
AN EFFICIENT QUANTITATIVE TECHNIQUE FOR THE 
SIMULTANEOUS ANALYSES OF RADON DAUGHTERS 

210Ph3 210Bi AND 21*Po 

(Rece&& 30 March 1993. Revised 16 3&y 1993. dccepted 20 July 1993) 

Summary-An improved and time efficient technique has been developed for quantitative determination 
of the long-lived “Rn daughters (2tePb, 2’oPo and Z’“Bi) in atmospheric and oceanic samples. The sample 
is first spiked with yield tracers for polonium (208 or 209), bismuth (207), and lead (stable lead carrier). 
These. nuclides may then bs scavenged through iron hydroxide preciphatian and redissolved in a dilute 
(PH _ 2) nitric acid plating medium with citrate and hydroxylamine hydrochloride at 90” centrigrade with 
constant stirring. First a silver ptanchet is suspended in the solution which plates polonium to high 
efficiency. Second, a nickel pIanch& is suspended in the same sohmon which is maintained hermetic (e.g. 
bubbhng with h&urn) and ~smutb is @ated next with high e%iency. Third, tead is purifsd from the 
same s&&ion usmg anion exchange techniques and isolated for beta bang as the sutfate. P&o&m 
is an&yzed by isotope dilution &&a s~trorne~~ Bismuth and lead are aualyxed #y ~~~o~~~t beta 
counting in a Iow level &i&d. fn the case of bismuth, the 207 tracer is added in quantities at least 
comparable to the background of the beta system such that counting before and after the decay of ataRi 
gives the bismuth yield. 

The unique characteristics of this technique are its speed and efficiency; all three radon daughters can 
be isolated for counting within 4 hr of pre-treating the sample. ‘fbe remaining solution can be treated 
subsequently for other analyses as appropriate. 

Daughter products of “I& (Fig_ I) are useful 
tracers in the studies of several geochemical and 
health related pro~esses,‘*~ One widely used at- 
mospheric app~tion of these isotopes is in the 
study of the ~~~p~~~c residence time of 
aerosols in the tropospht3re,” via 2’0Fo~21*Pb and 
2*oBif’0Pb activity ratiosM In proundwater geo- 
chemistry, measurements of t.hese nuclides have 
helped to evaluate the reactive behavior of 
geochemieal analogues (e.g. the retardation rate 
constants) and to assist in making site specific 
models of transport of such spei~ies.~‘~ In health 
related issues, measurements of these n&ides 
are important due to their ~adioto~ei~es~~~*14 

Several teethes for the sim~tan~us deter- 
lotion of Pb9 Bi and Pa are available in the 
literature. For example, Marckwald” found 
that polonium deposited very readily onto silver 
from dilute hydrochloric or nitric acid. Curie 
and Debierne16 established the separation of PO 

*Author for correspondence. 

from Pb by spontaneous deposition on cqqxr. 
~ub~~~e~tly, other workers2*‘3~‘FiP refined the 
te&hni~~~ for the sparatioa and de~si~o~ of 
PO and Bi using Hi planchets. Narita eb uLS 
devised an ~l~~~eposition cell for the separ- 
ation of I3 for which they used stable Bi carrier 
to quantify the Bi yields. 

One important problem in *‘OBi detormi- 
nations is the appropriate choice of o yield 
tracer. Use of stable Bi as a carrier chemically 
complicates the recovery and limits the number 
of analyses per unit time. Although, the pro- 
cedure of Narita e6 &I? is relative& time 
efbcient, it is labor intensive. In this paper we 
describe a simple technique that utilizes a radio- 
active isotope of Bi (=‘Bi, half-life = 38 years) as 
yield tracer and the ability to quantitatively 
separate PO and Bi by spontaneous sequential 
deposition on silver and nickel planchets, re- 
spectively, Specifically, the sample, taken in a 
suitable medium as discussed later, is first plated 
for PO on a silver disc?’ A nickel planchet is 
then introduced in the solution and Bi is then 
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Fig. I. “*Rn daughter series taken from Moore ef 01.~ 

isolated subsequently.22 Finally, lead is pro- 
cessed using standard techniques which isolate 
and count the su#fate.23 

Quantitative anatysis of n&ides requires the 
samples to be spiked with yield tracers or car- 
riers which are not naturally present in the 
samples in the amounts added. The nuclide 
recoveries in the prepared solutions are then 
followed to estimate the yield,” The PO iso- 
topes, u)8*209Po, serve as good spikes for PO, and 
stable Pb as Pb(N03)* is good as a Pb-carrier, 
However, a suitable choice of Bi spike poses 
some problems. The nuchde of interest, ‘*‘Bi, 
emits a 1.4 MeV beta which is easily detected by 
a gas-flow type Geiger counter.2s There are 
several isotopes of Bi that are artificially pro- 
duced and are gamma or alpha active which 
may be employed as tracers. However, these 
isotopes or their short-lived daughter products 
interfere with beta countings, measured as total 
beta activity, in the Geiger region. Also, the 
particle energies of beta emitters are generally 
continuous over a wide range which precludes 
the use of a proportional counter coupled to 
multichannel anafyses. 

207Bi (half-life = 38 years) is mainly a gamma 
emitter (570 keV, 97%; 1064 keV, 76% and 
1770 keV, 8%). It emits a conversion electron at 

960 keV with 25% intensity. Since the conver- 
sion electrons are nearly monoenergetic, they 
show a relatively sharp peak in mu~~~hannel 
analysis (Fig. 2). We have, therefore, used M7Bi 
to trace the Bi yields in this procedure for 
measuring ‘laBi. 

Pilot experiments were carried out with 
known amounts of mixed standards having 
z’“Pb 2’oBi and 210Po in equilibrium in order to 
develop procedures for extracting the radio- 
nuclides. Known quantities of these standards 
are mixed with Pb-carrier (equivalent to about 
50 mg of PbSO,), Fe-carrier (30 mg FeCf,) and 
mPo and =‘Bi spikes, 

The quantity of =Po spike is kept approxi- 
mately equal to the expected activity of “‘Po in 
the sample. However, the activity of added ‘07Bi 
is always kept at 4.2 dpm (equivalent to 22 net 
counts/hr on our beta counter with a back- 
ground of 15 counts/hr). Samples are dried and 
taken in 0.M HCl medium with 5 ml of 20% 
hydroxylamine hydrochloride and 2 ml of 25% 
sodium citrate solutions, added in order to 
prevent iron from plating. The solution is ad- 
justed to pH 2 with a few drops of ammonia 
hydroxide solution. Polonium is plated first on 
a polished silver planchet at 890°C over 3 hr 
with constant stirring, A nickel planchet is next 



Simultaneous analyses of radon daughters 

5ocG I I I 
rn’a 

I I I I 

245 

1.25 

1.00 

Channel Number 

Fig. 2. M7Bi conversion electron spectrum. The intensity of the conversion electron at 976 keV is 25%. 
The dotted line shows energy calibration of the fully depleted silicon surface barrier detection with 

1500 ym depletion thickness (1.4 keV/channel) used in this study. 

placed into the solution and a further 4 hr is 
allowed for hermetic Bi plating at around 95°C. 
After the plating is complete, the nickel planchet 
is removed and washed hermetically with hot 
water just previously boiled. In air, including 
aerated solutions, adsorbed Bi quickly gets re- 
moved from nickelz*‘3 and therefore care must be 
exercised in removing and washing the nickel 
planchet. 

The remaining solution is taken to dryness, 
repeatedly oxidized with HNO, and taken up in 
dilute HNO, . Ammonium acetate is then added 
to give the solution pH N 4, and PbCrO, is 
precipitated by adding 2 ml of 2% NaCrO, 
solution. After washing with distilled water, the 
chromate precipitate is dissolved in 1.5M HCl 
and passed through previously conditioned 
anion exchange resin column to purify the lead.’ 
Lead is eluted with hot distilled water, con- 
verted to PbSO, with a drop of HZS04, filtered, 
ignited, weighed and deposited on a Plexiglass 
holder for beta counting. 

Natural samples 

In the case of groundwater, seawater, rainwa- 
ter or sediment samples, the procedure may be 
suitably modified. For example, after adding 
and equilibrating the spikes/carriers to large 
quantities of water samples, the Pb, Bi and PO 
isotopes may be preconcentrated by coprecipi- 
tating on Fe(OH), following procedures well 
known for other U-Th series nuclides23*26 and 
the precipitate dissolved in dilute HCl before 
radon daughter assay. Sediment samples may be 
digested with HF + HClO, and taken in dilute 
HCl after a complete fuming of HClO,. The 
remaining procedure of extracting and plating 

PO, Bi and Pb remains the same as described 
above. The schematic of the analytical pro- 
cedure is shown in Fig. 3. 

In an effort to understand the source of low 
Bi yields in some of our experiments, we ob- 
served that high molarity of HCl solutions 
produce low yields. Nickel planchets also dis- 
solve to a certain extent under high chloride 
contents of the plating solution. This was es- 
pecially noticed while working with seawater 
samples. Conversion of chlorides into nitrates 
and taking the final solution in O.lM HNO, 
gave better Bi yields without any planchet dis- 
solution but reduced PO yields by about 25%. 
More work on the effect of chloride contents on 
Bi yields and related nickel dissolution is in 
progress and will be reported later. 

Counting methods 

Polonium sources are counted via their alpha 
activities using silicon barrier detectors coupled 
to a multichannel analyzer.*’ Lead sources are 
beta counted via ingrowing *loBi after which the 
growth of *loBi is followed over a period of 
about a month to ensure the purity of the 
source.** Low energy beta particles from *‘OPb 
(about 15 keV) are eliminated by a mylar ab- 
sorber covering the source (0.9 mg/cm*). All 
analyzed samples showed excellent purity by 
following the expected growth at a half-life of 
*loBi with a correlation coefficient in excess of 
0.97% similar to that shown in Fig. 4. 

Bismuth sources are counted with a 6 mg/cm* 
gold mylar on the beta counter in a similar 
manner as *‘OPb sources. Since absorption of 
high energy particles by a media is density and 
thickness dependent, the general convention is 
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Fig. 3. Flow chart of the chemical procedure used in this study. 

to express radioactive absorbants as mg/cm* 
units rather than cm. The mylar is used to 
eliminate alpha particles from PO, if any, on the 
source. In this case, since there is no ingrowth 
of *loBi from *‘OPb, the activity on the planchet 
would start to decay with the half-life of 2’oBi. 
The decay of *loBi is followed over a period of 
about a month. Decay curve analysis is used, 
as in case of *‘OPb, to check the purity of the 
source. At times exceeding a month (six half- 
lives of *lOBi), when more than 98% of the *loBi 
has decayed away from the source and only *O’Bi 
is left over, the planchet is beta counted again. 
It is then assumed that the remaining activity is 
due to *O’Bi alone and may therefore be used to 
evaluate the chemical yield (Fig. 4). 

Assumption that the remaining activity on 
the nickel planchet is due to 207Bi necessitates 

assuring the purity of the Bi source. Any longer 
lived beta emitting nuclide present on the 
planchet would tend to increase the estimated Bi 
yield. Although some information on the purity 
of any given source may be obtained from the 
decay curve of *lOBi, two other independent 
measurement techniques have been used to 
verify this assumption in a variety of atmos- 
pheric and oceanic samples from the CHESS 
Cruises in the slope sea of the northwestern 
mid-Atlantic and ATLANTIS II Cruise on Juan 
de Fuca Ridge in the coastal Pacific off Oregon 
(see Field Samples section). In the first tech- 
nique, a silicon surface barrier detector was used 
to obtain the spectrum of the conversion elec- 
tron from 207Bi, and in the second technique 
*O’Bi was measured directly via its gamma emis- 
sion. 
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Fig. 4. Decay curves obtained from the beta countings of Bi 
plates. O-represents data from Experiment-I, V-Exper- 
iment-11 and O-Experiment-III. Uncertainties in activities 
larger than the size of the symbols, are shown by the error 
bars. Excellent fit to the data shows high purity of the plates. 
Excess intercept over the background, represented by the 

dotted line, is used to estimate the chemical yield. 

USE OF A SURFACE BARRIER DETECTOR 

To verify the purity of residual gross beta 
counting due only to 207Bi, we utilized a surface 
barrier detector in the Bi-yield determinations. 
The main difficulty of using a surface barrier 
detector in beta spectroscopy is the large range 
of beta particles which necessitates detectors 
with thicker depletion depths (EG & G, 1984). 
Also, because the excitation energy in a beta 
decay is shared by the beta and gamma par- 
ticles, there is generally a continuum of beta 
energies from a beta source. Energy spectra 
from such sources do not show a discrete energy 
peak, but instead are characterized with 8,” and 
/I,,,=. Conversion electrons, on the other hand, 
are produced due to internal conversion pro- 
cesses when a nucleus imparts its energy of 
excitation directly to one of its nearby orbiting 
electrons and the electron then leaves the atom 
with a discrete energy. Energy spectra from such 
sources do show strongly discrete energy peaks 
and permit a direct measurement through multi- 
channel gamma spectroscopy (Fig. 2). 

As discussed earlier, 207Bi emits a conversion 
electron at 960 keV. The range vs energy curve 
for beta particles in silico# suggests a depletion 
thickness of nearly 1500 pm for its total absorp- 
tion. A totally depleted silicon surface barrier 
detector from EG & G (Model No. BB-02 l-300- 
1500), coupled to MCA was used to obtain the 
count rate of *O’Bi in some of the sources for 
cross check purposes. A typical count rate due 
to 207Bi ranged between 15 and 20 cph over a 10 

Table 1. Recovered activities of *‘oPb, 210Bi and *‘oPo by the 
simultaneous determination technique. Known amounts of 
2Vb spike, in equilibrium with ll”Bi and 210Po were used as 
pilot experiments in developing the extraction technique 

Added 
activity 

Recovered activities (d’) 

Expt. No. (&n) 2’opb ZlOBi 21% 

1 4.0 4.3 f 0.5 4.3 f 0.1 3.5 f 0.1 
2 8.0 9.2* 1.2 8.8kO.5 9.7kO.3 
3 16.0 16.1 f 0.1 17.9 f 0.3 15.1 f 0.3 

cph background. Chemical yield estimated 
through this procedure was within 10% of the 
reported values (Table l), determined through 
the conventional total beta countings using gas 
flow type Geiger counters. Although yield deter- 
minations using a surface barrier detector are 
advisable for better accuracy, the high cost of 
the detector ($4000) discourages its use when the 
total beta counting yields results within 10%. 

USE OF A Ge DETECTOR 

The 207Bi also emits three gamma rays with 
emission at 570 keV, 1064 keV and 1770 keV, of 
which the particle at 570 keV is the most intense 
(97%). This may be detected using a low back- 
ground Ge detector. 

An intrinsic germanium coaxial detector from 
Princeton Gamma Tech, Inc. (Model No. 
NIGC 2020) was used for measurements of 
M7Bi. The overall counting efficiency at 570 keV 
for a weightless 207Bi source on nickel was 2.9%, 
and at 1064 keV, 1.5%. However, the signal to 
background ratio still remained below 2 because 
the added M7Bi spike was kept low at 4.2 dpm. 
This could be improved by adding higher 
amounts of 207Bi to the samples. Thus, two and 
a half fold greater amounts of 207Bi were added 
to the samples from the ATLANTIS II cruise. 
In these samples, the yield estimate based on 
gamma spectroscopy was within 5% of results 
from beta spectroscopy and total beta measured 
on Geiger counters (Table 3). Generally, the 
goal is to obtain a better initial 210Bi/207Bi count 

Table 2. Chemical yields of 210Pb, 210Bi and 210Po determi- 
nations, and correlation coefficients from the least squares 
regression analyses on 210Bi activities (ingrowth in case of 
pure 2’Opb sources and decay of pure 2’oBi for the pilot 

experiments) 

Chemical yield (%) Correlation co-efficient 

Expt. No. 2lOpb 21OBi 2190 2’0Pb 2lOBi 

1 15.2 61.0 21.4 0.99 0.99 
2 73.6 99.9 61.8 0.98 0.99 
3 73.1 89.9 95.4 0.99 0.99 
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Table 3. Comparison between chemical yields for 
Bi determined through residual beta activities and 

gamma spectrometry of Z07Bi 

Chemical yield (%) 
Sample ID Beta Gamma 

Rn Filter #I 100.9 + 21.4 103.4 k 3.6 
Rn Filter #3 84.5 + 5.4 82.0 + 2.5 
Rn Filter #I3 99.3 j, IO.8 96.8 f 3.4 
ALV24~-Wl(1) 88.3 f 5.6 86.5 f 3.2 

rate ratio and an acceptable 207Bi count rate to 
the background ratio at the time when 2’oBi is all 
decayed away. As such, one must have some 
knowledge of the in-situ 2’oBi activity in the 
sample and then add approximately an equal 
amount of 207Bi. 

RESULTS AND DISCUSSION 

Results of the simultaneous determinations of 
Pb, Bi and PO in the calibration experiments 
using known activities of 2’oPb in standard 
solutions to develop the extraction techniques 
are presented in Tables 1 and 2. The errors 
quoted in Table 1 are uncertainties due to la 
counting statistics. The 2’oPb in the Axe1 Stan- 
dard used in these experiments was in equi- 
librium with its daughters. The expected 
activities of “‘Bi and “Opo in each experiment, 
therefore, were equal to the added 2’oPb activity. 
All the recovered activities are within 15% of 
the added activities. An exception is in Exper- 
iment-1 (Table 1) which is about 19% lower 
than the expected value and may be due to an 
unusually low chemical yield (Table 2). 

Chemical yields presented in Table 2 on 210Pb 
and z’“Po are evaluated based on the recovery of 
stable Pb carrier and 2osPo spike, respectively. 
The Bi yields are evaluated based on the inter- 
cept of the z’“Bi decay US count rate (cpm) plots 
(Fig. 4) after correcting for the counter back- 
ground. Yields in excess of about 70% are 
common in our laboratory. 

Values of the correlation coefficients close to 
unity in the growth or decay curve analyses of 
2’0Pb or 2’oBi (Table 2), suggest high purity in the 
separation of these nuclides for these exper- 
iments (Fig. 4). Such separation is especially 
important for Bi because any residual activity at 
large times after plating that is not due to 207Bi 
may affect the estimate of the chemical yield as 
determined by total beta counts. As discussed 
earlier, the level of beta activity due to %‘Bi was 
kept to just over lo% of the counter back- 
ground. It is possible to keep this several times 

over the background count rate provided the 
signal due to 2’oBi in the sample is expected to 
be larger. In any case, for unambiguous results, 
it is suggested to keep the initial count ratio of 
2’0Bif207Bi over 5. Larger added activities of 207Bi 
spike would also tend to reduce the sensitivity 
for error due to condonation of Bi plates. 

Field samples 

The technique of 2’oPb, ?‘OBi and 2’oPo analy- 
ses was used for aerosol and submarine hydro- 
thermal vent samples collected from the Juan de 
Fuca Ridge. Samples were stored for over two 
months before processing so that equilibrium 
between 2’OPb and 2’oBi was assured. Also, an 
order of magnitude higher 2WBi concentrations 
were used as spikes as the anticipated activities 
would be higher than normal aqueous samples. 
An excellent correlation between measured “‘Pb 
and 2’oBi in equilibrated samples of aerosol and 
hydrothermal vents from Juan de Fuca Ridge 
(Fig. 5) suggests the wide applicability of the 
technique for the simultaneous and quick deter- 
minations of the radon daughter nuclides in 
natural marine and atmospheric samples. 

CONCLUSIONS 

A simple improved and time efficient tech- 
nique has been developed for the sim~taneous 
dete~ination of the long-lived WRn daughters 
(2’oPb, “‘Bi and 2”‘Po). The method relies on the 
spontaneous sequential plating of the PO and Bi 
daughters and use of yield tracers 207Bi, 208Po or 
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Fig. 5. Regression of 2’oPb activity, measured via conven- 
tional technique, and 2’oBi activity, measured via the re- 
ported technique. The correlation co-efficient of 0.99 
supports the application of the technique for measuring *loBi 

in natural aerosol and hydrothermal vent fluids. 
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It must be noted that when using a Geiger 9. S. Krishnaswami, W. C. Graustein, K. K. Turekian and 

counter in 207Bi yield determinations, care must F. Dowd, Water Resources Res., 1982, 18, 1663. 

be taken to ensure the purity of the Bi plate. 
10. J. K. Osmond and J. B. Cowart, Uranium Series Dise- 

Any long-lived beta or low energy gamma emit- 
quilibrium: Applications to Environmental Problems, M. 

Ivanovich and R. S. Harmon (eds). Clarendon Press, 
ters present on the plate would tend to over- Oxford, 1982. 

estimate the Bi yields. The possibility of such an 11. J. N. Andrews, D. J. Ford. N. Hussain, D. Trivedi and 

interference could be high in case of complex 
samples like seawater. At present we do not 
know of any natural U and Th series radio- 
nuclides, with the exception of PO, which co- 
plates with Bi on nickel planchets under the 
plating media described above. Checking the 
purity of “‘Bi signal through multichannel beta 
or gamma spectrometry would certainly be 
helpful. 

M. J. Youngman, Geochim. Cosmochim: Acta., 1989,53, 
1791. 
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