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ABSTRACT

Progeny of 222Rn and #°Rn, (**?Pb, #?Bi, **Pb and 2'“Bi) are essential to assess radiological hazard,
external and internal doses, residence times and equilibrium factors. Precise measurements of these
nuclides are quite complex due to their very short half-lives. This study outlines a new and precise
methodology to measure these nuclides. Radon-222 and 2?°Rn were measured using a radon monitoring
system, while their respective progenies were collected in an atmospheric filter using an ASS-500
sampler and measured by gamma-ray spectrometry. The 2*2Pb concentrations were very similar to the
thoron ones, where all #12Bi/?'2Pb ratios were consistently less than 1. The relative uncertainties, o,., of
the 2'2Pb and 2'2Bi activity concentrations, and #*2Bi/?'2Pb activity ratio are generally less than 10%.
Moreover, 2**Ph/?22Rn ratios were about 0.7, agreeing well with previous works. The g, for 21Pb, 214Bi
and 24Bi/?*Pb were generally less than 6%. This methodology was applied to estimate aerosol residence
times using the 21*Pb/??Rn and #2Bi/?'2Pb activity ratios, and to obtain equilibrium factors, achieving
consistent results. Furthermore, the methodology consistency and validity range were studied with time
elapsed between sampling end and counting start, and the sampling durations, finding the optimum times
to precisely determine 2'2Pb, 212Bi, 2*Pb and ?*Bi.

Keywords: 2°Rn — 212ph — 212Bj; 222Rn — 214pp — 214Bj; Aerosol residence times; Equilibrium factors;
Gamma-ray spectrometry
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1. Introduction

A fraction of 22°Rn (thoron, half-life, T1, =56 s), produced from radioactive decay of ’Ra in the Earth's
upper crust escapes the surface of the soils to the atmosphere. An assessment of inhalation dose from
thoron requires a reliable method to measure ?°Rn concentration and its decay products in indoor and
thus novel methods are being developed (Kanse et al., 2021). Among the radioactive progeny of thoron,
212Ppy has the longest half-life (T1/2 = 10.6 h, Auranen and McCutchan, 2020), and thus allows to obtain
detectable levels of this radionuclide in surface air. *?Pb decays to #?Bi (T, = 1.01 h). Due to its
relatively long half-life, 2Pb can be used as a tracer in environmental studies. In areas where 22Th
concentrations are higher in the upper crust, including soil at land-air interface, with higher background
thoron concentration, special care needs to be taken to get reliable data of the decay products of °Rn
for dose assessment (Balakrishnan et al., 2021; Haanes and Rudjord, 2018; Tokonami et al., 2004).
Furthermore, recent findings have revealed that reassessment of risks due to radon exposure may need
to take the presence of thoron and its progeny into account (Haanes and Rudjord, 2018; Tokonami,
2020).

It is well-known that radon (*°Rn, Ty = 3.82 d) and its progeny are the main source of ionization in the
lower troposphere, due to its long half-life compared to ?°Rn and ?°Rn as well as the main natural
source of equivalent dose to the public (Considine et al., 2005; Crawford et al., 2013; Crawford et al.,
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2015; Zhang et al., 2011; Zhang et al., 2021). Radon is the second leading cause of lung cancer after
smoking. Because the progeny of 22Rn, 22°Rn and ?*°Rn are highly particle-active and are charged at the
time of their production, they are absorbed onto particulate matter present in air and hence ionizing
radiation from particulate matter is a critical element in air quality. Inhaled particles could act as
transport vehicles for radionuclides in their way inside the lungs, which may emit radiation after
inhalation and deposition in the respiratory tract being able to damage the vascular structure (Macias-
Verde et al., 2021; Pontedeiro et al., 2007; Yu et al., 2006) and also to affect different body organs (Gao
et al., 2019). #*Pb (Ty,, = 26.8 min) and ***Bi (T, = 19.9 min) are radon daughters that emit beta
particles and many gamma rays with high branching ratios (e.g. 352 keV, 37.6%, and 609 keV, 46%)
(DDEP, 2017; Ivanovich and Harmon, 1992). Lead-214 and #“Bi have been used as tracers in several
environmental applications. Examples include: i) as tracers to investigate the mixing of rain and
seawater (Patiris et al., 2021); ii) to determine U concentrations in building materials and minerals
(Kuzmanovic et al., 2021; Nuchdang et al., 2018; Pontedeiro et al., 2007) and iii) residence time
estimation of cloud droplets and raindrops (Moriizumi et al., 2015).

The residence time calculated using the short-lived progeny of 222Rn provides insights on how long it
takes for atmospheric aerosol particles to settle to the ground in a specific area. Assuming steady-state
between the production and removal rates, using a box model (Lozano et al., 2011), T, can be estimated
from the disequilibria between the parent and daughter nuclide. In the case of 2°8U- and #*?Th-series
radionuclides, the daughter nuclide is useful to determine the age when the half-life of the parent
radionuclide is much larger than the daughter radionuclide. Consequently, for the case corresponding to
212Bj/212pY, it is possible to use their ratio to obtain T,.. However, for the other case (2**Bi/?'*Pb), it is not
suitable given that their half-lives are very similar to each other. Therefore, for this latter case, it is
necessary to select another ratio and 24Pb/??Rn is a possibility although the geochemical properties of
Pb ad Rn are not similar.

In dosimetry, it is more convenient to characterize the short-lived progeny of radon through the potential
alpha energy concentration (PAEC), which is the sum of the alpha particle decay energy of all the short-
lived progeny of radon in a volume of air (J m=). Although originally defined for radon progeny, it is
possible to extend it to include thoron progeny as well (Chalupnik et al., 2021). Other parameters often
used to determine exposure and radiation dose by inhalation are the equilibrium-equivalent decay
product concentration of airborne radon/thoron progeny and the equilibrium factor. The equilibrium-
equivalent decay product concentration is the activity concentration of any radon/thoron daughter in
equilibrium which leads to a determined value of the PAEC (Vargas et al., 2016). The equilibrium factor
is defined as the ratio of the measured PAEC and the PAEC when all radon decay products are in secular
equilibrium with 22Rn (UNSCEAR, 2000).

For all the reasons previously mentioned, this study aims to develop a new methodology to determine
212pp, 212Bj, 214ph and 214Bi, as well as their ratios (?2Bi/?**?Pb and #“Bi/?*Pb) in atmospheric aerosols.
Due to their low concentrations and short half-lives, precise measurements of these nuclides are
complex. In comparison with other works related to the 2Ph, 2'2Bi, 2*4Pb and ?**Bi determinations (e.g.,
Bem et al., 2002), our work is the first one to address these determinations by using an ASS-500 sampler,
and a square filter whose dimensions are 44 cm x 44 cm. Furthermore, in our study, the obtained
equations take into account the decay corrections in every moment, that is, during the sampling, between
the sampling end and counting start, and during the counting, without needing to wait for the transient
radioactive equilibrium. This makes our methodology more suitable to determine those radionuclides.

In addition, this study is the first one to address in-depth the determination of 2!2Ph — 212Bj and 2“Pb —
214Bj outdoors. This methodology is applied to estimate the residence times of air aerosols, as well as to
obtain the equilibrium factors for radon and thoron and their respective daughters which are essential
for the internal dose calculation. For the estimation of aerosol residence times, the ?*Bi/*’Rn and
212Bj/212pp activity ratios were employed, whereas this is the first study to use the 212Bi/?*2Pb ratio for
the purpose previously mentioned. Furthermore, a comprehensive analysis is carried out on the optimum
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sampling and counting times, and the times elapsed between the sampling start and counting end to
minimize the uncertainties of the 22Pb, 212Bi, 2**Ph and 2*Bi activity concentrations, which has not been
addressed in other studies.

2. Materials and methods
2.1. Materials and calibrations

All atmospheric sample collections took place at the EI Carmen campus of Huelva University in Huelva
(a province of Andalusia, Spain), whose geographical coordinates are 37°16°12""N 6°55"28"W. The
sampling altitude was 6 m above the ground. Several polypropylene filters (44 cm x 44 cm) were
selected for aerosol sample collection. Different air samples were collected using a high-volume aerosol
sampler, model ASS-500 (details on ASS-500 sampler in Valkovic, 2000), which is able to reach air
flows ranged from 500 m® h! to 600 m® h%. In Section 3.3, a comparison of the precisions determining
the radionuclides of interest will be made between the ASS-500 and a PMzo samplers. In the case of the
PMio sampler, its filter holder was connected to an electronics system whose model was MCV — CAV-
A/mb — High Volume Sampler, where the air flow of any PM1, sampler needs to be fixed at 68 m3 h™!
according to the US EPA Compendium Method 10-2.1 (EPA, 1999).

Assay of 22Pp, 212Bj, 24Ph and 2“Bi was conducted by gamma-ray spectrometry, using an extended
energy range coaxial Ge detector (XtRa). The XtRa detector has a relative efficiency of 38.4% at 1332
keV (®°Co) (with respect to a 3”x3” Nal (TI) detector), a full width at half maximum of 1.74 keV and
0.88 keV at 1332 keV and 122 keV, respectively, and a peak-to-Compton ratio of 67.5:1. The XtRa
detector is connected to a device for the data acquisition and the gamma spectra visualization using the
Genie 2000 software (Canberra Industries, 2004; Zhu et al., 2009). This detector was shielded with a Fe
layer of 15 cm thickness, internally with a thin Pb layer. To avoid interferences from Pb X-ray in the
obtained gamma spectra, a layer of 2 mm thick Cu plate was placed on the top of the Pb layer.

For the XtRa efficiency calibration, polypropylene 44 x 44 c¢cm? filters were used for problem and
calibration filters. A known amount of RGU-1 (4940(15) Bqg kg') and RGTh-1 (3250(45) Bq kg™?)
standards were well mixed between them and uniformly spread on three calibration filters, covering the
same as that in sample collection. Then, they were subsequently folded achieving the same dimensions
than the ones used for the measurements of any problem filter, that is, 11 x 11 cm?. Three filters were
chosen to check the reproducibility of the efficiency obtained for each selected energy. The detector was
calibrated with the same radionuclides that are of interest in this study (***Pb (352 keV), 2“Bi (609 keV),
212pp (238 keV) and 2?Bi (via 2T (583 keV)). The true coincidence summing (TCS) correction was
not considered since the radionuclides determined in the sample and calibration filters are identical,
where both types of filters have the same geometry and dimensions and are measured at the same
distance from the detector window, that is, just above the detector window to maximize the detector
efficiency. For these reasons, the self-absorption effects were negligible (Barba-Lobo et al., 2021,
Barba-Lobo and Bolivar, 2022). The quality control of the XtRa calibration for this type of filters was
tested participating in several inter-comparison exercises organized by the Spanish Nuclear Safety
Council (CSN), obtaining satisfactory results in all of them. The minimum detectable activities (MDAS)
obtained for a counting time of 1 hour were 3 Bq, 8 Bqg, 5 Bg and 7 Bq for the 2?Pb (238 keV), 2?Bi
(583 keV), 21*Pb (352 keV) and 2*Bi (609 keV), respectively. For a sampling time of 1 hour and an air
flow of 600 m? h*t, MDA concentrations (mda) about 5 mBgq m, 13 mBq m=, 8 mBg m= and 12 mBq
m3, respectively, were obtained.

The measured activity concentrations of 212Ph, 24Pb and 21*Bi were compared to their respective parents
(thoron and radon), and the initial activities of 222Rn and Rn at the beginning of collection were
measured. A measurement system, which was settled at the same place chosen to carry out the
samplings, was utilized in order to determine the concentration levels of radon and thoron existing at
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the beginning of each sampling. This system is based on Atmospheric Radon Monitoring (ARMON),
which is comprised of a semiconductor detector inside a 20 L spherical detection volume, with a
potential difference of 8000 V between sphere’s the inner layer of the sphere and a Passivated Implanted
Planar Silicon (PIPS) detector. In this system, the Si detector detects a-particles resulting from 21%Po and
218pg decays, from the thoron and radon, respectively. The detector has a 1 um filter which is placed at
sphere entrance to trap all thoron and radon daughters, which are generated before entering this sphere.
The mda were about 50 mBq m~3 and 200 mBq m~3 for thoron and radon, respectively. For further
information about the ARMON system employed in this study and its calibration, see Vargas et al.,
2015; Grossi et al.,, 2012. Regarding the quality control of the ARMON calibration, a chamber
containing an active certified reference material is often measured by the ARMON and another system
used for radon and thoron measurements (RAD?7 version 5541, provided by DURRIDGE), which was
already validated. For all these measurements carried out by the ARMON and RAD7, very similar
curves of radon were obtained, validating the ARMON calibration.

Considering the previous materials mentioned, our experimental setup consisted of an ASS-500 aerosol
sampler, using polypropylene filters of 44 x 44 cm?, a XtRa Ge detector for the measurement of gamma-
emitter radionuclides, and an ARMON for the measurement of radon and thoron.

2.2. Obtaining the equations related to the #*2Pb — 2*?Bi and ***Pb — 2*Bi determinations

In order to determine the activity concentrations of 212Pb, 212Bi, 24Pb and ?**Bi in air at the beginning of
the samplings, it is necessary to know precisely the activity of these radionuclides for the particulate
matter deposited on the filters during the samplings, that is, A, (where p refers to the parent

radionuclides, that is, 2*2Pb or 2**Pb) and A4 (where d refers to the daughter radionuclide, that is, 2B
or 2Bi), can be obtained by the following equations (Supplementary Material-A for further information
about the detailed demonstrations to obtain these equations and all the others shown in this Section):

Aps =ap () Cps (1)

where ¢ is the flow resulting from each sampling, At; = t&& — t&, where ¢t and t& are the times
when each sampling starts and ends, respectively, C,,s = /1;1(1 — e"lv“S), A, is the decay constant of
the parent radionuclide (that is, **Pb or **Pb) and a, is the activity concentration of the parent

radionuclide in air aerosol at t&".

Then, using Bateman equation, the activity of A, is given as:

=ap¢/1d
Ao — Ay

Ads [Cps - Cds] t+aq ¢ Cds (2)

where 14 and a, are the decay constant and the activity concentration in air at < of 22Bi or 2B,
respectively, and Cy5 = A" (1 — e~ahts),

From Egs. 1 and 2, the daughter/parent activity ratio can be determined which is useful to get
information about the disequilibrium between the daughter and parent radionuclides referred to the
particulate matter deposited during the sampling:

Aps  Ag—2y  Cps

ap /1d - Ap

Ags  Aq %(a_d Ag > 3)



The evolution of the activities of the parent and daughter radionuclides on the filters, and their ratios
(Ags(t)/Aps (1)), at any time ‘t” can be known as follows:

Aps(t) = Aps Cps0_y (4)
Ay

Ads(t) = /1 ps_ A [Cps(z)_t - Cds(z)—t] + AdS Cds(z)_t (5)
d p

Ags(t) Mg +Cds(2)_t Ags Mg 6)
Aa— 1,

Aps(t) B Aa— 2y Cps(z)_t Aps

2 (@
where A, and A, are given in Egs. 1 and 2, respectively, Cosr_p =€ Ap(t s ) and Cy 0 , =

e—/ld(t—tgz)).

After the sample collection, the filters were measured by a XtRa detector. Genie 2000 software was used
to get the net counts (N) corresponding to each selected gamma energy of the radionuclides. N,, and Ny
can be given by:

Np = Byp &p Aps Cps@_cw) Cpe (7
Aps Ad

N, = Pyd &4 m [Cps(z)—c(l) Cpc — CdS(Z)—C(l) Cdc] + Ags Cds(z)_c(l) Cac (8)
(4

where P, and ¢ are the gamma emission probability and the efficiency for a given energy (p and d denote

parent and daughter nuclides, respectively). C = e v AL Cy ~Aa Atz )

s = €
Cpe = 251(1 — e 208%e), Cyp = A71(1 — e~Pabte), At = £ — ¢V, being ¢t and t$¥ the times
corresponding to the start and end of the counting, respectively, and At )_ ) = t$9 — t&2.

Taking Eqgs. 7 and 8, as well as Egs. 1 and 2, the activity concentrations of the parent and daughter
radionuclides in air, that is, at ts(l), a, and ag, respectively, can be calculated as follows:

-1
ap = Np [P vp &p P Cps Cps_c Cpc] (9)
-1 -1
O N L7 (Prag2)  Np(Bpep) A 1 _ 1
“ 7 ¢ Cas | Casr—c Cac Ada =24 Cas—c Cac  Cps—c Cpc
(10)

-1
Np (P vp €p Cps Cps@_c@ Cpc) Aa c c
- Ad _ Ap [ ps — ds]

Furthermore, using Egs. 9 and 10, a,/a, is completely determined and, therefore, this ratio provides
useful information about the disequilibria between the parent and daughter radionuclides at ts(l):



Losta ¢ C —¢ Cacl
ad B nadn q— Ap pS(Z)—C(l) pcC ds(z)_c(l) dc Ad

ap ap Cys Cys@—_c) Cqc Ag — lp

ey @

where "a;" = Ny [Py €4 @ Cas Cysr_ o Cdc]_l, that is, the activity concentration of the daughter
radionuclide in the case that it did not have any dependence on the evolution of its parent activity
concentration.

Considering Egs. 9, 10 and 11, it is possible to know the uncertainties related to a,,, az and ag/a,:

ONn
O-(Clp) =ap N_p (12)
p
oaq) = J 8+ 720}, + (aa + B + 1IN, ()’ (19
d

o) T
a, a, a, aq

. . N.

where on, and oy, are the uncertainties of N,, and Ny, respectively, w = Z% and g +vy =
d d

aad

Ny’

For the samplings that will be carried out (see Sections from 3.1 to 3.5), the sampling time, Atg, was
fixed at 0.5 h and 1.0 h, the time elapsed between the sampling end and the counting start, At )_.@,
varied from about 0.3 h to 3 h, the counting time, At,., was fixed at 0.5 h and 1.0 h, and the air flow
varied from about 500 m*® h* and 600 m® h™. The counting and sampling strategy was stablished
according to the half-life of the 2!2Bi (1 hour), which is the radionuclide more difficult to measure
considering its very short half-life and its relatively low concentration in air. So, the sampling and
counting times were selected to be as short as possible to avoid significant decay of the analyzed
radionuclides, and to minimize the uncertainties resulting when propagating uncertainties in the case of
the activity concentrations in air.

2.2.1. Applications of the developed methodology: residence time and equilibrium factor estimations

From the disequilibrium between the daughter and parent radionuclides, the residence times of the
atmospheric aerosols can be determined. Therefore, the methodology developed in this study in order
to determine 2'?Ph, 24Pb, 212Bi and 2“Bi was applied to the obtention of the residence times for air
aerosols.

If between the two radionuclides selected to calculate those ratios, there is no intermediate decay
products, T, can be estimated by the following equation (Dtugosz-Lisiecka and Bem, 2012):

1

T, =—
" Aalap/ag —1)

(15)



where 4, is the decay constant of the daughter radionuclide.

The uncertainty related to T, can be calculated using:

1
o(Ty) = o(aq/ap) 16
Ad(l - ad/ap)z a7 ( )

where a(a,/ayp) is the uncertainty related to ag/a,.

If there is an intermediate decay product, another equation is employed to estimate T, (Robbins, 1978):

-1

T, = (—A2+ B) (17

where A= (14 + 14,),B = \/(Ad + 2a)? =4 g Aq, (1 — ap/ag), A4 and Ay, are the decay constants

of the daughter radionuclide and the intermediate decay product, respectively. The uncertainty
associated to Eq. 17 can be known as follows:

4 Ad Adl ap/adz
B (—A + B)?

o(T,) = a(aq/a,) (18)

Then, the methodology developed in this study was also employed to estimate the equilibrium factors
of the radon and thoron daughters, F,, which are useful in order to get information about how
significative the exposure to radiation is. In a general way, F,, is defined as follows:

Foq = Ceq/CRn (19)

where Cg,, is the activity concentration of radon or thoron and C,, is the equivalent activity
concentration of the short-lived daughters of the radon or thoron, respectively, considering radioactive
equilibrium between them. Therefore, depending on C,, is referred to the radon or thoron daughters,
this can be obtained by using one equation or another (Nader, 2019):

Cezgz = 0.105 Qz18p, + 0.515 az14p;, + 0.380 azisap,; (20)
Cezgo = 0.913 az12p;, + 0.087 az12p; (21)
where CZ7% and CZ7° are the equivalent activity concentrations when employing the daughters of the
radon and thoron, respectively, and the activity concentrations of #8Po, 214Pb, 214Bi, #!2Pb and #?Bi in

air. Besides, given that 2!8Po is a very short-lived radionuclide (*®Po half-life ~ 3 minutes), it is very
acceptable to assume secular equilibrium between ?2?Rn and ?8pPo.

3. Results and discussion



3.1. Determination of the 2?Pb, 2“Pb, ?'?Bi and ?**Bi concentrations

Aerosol samplings of 1 hour of duration were carried out by using an ASS-500 sampler at “El Carmen”
University Campus on July 22, 2021, starting at 5:00 UTC and finishing at 11:00 UTC.

The concentrations of 22°Rn and 2'2Pb decrease since sunrise, that is, from about 6:00 UTC (Table 1).
The 22°Rn concentration decreases from 509(163) mBg m at 6:00 UTC to 105(75) mBg m at 10:00
UTC. The corresponding values for #2Pb decreased from 583(14) mBg m at 6:00 UTC to 102(3) mBq
m3 at 10:00 UTC. Radon-222 and thoron usually reach their maximum concentrations at dawn, which
took place between 5:00 UTC and 6:00 UTC on July 22, 2021. Furthermore, the 2*2Pb values obtained
at the beginning of sampling are statistically comparable with ?*Rn concentrations considering a
significance level of 5%. Then, the #2Bi/?'?Pb activity ratio in all samples are less than 1 (Table 1),
which is very consistent to the expected activity ratio values. The #2Pb is the parent of the 2'?Bi.
Therefore, in the case that there is no excess accumulation, the 22Bi/?'2Pb activity ratio must be < 1.
Excess accumulation of the 22Ph — 212Bi happens rarely due to the high difference between their half-
lives (10.6 hours (#*2Pb) and 1 hour (#2Bi)). In addition, this reasoning can be corroborated by other
works such as Bigu, 1993; He et al., 2017.

It is necessary to highlight the precision obtained for azizp,, azizp; and azizg;/az12p, using the
methodology described in Section 2.2, with relative uncertainties ranged from 2.3% to 2.9%, from 7.8%
to 11%, and from 8.3% to 12%, respectively. The At )_.q) Vvalues obtained for all samplings were
relatively short, < 0.43 hours. This is essential to determine 2?Bi and 2!?Pb and their activity ratios.
Regarding the uncertainty in thoron activity, it is relatively high, due to its very short half-life.

Table 1

Flow (¢), activity concentrations of 212Pb, 22Bi and 2°Rn, 2!2Bi/?*?Pb activity ratio, duration of sampling (At)
and counting (At,) and time elapsed between collection end and counting start (At (2 _ ) for the samplings
done on July 22, 2021 using an ASS-500 sampler.*

A

Filter ) Aty At, 212pp 212 212B; 220Rn

code  (m°h?) (h) s(zgﬁ)c“) (h) (mBgm®) (mBgm?)  ZZpp  (MBgm?)
0.97(5:00

Al01 59 UT( o 035 094  510(12)  179(17)  0.35(0.03)  457(154)
0.92(6:00

A102 490 UT( o 042 094  583(14)  281(22) 0.48(0.04)  509(163)
0.92(7:00

A103 550 UT( o 043 094  384(9) 164(17)  0.43(0.04)  409(146)
0.93(8:00

A104 589 UT( o 040 094  331(8) 149(15)  0.45(0.05)  155(90)
0.92(9:00

A105 519 UT( o 043 094  215(6) 134(14)  0.62(007) <50
1.05(10:0

AL06 582 o U(T o 0% 100 1029 71(8)  0.69(0.08)  105(75)




&) Numbers in parenthesis denotes uncertainty (1c) associated with the data. Besides, for each At, the start
times of each sampling are also specified in parenthesis.

For the ?**Pb — #Bi pair and *”Rn (Table 2), all values obtained for az14,, were less than those for
radon. The average activity ratio of az14p;, /az22p,,, was found to be 0.73(0.03), which agrees well with

the values reported earlier in literature for meteorological conditions characterized by not very windy
and non-rainy days, and a relative humidity about 50% (Chen and Harley, 2018; Pontedeiro et al., 2007).
It is interesting to note that 2**Pb and radon followed the similar behavior, since their concentrations
decreased from dawning. The activity concentrations of 21*Bi were in a good agreement with the
expected ones. The azisg;/az14p, ratios ranged from 0.41(0.02) to 0.59(0.03), which are significatively

less than 1 and provide information on the factors and processes causing the disequilibria between 2**Ph
and ?“Bi. The az14p;/az14p, ratio did not show a significant variation as occurred for the az14p, /az22g,,

ratio, which is consistent since they are associated to the same air aerosols.

The uncertainties of azisp,), az14p; and aziag; /az14p, ranged from 1.0% to 2.9%, from 3.9% to 6.3%,
and from 4.9% to 6.5%, respectively. The relative uncertainties of az14,, were very similar to the ones
obtained for az12,,, (see Table 1), while relative uncertainties for az145; were significatively smaller
than the az12j;; ones (see Table 1). This is coherent because the uncertainties related to a4 (activity

concentration uncertainty of the daughter radionuclide, see Eq. 13) are inversely proportional to Ny.
Since the net counts obtained for the full-energy peak used for 2**Bi (at 609 keV) were an order of
magnitude higher than the N, values associated to the full-energy peak used for #?Bi (583 keV), it is
reasonable that o (a,) for 24Bi is less than the !2Bi one.

Table 2

Flow (¢), activity concentrations of 214Pb, 21Bi and #?2Rn, 2Bi/?**Pb and 2*Pb/???Rn activity ratios, duration of sampling
(At) and counting (At,) and time elapsed between collection end and counting start (At2)_.) for the samplings done on
July 22, 2021 using an ASS-500 sampler.*

Filter b Aty At ,w At 214ppy 24 214Bi 22Rn 14pp
code  (m*h?) (h) (h) (h) (Bg m®) (Bq m?) 214pp (Bq m?) 222Rn
0.97(5:00
A101 596 UTC) 035 094 19.2(04)  7.8(0.3) 0.41(0.02) 26.3(1.8)  0.73(0.05)
0.92(6:00
A102 490 UT( 9 042 094 17.1(0.4)  9.6(0.4) 0.56(0.03) 22.8(1.6)  0.75(0.06)
92(7:
A103 550  © ?JT( C)O O 043 094 14703  70(03) 048(0.03) 19.9(14)  0.74(0.06)
0.93(8:00
A104 589 UT( 9 040 094 115(0.3)  55(0.3) 048(0.03) 159(1.2)  0.72(0.06)
.92(9:
A105 519 © 3#2)0 O 043 094 10503 4803 046(0.03) 129(11)  0.81(0.07)
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1.05(10:0

A106 582 0 UTC)

025 1.00 5096(0.14) 3.54(0.16) 0.59(0.03) 10.000.9)  0.60(0.06)

&) Numbers in parenthesis denotes uncertainty (1c) associated with the data. Besides, for each At,, the start times of each
sampling are also specified in parenthesis.

Besides studying how significative the disequilibrium between 22Pb and #2Bi, and between 2*Pb and
21Bi are in air aerosols using aq/a,, it is also interesting to know the evolution of both couples of
radionuclides before and after ending the samplings. This is possible to be assessed making use of the
Egs. 3 (during sampling) and 6 (after sampling) and employing the same values for a,,, az and At than
the ones obtained for each sampling. Therefore, it is possible to reproduce the theoretical behavior that
Ags/Aps (activity ratios during sampling) and Ags(t)/Aps(t) (activity ratios after sampling) would
follow in the case of the 22Pbh — 212Bj and ?**Pb — 2“Bi couples for the particulate matter deposited on
the filters.

In Fig. S1 (see Supplementary Material-B), Ags/Aps and Ags(t)/Aps(t) were plotted for each couple
of radionuclides and for each of the six samplings, where the time intervals that start from the end of the
samplings were fixed at 3 hours, covering a very wide time range to get a proper analysis of Agg/A
and Ags(t)/Aps(t) (1 hour during sampling + 3 hours after sampling). The A, /Ay ratios obtained for
212Ph — 212Bi were less than 1 during sampling (Fig. S1). The A4,(t)/A,s(t) ratios, they reached values
higher than 1 when the total time was 4 hours. However, this is consistent because of the excess
accumulation of the daughter radionuclides. This agrees well with other previous works (Katona et al.,
2004; Moriizumi et al., 2015). For the ?*Pb — 2'*Bi couple, the Ags /A, ratios reached values > 1 hour,
where the A, (t)/Aps (t) ratios were more than three times higher than 1 for a total time of 4 hours. For
the 24Pb — 2“Bi couple, the excess accumulation of the daughter radionuclides was more significant
than the one obtained for 2'2Pb — 212Bi pair. This is reasonable because in 21*Pb — 21Bi pair their half-
lives are similar to each other and, consequently, the effect of excess accumulation can be produced
more easily than the #2Pb — 212Bi pair.

3.2. Comparison of residence times using #?Bi/***Pb and #*Pb/**Rn activity ratios and estimation of
equilibrium factors

The atmospheric aerosol residence times calculated for the samplings carried out on July 22, 2021 are
shown in Table 3. Let us call T, as T,?'? and T,* when making use of #?Bi/?*?Pb and ?*Pb/??’Rn,
respectively, to estimate T,. Furthermore, in Table 3, the equilibrium factors are also shown for the
samplings that took place on July 22, 2021 in the case of the radon and thoron and their respective
daughters using Egs. 20 and 21, respectively.

Table 3

Residence times estimated using 2*2Bi/?*?Pb (T;212) and 2“Pb/??’Rn (T;,*1%),
and equilibrium factors for thoron daughters (F52°), and for radon
daughters (FZ2%) for the samplings carried out on July 22, 2021*.
Furthermore, zscore Was calculated for each T, couple obtained for each
sampling, stgore**.

Filtercode — T2'%2(h) T2 (h)  zT ., F220 F222

A10L  0.78(0.10) 2.0(0.6) 20  1.1(0.3) 0.59(0.04)
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A102 13(02)  2.2(0.6)  -14  1.1(04) 0.65(0.05)

A103  1.10(0.18) 2.1(0.6)  -1.6  0.9(0.3) 0.62(0.05)
A104 12(0.2) 19005  -13  20(1.2) 0.61(0.05)
A105 24(0.7)  32(15) 05 - 0.67(0.06)
A106 32(12)  1.1(0.3) 17 1.0(0.7) 0.55(0.05)

&) Numbers in parenthesis denotes uncertainty (1c) associated with the

data. **) The ZsTEore obtained for each T, couple was calculated comparing
T,212 with T,214, since T,;>'* was determined by using a larger number of
validated measurement systems (XtRa and ARMON).

The T,'2 and T;?* ranged from ~ 0.8 hour to 3 hours (Table 3), which were statistically compatible to
each other considering uncertainties at 2 sigma level, that is, for a confidence interval of 95%
(significance level of 5%). This statistical compatibility can be checked by using the zscore calculated for
each T212-T21* couple, z.r,,., Where all |z7,,.| were found to be < 2. This is consistent since both
pairs are expected to yield similar values for T,..

The equilibrium factors calculated using F32° or FZ2% were statistically compatible with < 1 for all
samples considering a confidence interval of 68% (uncertainties given at 1 sigma level), which agree
well with those found in previous studies (Chen and Harley, 2018; Pontedeiro et al., 2007). This is
consistent since the equivalent activity concentration related to #8Po, 2*4Ph and 2'“Bi or to 2*?Pb and 2'?Bi
must be less than or equal to the one related to the 222Rn or 2°Rn, respectively.

3.3. Comparison of the #?Pb, #*Pb, **?Bi and ?*Bi activity concentration precisions using an ASS-500
and PM;, samplers

A comparison between the g(a,), o(ag) and o(aq/a,) values (Egs. 12, 13 and 14, respectively)
resulted from using an ASS-500 and a PM,, samplers. This comparison allows us to know which
sampler is more appropriate to achieve more precise calculations for a,, a; and ag/a, by employing
the methodology developed in Section 2.2 For this, a,, and a4 and, therefore, a,/a, were assumed to
be the same than the ones using a PM,, sampler. This is an acceptable assumption because in the zone
where the samplings were carried out, there is a PM, , sampler settled very near of the ASS-500 sampler
(< 2 meters of distance). It is necessary to clarify that only the ASS-500 sampler could be used for the
samplings because there was only one gamma detector available to measure filters. Consequently, since
212pp, 212Bj, 214ph and 2*Bi are radionuclides characterized by their short half-lives, only the ASS-500
sampler was employed. Taking the same a,, and a, values, as well as the same values for Atg, At 2)_ .
and At for each of the six samplings, it is possible to calculate N, and N, using Egs. 7 and 8,
respectively, and, therefore, o(a,), o(aq) and o(ay/ay,) can be determined making use of Egs. 12, 13
and 14, respectively. In Figs. 1 and 2, this comparison is shown for 22Pb — 2?Bi and 2“Pb — 2*Bi,
respectively. Furthermore, this comparison is shown numerically as well in Tables S1 and S2 (in
Supplementary Material-B), respectively.

12
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Fig. 1. Comparison of the precisions calculated the activity concentrations of the 2*2Pb and ?*2Bi, as
well as for their ratios, in air using an ASS-500 and a PM, , samplers for the samplings carried out on
July 22, 2021, where the relative uncertainties, g, (%), are plotted for each sampling start time.

As can be seen in Fig. 1, the relative uncertainties obtained for az12,, when using a PM,, sampler were
somewhat higher than the ones achieved in the case of the ASS-500 sampler. However, for az12; and
azizg; /azizp,, the relative uncertainties were significatively higher than the ones obtained for the ASS-

500 sampler (approximately two times higher). This is consistent since a(a;) (see Eg. 13) is
proportional to ¢ ~/2, where ¢ is the air flow reached by each sampler. Consequently, while ¢ for PM;,
samplers needs to be fixed at 68 m3 h=* according to the US EPA Compendium Method 10-2.1 (EPA,
1999), the flow for ASS-500 samplers does not need to be fixed by the regulations, which can reach
values ranging from 500 m3 h~! to 600 m3 h~1. This allows to sample a significantly higher volume of
air, which is essential to determine 2*2Bi in a much more precise way.
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Fig. 2. Comparison of the precisions calculated the activity concentrations of the ?!*Pb and 2'“Bi, as
well as for their ratios, in air using an ASS-500 and a PM, , samplers for the samplings carried out on
July 22, 2021, where the relative uncertainties, g, (%), are plotted for each sampling start time.

For *Pb and #*Bi (see Fig. 2), the relative uncertainties related to az14p,, when using a PM;, sampler

were similar to the ones previously obtained for the ASS-500 sampler. However, the precisions
determining 2“Bi and 2*Bi/?“Pb were clearly worse for the PM,, sampler, getting relative uncertainties
approximately two times higher than the ones resulting when using the ASS-500 sampler. This is
consistent due to the same reason that was previously explained, that is, because of ¢. Consequently,
this proves that an ASS-500 sampler is much more suitable to be utilized to determine ?'2Ph, 214Pb, 212Bi
and 2Bi.

3.4. Consistency and reproducibility of 2?Pb, ?4Pb, ??Bi and #“Bi activity concentrations and their
ratios

The consistency and reproducibility of the methodology described in Section 2.2 was checked and its
validity range was studied by estimating the total critical times (Ats + At @) _.) + At.), within which
the 212Pb, 24Pb, 212Bi and 2*Bi can be precisely determined. For this, two samplings were carried out
using the ASS-500 sampler: first one on September 13, 2021, and the second one on September 15,
2021. For the first sampling, a At value of 1 hour was selected, and for the second one it was only 30
minutes, where for each sampling only one filter was used, which was measured six times in a row by
the XtRa detector (30 minutes for each counting time).

The a,, a; and ag/a, of both couples of radionuclides were calculated for each measurement. Tables
4 and 5 show these concentrations for each At )__) value in the cases of the 2?Pb — #?Bi and #*Pb —
214Bj, respectively, for the sampling carried out on September 13, 2021.

Table 4

Flow (¢), counting duration (At,), activity concentrations of 22Pb and ?*2Bi and #*2Bi/?*?Pb activity ratio for different
At )_ ) values (1 hour-sampling, September 13, 2021). The activity concentration obtained for ?°Rn at 8:00 UTC

was 473(159) mBq m~3.*

Filter ¢ At.o_.y At 212pp 212p) 212Bj 212p; 212p; 212p; 212p),
code (m3ht (h) (h) (mBg m3) Zscore (mBg m?3) Zscore 212py, Zscore

0.45 0.50 313(8) -0.7 72(7) 0.2 0.23(0.02) 0.2

0.98 0.50 320(8) 0.1 69(25) 0.0 0.22(0.08) 0.0

1.50 0.50 324(8) 0.6 67(37) -0.1 0.21(0.11) -0.1
Al107 612

2.00 0.50 317(8) -0.2 -72(51)** - - -

2.52 0.50 325(8) 0.7 -180(74)** - - -

3.02 0.50 313(8) -0.7 -322(102)** - - -
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Average values 319(3) 0.5 69(15) 0.1 0.22(0.05) 0.1

&) Numbers in parenthesis denotes uncertainty (1) associated with the data. **) Activity concentrations not used in
calculating average values, where z,.,,.. Values are calculated with respect to the average values.

All az1z,, were precisely calculated, getting relative uncertainties less than 2.6%, and all az1z,, were
statistically compatible with the one obtained for thoron (473(159) mBq m~3) for a confidence interval

212
of 68%, where the average a,q,pp, Was 319(3) mBq m~3. Besides, all |z kb

score
212
achieving an average Zscof: of 0.5. Therefore, the consistence and reproducibility of the methodology
developed in this study was good in the case of the 2*2Ph. For the ?1Bi, it is possible to observe that the

three first az12;5; values agreed well with the average one (69(15) mBq m™3), obtaining an average

212

| were less than 0.7,

Bi
Zscore

the good reproducibility of the methodology. Note that from the fourth counting, that is, the case
corresponding to At 2)_.» = 2 hours, az125; started to be negative. This is consistent since 3.5 half-

of 0.1, this same tendency being the one followed by the az12;/az=12,,, ratios, which further proves

lives of the 2Bi have been consumed and, consequently, the equation that provides az1zp; (see Eq. 10)

is not necessary because the 22Bi is already following the same behavior that its parent, that is, they are
in secular equilibrium. According to the results shown in Table 4 for az1z, it is possible to establish
that the total time (Aty + At,»_.a + At.) within which the *?Bi determination can be precisely

accomplished was approximately 2.5 hours.

Table 5

Flow (¢), counting duration (At,), activity concentrations of ?**Pb and ?**Bi and ?**Bi/?**Pb activity ratio for different
At ) _.m values (1 hour-sampling, September 13, 2021). The activity concentration obtained for ??Rn at 8:00 UTC
was 9.6(0.9) Bq m~3.*

Filter ) Mtyor_.m At 214pp 214p, 24| aag; 2Bl auag g,
code  (m*h?) (h) (h) (Bg m?) Zscore (Bgm?3)  Zscore 214pyy,  Zscore
0.45 050 7.71(0.18)  -1.4 3.2(0.3) 1.9  0.41(0.04) 17
0.98 050 7.62(0.19)  -1.8 150.6)  -1.3  0.19(0.08) 1.2
1.50 0.50 7.9(0.2) -0.6 -1.2(1.4)** - - -
A107 612 2.00 0.50 7.8(0.3) -0.7 -4(3)** - - -
2.52 050  8.1(0.4) 0.2 -15(6)** - - -
3.02 050  9.1(0.5) 2.0 47(13)** - - -
Average values  8.03(0.13) 1.1 2.4(0.3) 1.6  0.30(0.05) 15

&) Numbers in parenthesis denotes uncertainty (1c) associated with the data. **) Activity concentrations not used in
calculating the average values, where z.,,. Values are calculated with respect to the average values.
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For the 1*Pb — 2“Bi (see Table 5), all az11,,, were approximately 0.8 times the one obtained for radon

(9.6(0.9) Bq m~3). This is consistent with 2“Pb/??Rn measurements previously shown in Section 3.1
(see Table 2). In addition, all az14p,, Were statistically comparable with the average one (8.03(0.13)) for

214
a significance level of 5%, achieving an average Zscof: of 1.1, demonstrating the good consistency and

reproducibility of the methodology in the case of the 224Pb. Then, for the 21Bi, the two first values of

214 -
az1a; shown in Table 5 agreed well with the average one (2.4(0.3) Bq m~3), obtaining |z Bt

<corel ValUes

214Bi/214—Pb
score

At 2)_ 1) (1.50 hours), as previously occurred for the #*?Bi, which is reasonable because the total time
consumed for At 2)_ .y = 1.50 hours was 3 hours. Consequently, the estimated total time within which
214Bj can be determined in a proper way was approximately 2.5 hours.

less than 1.9, occurring the same for z . Note that az14p; started to be negative from a certain

With respect to the sampling carried out on September 15, 2021 whose duration was 0.5 hours, a study
analogous to the previous one (sampling carried out on September 13, 2021) was done. In Tables S3
and S4 (see Supplementary Material-B), the results of a,,, a; and a,/a, were shown for 2?Pb — 21Bi

and 24Pb — 21Bi, respectively, varying At )_ . and fixing At, at 0.5 hours. All az12p,, were similar

L #12pp 212pj .
to each other, achieving an average z,,,, of 0.7, and the |z,,,..| values were less than 0.8 for positive

azizp; (see Table S3). The az1z; values became negative when At 2)_. = 2 hours, that is, for a total

time of about 3 hours that is similar to the total critical time found for the previous sampling (September
13, 2021) which is consistent. For the #*Pb and #“Bi (see Table S4), all az14p, were statistically
compatible with the average one (2.36(0.07) Bq m™3) for a significance level of 5%. For the ?*Bi, the

214-Bi

Z..ore FeSUILING from the first four measurements were less than 0.7. Therefore, the total time estimated
to properly determine the 2Bi was about 2 hours which agrees with the total time found for 2*Bi in the
previous sampling (September 13, 2021), which further proves the consistency and reproducibility of
the developed methodology.

The fact that az12j5; and az14; Started to be negative from a certain total time can also be explained from

a mathematical point of view. Rewriting Eq. 10 as a; = (¢ C45)~ L (F; — F, — F3), where F; = Z%

d

Ny Cys>0and —(F, + F3) = g% N, ¢ Cqs <0, itis possible to analyze the behavior of the F; factors
14

(i=1, 2, 3), which are plotted in Figs. S2 and S3 (see Supplementary Material-B), having fixed At at
0.5 hours, and At at 1 hour and 0.5 hours (for samplings carried out on September 13, 2021 and
September 15, 2021, respectively). As can be seen in Figs. S2 and S3 (Aty =1 hand 0.5 h, respectively),
the F; factor is much higher than F, and F; when At )_.) tends to be zero for both cases (*?Bi and
2YBi). However, as At »)_.a) increases, F, and F; are gaining importance, especially for F,.
Consequently, at a certain At )_.) value, F, + F3 are higher than F; and, therefore, az1z; and aziap;

become negative. This occurs when At )_ . is about 2 and 1.5 hours for #2Bi and #“Bi, respectively
(case for At; = 1 h), which is consistent with the At 2)_.1) values found when At = 0.5 h, that are
about 2 hours for 2?Bi and ?*Bi.

To complete the analysis about how the precision of the calculations for 22Ph, 21?Bi, 24Pb and #“Bi, and
their ratios depended on At ) _.«), At as well as the concentrations in air, that is, a; (i = p (parent) or
d (daughter)), a theoretical study is shown below in the case of the relative uncertainties obtained for
aq/a, considering different values of At )_.w), At and a, when samplings are carried out using an
ASS-500 sampler. Therefore, this analysis allows us to know the precision level by which is possible to
calculate the disequilibrium existing between the parent and daughter for each couple of radionuclides.

3.5. Dependence of the a, /a,, precision on varying 4t ) _.), 4ts and a,
16



An estimative analysis was performed on the precision (relative uncertainty, o,-) by which is possible to
determine the disequilibria between 22Pb — 212Bj and 24Pb — 21Bi. The o, values were plotted in Fig. 3
considering different C values, C = a, /a,, achieving to simulate several levels of disequilibrium, where
C = 0.25 (high disequilibrium), C = 0.50 (medium disequilibrium) and C = 0.75 (low disequilibrium).
Furthermore, the sampling duration, At., was fixed at 0.5 hours and 1 hour, the counting time, At., was
fixed at 0.5 hours for all cases analyzed, and the time elapsed between the sampling end and the counting
start, Aty _.w, Was ranged from 0.5 hours to 3 hours. Then, the activity concentration of the parent
radionuclides, a,, was fixed at 0.1, 0.2 and 0.3 Bq m~3 (for #?Pb), and at 5, 12.5 and 20 Bq m~3 (for
214Pb), covering the typical a, values obtained for each radionuclide in the cases of low, medium and
high concentration levels, respectively.
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Fig. 3. Calculated relative uncertainties, o,- (%), for several activity concentration ratios, C, of 2?Bi-?'2Pb
and #4Bi-2“Pb. Counting times were fixed at 0.5 h and the time elapsed between the sampling end and
the counting beginning, At )_.w, was varied from 0.5 h to 3 h (sampling time: 0.5 h and 1 h). The
activity concentrations of the parent radionuclides in air, a,1,pp and a,;4pp, Were fixed at 0.1, 0.2, 0.3
Bgm~3 and 5, 12.5, 20 Bq m™3, respectively.

It is possible to observe that the o,- dependence on a,, becomes stronger as At (2)_.« increases. This is
consistent with the ;. behavior previously shown in Figs. 1 and 2 for a,/a, when using an ASS-500
sampler (see Section 3.3), where o, did not change significantly when varying a,, since for the
samplings analyzed in Section 3.3, 4t ) _ . Was not a high value (~ 0.4 hours). The g, increases more
quickly as At )_ . increases in the case of the ?“Pb — 2“Bi compared to ??Pb — 2'?Bi. For At; = 0.5
hours and At )_.ay = 2.5 hours, g, values ranged from 50% to 110% in the case of Bi/***Ph, while
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for 212Bi/?'?Pb, the o, values ranged from 30% to 53%. Then, for At = 1 hour and At z)_.a) = 2.5
hours, o, reached values ranged from 50% to 100% for 2*Bi/?*Ph, while for #2Bi/?'?Pb, the o, values
ranged from 25% to 44%. Consequently, a good precision is more difficult to be achieved for the
214Bj/21*Ph ratio, which is logical because the half-lives of 2**Pb and **Bi are much smaller than the
212Ph and 2'?Bi ones.

Note that for the same a,, value, o,- has a weak dependence on C regardless of the selected At )_
value, which is especially true for the 2%*Pb — 21Bi couple. This means that the disequilibrium for each
couple of radionuclides can be determined with the similar precision regardless of how significative that
disequilibrium is. This agrees well with the behavior shown in Figs. 1 and 2, where g, was almost
constant for all samplings studied.

Regarding the o, dependence on At ) _.), it is possible to observe that o,. increases as At z)_.m
increases for all cases considered, which is logical since as At 2)_ 1) increases, more disintegrations of
the radionuclides take place and, consequently, it is more complicated to get information of the
disequilibria in a precise way. Furthermore, note that o,. values are smaller when At; = 1 hour than the
ones obtained when At = 0.5 hours for the same value of At + At ) _ ), but as shown in Section 3.4,
as At increases, ay becomes negative for shorter At ) _ 1) values. However, in Section 3.4, it has been
demonstrated that the total times (At + At ) _ ) + 4t.), within which the ?Pb, #?Bi, #“Pb and Bi,
and their ratios can be determined, are very similar regardless of the selected At value, proving the
consistency of the methodology developed in this study.

4. Conclusions

In the present study, a novel and precise methodology was developed to determine 2'2Pb, 2'?Bi, 214Ph
and 2“Bi contained in atmospheric aerosols using an ASS-500 sampler. The results obtained for the
212ph agreed well with the ones measured for 2°Rn. The activity concentrations for the 2?Bi were less
than the 2?Pb ones. Regarding the 21*Pb — 2*Bi couple, the 224Pb activity concentrations obtained in air
were in good agreement with the measured 222Rn, where the disequilibria found between 2**Bi and ?**Pb
(between 0.5 and 0.7) agree with previous studies for similar meteorological conditions. All activity
concentrations obtained for 24Bi in air were less than 2**Pb ones, which is consistent with the expected
behavior of them. The precisions obtained for 2*4Pb and 2“Bi concentrations and their activity ratios in
air were good.

The residence times were estimated using 2!2Bi/?*?Pb and 2“Pb/??’Rn ratios, obtaining statistically
compatible residence times for each sampling, achieving all [zscore| < 2. All F;,; values achieved for both
series (radon and thoron daughters) were consistent with the data reported in the literature, which all of
them were statistically compatible with < 1.

The precisions of the 2'2Pb, 2?Bi, 24Pb and ?*Bi determinations obtained when using an ASS-500
sampler were two times better than those obtained when using a PM;, sampler, which is due to the
difference between their air flows.

For the tests of the consistency, reproducibility and validity range of the methodology, two samplings
were carried out, whose durations (At,) were 1 h and 0.5 h, respectively, and the counting durations
(At.) were fixed at 0.5 h. The time elapsed between sampling end and counting start, At 2)_ 1), Was
varied verifying that all activity concentrations for each radionuclide were very similar to each other.
The total times (At + At @) _ . + At.) within which #?Bi and #“Bi can be precisely determined were
found to be 2 — 2.5 hours for At =0.5hand 1 h.
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An analysis of the dependence of relative uncertainty, o,., on the 212Pb and 2*4Pb activity concentrations
in air, Ats and At 2)_ . was carried out for the 22Bi/??Pb and 2Bi/?**Pb activity ratios. For specific
212ph and 24Pb concentrations, almost the same values for o,- were found regardless of the disequilibrium
level between #2Bi and 2'2Pb, and between *Bi and #*Pb. Furthermore, the o, values were smaller
when At = 1 h than the ones obtained when At = 0.5 h for the same At + At 2)_ 1) Value. However,
regardless of the selected At value, the estimated total times, within which the developed methodology
provides relatively precise results, were very similar, which also verifies the good consistency and
reproducibility of this methodology.
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