared heat lamp
• Micropipette: 100-|xL with disposable tips
• Macropipette: 5-10 mL with disposable tips
• Extraction bottles: 40-mL polyethylene centrifuge

tube with screw cap
• Vortex mixer: Variable speed.

12.1.4 Reagents
• Standard uranium solution (100 u.g/mL): Dissolve

117.9 mg of pure 11,0,, in 20 mL of 16 N HNO,
with heating. Cool and dilute to 1 L with de-
ionized water

• Aluminum nitrate solution (2 g/mL): Dissolve
2 kg of A](NO,)y9H;,O in deionized water and
dilute to 1 L

• Flux pellets (0.6 g): 98'7r sodium fluoride and 27,
lithium fluoride

• Ethyl acetate: Reagent grade
• Hydrofluoric acid (5O'/r): Reagent grade

• Nitric acid (16 N): Reagent grade
• Perchloric acid (70'v): Reagent grade.

12.1.5 Preparation

12.1.5.1 Water
Samples with uranium concentrations below the
detection limit (50 ppb) must be concentrated. Kor a
10:1 concentration, transfer 100 ml. to a 150-mI.
leflon TFE beaker, add 5 mL each of 16 \ 1 I.\'O, a/id
50'i HJ;, and evaporate to dryness. Cool, add 5 ml.
20'; UNO i to dissolve residue and transler quan-
titatively to a K)-ml. volumetric flask. Rinse beaker
with 2-3 ml. of deioni/ed water, add to flask and
make up to volume.

12.1.5.2 Tailings, soils, sediments, biological
ashes and air filters

Digest an aliquot (0.1-0.5 g) of the solid sample or a
47-mrn air filter in a 150-mI. covered leflon Tl-'E
beaker with 5 mL each of 16 N UNO,, 50', HI- and
70'; HCIOj at low heat until clear. Remove cover
and evaporate almost to dryness. Cool. Add 5 mL
of 25'; UNO, and boil for few minutes. Cool, trans-
fer to a 25-mL volumetric flask and make up to
volume with deioni/ed water.
WARNING: Perchloric acid is a very powerful

oxidizing acid and should be handled
with extreme care. All evaporation
must be done in a perchloric acid
fumehood.
(For details see Section 2.5.6 Pro-
cedure F.)

12.1.5.3 General
For direct determination, begin at step 4. For extrac-
tion method, begin at step 1.
1. Place 10 mL of the A1(\'O,), solution in a 40-mL

screw-cap centrifuge tube. Add an aliquot (up
to 1.0 mL) of samp/e solution and lOmLoU'thyl
acetate.

2. Securely cap the tube and mix thoroughly for
one minute using a vortex mixer.

3. Let stand to allow layers to separate.
4. Place a flux pellet in each of the platinum fusion

dishes.
5. Using a micropipette, transfer two 100-ji.L ali-

quots of the sample solution or ethyl acetate
extract onto each of two flux pellets and dry
under an infrared heat lamp.

6. Prepare duplicate samples, blanks and
standards.

7. Place the fusion dishes on the fusion burner
and fuse for 30 s at 400°C and 2.5 min at 1000CC.
Cool for 15 min. (This timing is important.)
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8. Measure fluorescence following the instruc-
tions supplied by the fluorometer manufac-
turer.

Note: Segregate platinum dishes for high,
medium and low levels of uranium.
After each use, wash each dish with hot
water, fuse with 0.5 g of potassium
pyrosulfate, cool and dissolve flu\ in hot
water. Store the dishes in 1 N 11\'O, and
rinse with deioni/ed water belore use.

12.1.6 Calculations
The quantity of uranium, U, in the sample pellets is
expressed in nanograms per 100 fil. and is calcu-
lated as follows:

K - R,,
U - — » Q,,

K R
where:

Rb

Rs

R,,

Qn ~

moon reading ol duplicate blanks

mean reading of duplicate samples
mean reading of duplicate uranium
standards
quantity of uranium standard in pei.Vi,

The uranium concentration in the original samples
can be calculated when the appropriate dilution,
concentration and extraction factors are used.

12.1.7 Precision
For the direct measurement, the precision is ± 15'-i.
The precision for the extraction method is poorer
because of the additional manipulation.

12.2 BROMO-PADAP
SPECTROPHOTOMETR1C METHOD

12 2.1 Principle
Uranium and bromo-PADAP, (2-(5-bromo-2-pyri-
dylazo)-5-diethylaminophenol) react to form a col-
oured complex, which can be determined by
spectrophotometry. The complex is developed in an
ethanol-water mixture at pH 7.6, and in the pres-
ence of a mixed complexing solution containing
1,2-cydohexylenedinitrilotetraacetic acid (CyDTA),
sulphosalicylate and fluoride. The wavelength of
maximum absorbance is at 578 nm. Uranium extrac-
ted into tri-n-octylphosphine oxide (TOPO) in
cyclohexane can be determined directly in the ex-
tract. In this case, the colour complex gives max-
imum absorbance at a wavelength of 574 nm and at
pH 8.35.

12.2.2 Interferences
Many cations interfere by complexing with bromo-
PADAP. However, most of these are eliminated in
the presence of the mixed complexing solution of
CyDTA, sulphosalicylate and fluoride, which func-

tions as a masking agent. Cations which interfere
significantly (Fe, Ce, Th, V, Zr) are eliminated by
the TOPO/cyclohexane extraction. Anions such as
sulfate and chloride should preferably be absent as
they may enhance the extraction of some ot the
interfering cations. Phosphate has no effect on ura-
nium extraction up to the 500-mg level. Therefore,
this method is particularly suited to high-phos-
phate samples such as phosphate ores.

12.2.3 Apparatus
• Spectrophotometer: With 10-mm and 50-mm ab-

sorption cells
• Volumetric test tubes: Calibrated at 25 ml. and

50 mL
• Vortex mixer
• Disposable test tubes: 25 mm x 160 mm.

12.2.4 Reagents
• Standard uranium solution (100 (xg/mL): See Fluo-

rometric Method (Section 17..1.4)
• Bromo-PADAP (0.05';;): Dissolve 250 mg of

bromo-PADAP in 500 mL of ethanol
• Complexing solution: Add 25 g of CyDTA, 5 g of

NaF and 65 g of suifosalicvclic acid to 800 ml. of
deionized water. Adjust pH to 7.85 with
10 N NaOH and dilute to 1 L

• Dilute complexing solution: Dilute one part of the
complexing solution with an equal volume of
deionized water, and adjust the pH to 8.35 with
10 N NaOH

• Buffer solution (pH 7.85): Dissolve 149 £ of tri-
ethanolamine in 800 mL of water, adjust pH to
7.85 with perchloric acid and allow to stand over-
night. Readjust if necessary and dilute to 1 L

" Buffer solution (pH 8.35): Same as above, but
adjust pH to 8.35

• TOPO solution (0.1 M): Dissolve 19.3 g of tri-n-
octylphosphine oxide in 500 mL cvclohexane

• Sodium fluoride solution (2'7t wv): Dissolve 2.0 g
of NaF in 100 mL of deionized water.

• Ascorbic acid (5" w/v): dissolve 5.0 g of ascorbic
acid in 100 mL of deionized water.

12.2.5 Procedures

12.2.5.1 Sample preparation
See Section 12.1.5.

12.2.5.2 Direct measurement
1. Pipette an aliquot of water sample (up to

6-7 mL) into a volumetric test tube.
Note: Determine on a separate aliquot the vol-

ume of 1 N NaOH required for neu-
tralization.

2. Add 2.0 mL of complexing agent. Mix.
3. Add 2.0 mL of pH 7.85 buffer solution. Mix.
4. Add the volume of 1 N NaOH determined in

step 1 above. Mix.
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5. Add 10.0 mL of ethanol and 2.0 mL of bromo-
PADAP solution. Mix.

6. Dilute to 25 mL volume with deionized water.
Mix.
Note: pH of solution should be 7.6.

7. Allow to stand for 1 h, measure the absorbance
at 578 nm with a spectrophotometer after zero-
ing the instrument with a reagent blank.

8. Prepare a standard curve by carrying the fol-
lowing standards through the entire pro-
cedure, 0.0, 1.0 |jLg, 5.0 u.g, 10.0 (xg, 20.0 ug,
40.0 fig, 60.0 (jig and 100 jxg of uranium.

12.2.5.3 Exlraction
1. Pipette on <ilii]iiiit (up to 25 ml.) of the sample

into a 25-inni * I6l)-mm lesl lube, add 5 nil. of
2'i NaF solution and 2 ml. of 5'i ascorbic solu-
tion and mix.

2. Add 5.0 ml. of TOl'O solution and mix vig-
orously for 1 niin using a vortex mixer. Allow
the phases lo separate.

3. Pipelte 2.0 mL of the TOl'O extract into a dry
volumetric test tube.

•i. Add 1.0 ml. of dilute complt/xing solution. Mix.

5. Add 4.(1 ml. of bromo-PADAl' solution. Mix.

6. Add 1.(1 mL of pll N..15 buffer solution. Mix.

7. After 15 niin, add 16.0 ml. of ethanol, dilute to
25 ml. with deioni/ed water ,\nd mix.

H. Measure the colour at 576 nm after zeroing the
instrument with a reagent blank.

lJ. Prepare a standard curve by carrying a series of
standards through the complete extraction.

12.2.6 Calculation
Determine the uranium concentration in the sam-
ple trom the equation:

jjig L' trom standard i i i iw
1-iK L per ml. .

ml. •simple aliquot

The uranium concentration in the original sample
can be calculated when the appropriate dilution,
concentration and extraction factors are used.

12.2.7 Precision
I he expected relative precision is 10f ' .
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APPENDIX A
Estimation and Reporting of Procedural

Uncertainties (Precision) in Radiochemical Determinations
It is incumbent upon radiochemists carrying out
isotopic activity determinations to estimate uncer-
tainties in their reported measurements. Failure to
do so invites misinterpretation or misuse of the
data. Every analytical report should contain an un-
ambiguous statement of the estimated magnitude
of uncertainty associated with each report result.
Furthermore, the calibration standard reference
materials (SRM) and methodology employed
should be referenced. This is particularly important
in the age of multi-laboratory measurement pro-
grams and widely accessed databases.

Various publications have dealt with the problem of
ambiguity in reporting of uncertainties associated
with measured values (A.1-A.4). Sill outlines a pro-
tocol relevant to radiochemical measurements to be
employed by the Analytical Chemistry Branch of a
U.S. Energy R & D Laboratory (A.I). Miedema has
prepared an assessment of reporting results from
the chemical/radiochemical laboratory at Eldorado
Resources Ltd. and suggested a reporting protocol
(A.4). Some features of these were adopted in the
following proposed convention for reporting un-
certainties.

1. SI units should be employed, e.g., Bq/g for
specific activity. (One picocurie is equivalent to
exactly 0.037 becquerels by definition.)

2. Each result should be accompanied by a plus/
minus estimate of the in-laboratory precision of
the measurement. The precision estimate
should be an 'entire procedure' value as deter-
mined in the laboratory making the measure-
ment. The significance level of the estimate
should be indicated (la, 2o\..); in keeping with
past practice, and for uniformity, the one sigma
level is recommended. Calibration SRM activi-
ties and half-lives involved in the activity cal-
culation should be treated as absolute constants
in estimating this precision.

3. Values below the 'detection limit' should be
reported as calculated with their corresponding
uncertainties.

4. The identity and total uncertainty of the SRM
used for the activity measurements should be
cited as a potential source of bias of the calcu- where:
lated value with respect to the absolute activity.
Currently accepted values of half-lives, or iso-
topic specific activities, should be used and
cited.

5. Example:

Sample Ra 226 found Bq/g

84-3401 0.02 ± 0.04 (la)
84-3402 14.80 ± 0.44 (la)
84-3403 -0.01 ± 0.04 (la)

Note:

The uncertainties shown reflect the estimated
precision of the measurements. The reported
values are relative to NBS SRM 4959-193 having
a total estimated uncertainty of ±1.26% in ra-
dium-226 mass. The radium-226 specific ac-
tivity 3.659 x 104 Bq/jig and tv2 = 1599 years
were used for the activity conversion and SRM
decay correction. Radium-226 was determined
by alpha spectrometry following its isolation
from the matrix (Radioanalytical Methods Man-
ual, National Uranium Tailings Program, Chiu
and Dean, eds., Energy, Mines and Resources
Canada, (1985).

The procedures in this manual indicate formulae for
calculating the uncertainty (acs) in a determined
activity value due to propagation of the uncertain-
ties in counting measurements entering into the
activity calculation. The sections on precision also
indicate that there are other contributions to the
total method precision (crT) such as pipetting errors,
counting geometry, representative sampling, etc.
The combined effects of these are likely to exhibit
normal (Gaussian error) behaviour for the method
as applied within a given laboratory, characterized
by an effective standard deviation (<rp). Assuming
that ap is activity-independent, the relation

<JT2 = <TCS2 + O p 2

provides a means of estimating the effective value of
ap from replicate determination of the isotope ac-
tivity in a homogeneous reference material. The
counting error should be held constant (and ideally
small compared to the total uncertainty) for the
estimation. The value of aT (and hence a ) can then
be estimated from the standard error (sn) of n repli-
cate, independent measurements as

°T = fto.O5.n-l/l-96) * Sn

Aj - A)/(n -
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where:
A; = determined activity,
A = mean of n measurements,
' o* n i = student's t at the 5'7r sig-

nificance level for n — 1 decrees
of freedom,

1.96 = error interval in <r units that
contain 957< of all values for a
rigorously Gaussian distribu-
tion.

The factor ([„ „, „ ,/l .96) allows
for the uncertainty in the ap-
proximation A = A, when n is
small.

Ideally, through an effective development and qual-
ity control program, a 's will be estimated by the
laboratory from replicate measurements on a num-
ber of different homogeneous materials related to
the sample types to be measured and realistic oper-
ative values will be established. These may then be
used with calculated values of act_ to estimate total
laboratory precisions.

Total laboratory uncertainty may also be estimated
by propagation of statistical errors of the parameters
entering the calculation (A. 5), provided these can
be independently estimated, and that all signifi-
cantly variable parameters are included.

Expression of laboratory uncertainties as "one-
sigma" implies that the Gaussian probability dis-

tribution applies to the repeatability of the measure-
ment within the laboratory. That is, the laboratory
expects, on reasonable statistical grounds, that the
reported value would differ from the mean value in
a large number of measurements by more than
1.96o- with only a 5'/c probability, or more than 2.58cr
with only a l'/c probability. In order that this impli-
cation be realistic at least to the 5'7i significance level
(95% confidence level), it is suggested that standard
errors of components determined from small num-
bers of measurements be multiplied by the appro-
priate factor, as shown in Table A.I, to estimate
effective sigma values used in propagation formulae.

Table A.I. Values of student's t at the 5V,
significance level divided by 1.96

n - l

7
8
y

10
15
2(1

t.MB.n 1 l - %

e>.4K
2.19
1.62
1.42
1.31
1.25
1.20
1.18
1.15
1.14
1.1W
1.07
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