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Abstract. Airborne lead-210 is a useful tracer for studying air mass origin and transport. 2°Pb is produced in the
atmosphere by the decay of the radioactive noble gas 222Rn, emanating after 226Ra decay from the earth crust. The
results obtained for 210Pb concentration in total suspended particulate (TSP) display seasonal pattern with maximum
in the summer-autumn period. The TSP filters are collected within the scope of atmospheric radioactivity monitoring
in NIMH, Bulgaria and were measured initially for short and long lived beta radionuclides. The methodology
developed in FMI, Finland, based on gross alpha counting of 21°Po- the daughter of the combined aerosol filters
samples collected in Sofia during the period 2001 — 2003 and 2006-2007, is applied. The first results for 2:°Pb in
particulate matter, fraction below 10 um (PMio), in February 2012 in Sofia are presented. The alpha counting
methodology was successfully applied for daily PM10 quartz filters with the counting uncertainty value of <20%.
Lead-210 daily concentration is compared to the PM:o mass concentration and elemental lead concentration,
determined by EDXRF technique. The comparison between 2:°Pb, elemental lead and PMio mass concentration
reveals a different time variation for days with cyclonic weather and mass transport from south-west and an
anticyclone episode with increasing PM.o, lead-210 and lead concentrations from day to day. An increase in the
PM0/21°Pb ratio indicates local sources of the particulate mass.
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1. INTRODUCTION

Lead-210 is produced in the atmosphere by the
decay of the radioactive noble gas radon-222. 222Rn is
emanating from the earth surface to the atmosphere
after the decay of its parent 226Ra. The concentration of
222Rn and its daughters in the surface air layer depends
on the exhalation rate, proportional to the 22¢Ra
concentration in the soil, soil structure, soil moisture,
snow cover, etc. [1]. Because of the low 226Ra content in
the surface waters, 222Rn emanation rates from the
continent are about two orders of magnitude higher
than that of the ocean. [2]. The practically exclusive
formation mechanism of airborne 2:°Pb facilitates its
use as a tracer for air masses with a continental or
maritime origin in the polar region [3] and the South—
western region of Spain [4].

Radon in the air, being a noble gas, exists as single
atoms. Its short lived daughters are rapidly attached to
the aerosol particles, and 2°Pb is found to be attached
to the fine particulate matter and submicron particles
[5]. Recently 2©°Pb variation in atmospheric fine
particulate matter with the diameter of less than 10um,
PM.o, is collected because of its importance for air

quality monitoring programs and is reported for some
sites/regions. 21°Pb together with some other natural
radionuclides are recognized as useful tracers in the
global monitoring network for the atmospheric
composition of World Meteorological Organization
(WMO) and that is why are measured at many stations
of Global Atmospheric Watch (GAW) network [6].

The first results for the 21°Pb concentration in PMio
in Sofia are discussed in the present paper. The results
concerning the trends of 219Pb activity concentration in
the total suspended particulate matter (TSP) in the
ground-level air in Finland and Bulgaria, reported in
[7] are expanded here with the additional data for four
more years.

The national weather services in both Finland and
Bulgaria responded in the late 1950s to the imminent
need for monitoring of airborne radioactivity caused by
the intense testing of nuclear weapons in the
atmosphere. Soon both institutes, the Finnish
Meteorological Institute (FMI) in Finland and the
National Institute of Meteorology and Hydrology
(NIMH) in Bulgaria, adapted monitoring methods for
airborne total beta activity, because these methods are
relatively simple and cost-efficient. Both institutes have
been monitoring the total beta activity with daily
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sampling. Five days after the end of sampling, the
short-lived radon-222 daughter nuclides have decayed
to lead-210 and radon-220 progeny has decayed to
stable lead-208. In 1967 the FMI also started the
monitoring of the daily activity concentration of lead-
210 in the air. The analysis is based on the alpha
counting of the in-grown daughter nuclide polonium-
210 six months after the sampling.

2. MATERIALS AND METHODS

There are different methods to measure 21°Pb,
based on it and its daughters’ decay properties [8]. The
decay of 21°Pb is as follows:

210Ph (22.2y)—21°Bi (5.01d)—21Po (138.4d) —206Pb

Lead-210 decays by P emission (Epmax= 17 keV,
branching ratio BR= 80.2% and Egmax= 63.5 keV,
BR=15%) followed by y-radiation (Ey= 46.5 keV,
4.25%). The 21°Pb decay product 2'°Bi is also a beta
emitter with a much higher energy of beta radiation
(Epmax= 1162 keV, BR=100%) than its parents: The
resulting 2°Po is an alpha emitter (Ea= 5304 keV,
BR=100%).

Beta radiometry is used initially to measure the
total long lived beta (2°Pb and 21°Bi prevailingly) in the
daily filters from NIMH. Then the composite half a
month (14-16 days) sample is measured by FMI
alpha/beta analyzer. 21°Po activity is measured several
years after filters sampling, when the equilibrium with
210Ph is reached, but the initially collected 2°Po is
decayed. The results are decay corrected. The blank
filters sample is below the instrument’s background.

In addition to gross alpha/beta counting the 2°Pb
concentration was measured directly by gamma
spectrometry with N-type coaxial HPGe-detector Ortec
GMX-45200-P with a 40 % relative efficiency. Because
of in principal lower efficiency and low emission
probability, the detection limit in gamma spectrometry
is higher and a larger sample is required. Two months
composed samples from the period 2006-2007 were
analyzed in counting geometry, developed for Y-
spectrometry of FMI filters. The MDA in these
measurements vary from less than 0.05 to 0.16
mBq.m-3, depending on the measurement time
(2.5.105s — 15. 105s) and sample volume.

2.1. Air particulate sampling and beta radiometry,
Bulgaria

The TSP aerosol samples were collected in Sofia
(42°39'N, 23°23'E, height 589 m above sea level, a.s.l),
Bulgaria, at the National Institute of Meteorology and
Hydrology (NIMH) at 2m height above the grass
surface on 35mm nitrocellulose filters (Synpor-2;3) by
a vacuum pump. Air volume was measured by a dry
flow meter. The samples were changed every day at
6:00 GMT (8:00 Local Standard Time). Typical sample
volume was in the range of 90-110m3 per day. Beta
activity of the TSP filter was measured by beta
radiometers with thin plastic scintillators under the
passive lead shielding. Detectors were regularly
calibrated with a 99Sr+9°Y source. The filters were
measured at the 5th minute after sampling for short
lived beta activity, mainly due to the 222Rn and 22°Rn
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daughter nuclides, and again after 72 and 120 hours for
determination of the so-called “long lived” beta activity.
The sampling, devices, and measurement algorithm
remain unchanged since the 1980’s. The particulate
matter with d<ioym, or PMio is collected in
experimental campaigns, in order to study PMio mass
concentration and elemental composition since 2012.
The TECORA ECHO PM Low volume sampler and
Whatman quartz filters were used [9].

2.2. Air particulate sampling and analyses,
Finland

The Finnish Meteorological Institute has collected
daily aerosol samples at the Nurmijarvi geophysical
observatory (60°30'N, 24°39'E, height 105 m a.s.l.)
and at the Arctic Research Centre at Sodankyld
(67°22'N, 26°39'E, height 198 m a.s.l.) since the early
1960s'. Daily and weekly aerosol samples have been
collected onto the glass fiber or paper filters at several
stations. The total beta activities of the samples are
measured five days after the end of sampling and after
6 months for measurement of 21°Pb by its daughter
210Po, The daily aerosol samples in Finland were
collected onto the glass-fibre filters (Whatman GF/A or
Munktell MGA, @ = 24 cm) using a high-volume
sampler. The sampler has a capacity of 3500 m3 per
day, and collects particles with an aerodynamic
diameter of less than 10-15 um, depending on the wind
speed. The filters were changed every morning at 06
UTC.

Since 1982 two successive automatic alpha/beta
analyzers have been used [10], see Fig.1. The detector
arrangement consists of five gas-flow proportional
counters, three above the filter sample and two below
it. The counter immediately above the filter is
measuring alpha particles and the counter on top of it
is measuring beta particles. The counter immediately
below the sample is also sensitive to beta particles. The
topmost and bottommost counters are enclosed in steel
and they are used for anti-coincidence background
suppression. The flow gas is a mixture of argon (90 %)
and methane (10 %). The measurement of 2°Pb is
based on the alpha counting of the in-grown daughter
nuclide 21°Po. The counting efficiency for 21°Bi (beta) is
75% and for 21°Po (alpha) — 42%. Background samples
and reference samples (242Pu, 9°Sr and 55Fe) are
measured in every counting series.

Figure 1. Low level alpha/beta analyzer in FMI with combined
semimonthly filter samples from Sofia, NIMH
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Comparative assessment of the results of the
monitoring programs in NIMH and FMI concerning
global nuclear bomb fallout and long range transport of
the Chernobyl releases are given, for example, in [11]-
[12], where the collaboration between NIMH and FMI
labs is described in more details. The traces of
Fukushima NPP accidental releases in 2011 detected in
both countries are discussed in [13].

3. RESULTS AND DISCUSSION

3.1. Lead-210 concentration in TSP samples

The mean monthly beta activity, measured 120h
after the sampling in Sofia for the 2000-2010 period is
presented in Fig. 2. This period decades after
Chernobyl and before Fukushima accidents is
characterized with very low concentrations of
technogenic long lived beta radionuclides in the air and
is suitable for the application of the technique
developed in FMI for 2:°Pb analyses. Because of its long
half life time and aerosol residence time, 21°Pb
undergoes transport and removal processes. The most
effective aerosol removal mechanism is rain-out and
wash-out and wet deposition by precipitation. The
precipitation in addition leads to higher soil moisture
and decreased Radon exhalation rate. The attempt to
estimate statistically the connection between the mean
monthly “long lived” beta activity and monthly
precipitation sum gives weak negative correlation: r=-
0.14 for the years with the annual precipitation sum
above the norm, and r=-0.08 for the dry years (2000,
2004 and 2008).

mBg.m3 mm
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mmmm precipitation (monthly sum) A (long lived beta)

Figure 2. Mean monthly beta activity (A) and monthly
precipitation sum in Sofia, during the period 2000-2010

Table 1. Mean annual concentration of 2:°Pb, total beta and
annual sum of precipitation in Sofia

Year Precipitation = A(f) 210ph
Annual sum, (MBqm3)  (uBq.m)
(mm)
2001 535.1 2.66 263.94
2002 646.7 2.39 230.39
2003 678.1 2.24 174.10
2004 534 2.39 -
2005 970.7 2.30 -
2006 634.1 3.80 220.72
2007 809 3.60 227.40

The positive correlation coefficient between 2:°Pb
concentration and mean semimonthly gross beta,
measured at 72h, is 0.58 for the period 2001-2003 and
0.64 (2006-2007). This correlation can be used to
estimate 2°Pb concentration based on total beta
measurement.

Higher 219Pb concentrations during the warm
period of the year (June —October) are observed for
Sofia (Fig.3). The reason for that are higher
temperatures and more dry soils enhancing 222Rn
emanation during this time of the year. Similar
seasonal pattern with maximums during the warm
season is reported for the Mediterranean coasts in [4]
in Spain and at the GAW mountain station at
Mt.Cimone in Italy [14]. The monthly variation of 2:°Pb
in Serbia, reported in [15] for the period 2011-2012,
show spring minimum, maximum in November
followed by the low values for December and January.
Specific seasonality is observed in Edinburg [16], with
marked peaks in April during the years 2002-2003.
The reported values are in the range of 0.01-0.74
mBq.m-3. This is different from Finland, where a winter
maximum for Nurmijarvi is reported. Mean annual
concentration during the period 2001-2007 varies in
the range of 180-280uBq.m in Nurmijarvi and 170-
270 uBq.m-3in Sofia.
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Figure 3. Lead-210 concentration in Sofia in
semi-monthly samples, 2001-2003

The tendency of decrease in 2:°Pb concentration
reported previously in [7] for the beginning of the 21st
century is not followed during the years 2006-2007,
Table 1.

It should be pointed out that the measured
concentrations in Sofia TSP filters could be
underestimated with 15-30%, because the efficiency of
the filter for the submicron fraction of 210Pb might not
be 100%. This estimation is based on the comparative
measurements of short lived 222Rn daughters and 22Pb
in TSP and PM1o filters during the experimental
campaigns in 2012-2014. There is a seasonal difference
in TSP filter efficiency for 2:2Pb (22°Rn daughter),
higher in summer than in winter.

The results obtained for Sofia by the two methods
of measurements of 21°Pb — gamma spectrometry and
210Po measurements by a/f analyzer, are compared in
Fig. 4. The results show similar seasonal variation with
the maximum during summer-autumn months. Higher
uncertainty and less time resolution with few values
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below DL are seen for 21°Pb concentrations, measured
by Y-spectrometry.
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Figure 4. Lead-210 concentration and uncertainty: by a/f
analyzer (A_alpha, semi-monthly) and by y-spectrometry
(A_gamma, and MDA of A_gamma) in Sofia, 2006- 2007

In addition, the effectiveness of 21°Pb
measurements is higher by a/p analyzer because of the
shorter measurement time and automated sample
change.

The variation of airborne 2°Pb in Finland is
presented in Fig.5 for the period 2000-2007 and the
available mean annual values for Sofia are given. The
210Ph activity concentration in northern Finland is
usually lower than in southern Finland. Compared to
southern Finland, northern Finland is more often
dominated by air masses coming from the North
Atlantic Ocean and the Arctic Ocean with practically no
radon, and thus no Lead-210 sources [17].

The year-to-year variation of 29°Pb activity
concentration in Finish station has been explained by
the North Atlantic Oscillation (NAO) and the heat and
salinity conditions of the northern seas [18]. Despite
this variation, the long-term concentration level has
been constant without any evident trends. However,
there seems to be a sudden decrease in the
concentration level in the turn of the 1980s and 1990s.
Starting from the late 1980s, there seems to be a
decreasing trend in the 21°Pb activity concentration in
the air. This downward trend becomes steeper towards
south. Thus, in Sofia, on the 42m latitude, the
downward trend is an order of the magnitude stronger
than at Sodankyld on the 67% latitude [7]. Similar
behavior has been reported in Germany [19].
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Figure 5. Lead-210 mean annual concentration in Finish
stations and Sofia, 2000-2007
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3.2. First results of 22°Pb in PMo fraction in Sofia

The urban air pollution with PMio is a serious
problem in Bulgaria and in Sofia, in particular [20].
Therefore the use of specific elements and tracers as
210Ph can ensure additional information about
composition and sources of PMio.

During the period 2012-2014 several seasonal field
campaigns were organized in order to collect and
analyze PMi, samples in the central meteorological
observatory in Sofia [21]. The winter experiment in
February 2012 is characterized with high PMi, mass
and elemental concentrations variations and change in
meteorological conditions. During the winter
experiment in February 2012 the period from 6 to
25.02.2012 was characterized with cold and cloudy
weather (the mean daily temperatures were below zero
during the first 2 weeks). The daily mean relative
humidity was in the range of 63-90% and low wind
velocity and calm weather prevailed. It was snowing
during the first two weeks and there was a stable snow
cover during the sampling period with a maximum of
48 cm snow cover on 14.02. February 2012 was colder,
-3.4°C mean monthly value, then the multi-annual
average (1961-1990).

The alpha counting methodology was tested and
successfully applied for daily PMio quartz filters with 1
sigma uncertainty of <20%. Lead-210 daily
concentration is compared to the PMio mass
concentration and elemental lead concentration,
determined by EDXRF technique [9]. 2°Pb, elemental
lead and PM,o mass concentration reveal different time
variation for days with cyclonic weather and mass
transport from south-west (06.02 and 13.02) and an
anticyclone episode with a day to day increase in the
PM.0, 21°Pb and lead concentrations. The precipitations
which occurred on February 6 and 7 decreased the
PM.o concentration significantly during the next days,
but affected 2°Pb concentration less. The results for
210Ph in PMyo particulate matter, collected in February
2012 in Sofia are given in Table 2.

Table 2. PMo, 21°Pb and concentration and 2:°Pb/ PMio in
Sofia, February 2012

Start date PMio 210pPh 210Ph/
of 24 h pg.m-3 uBq.m3 PM.o
sampling Bq/g
06.2.2012 63.6 16324103 25.7
07.2.2012 28.9 1012481 35.1
08.2.2012 31.4 1014+81 32.3
09.2.2012 29.7 935178 314
13.2.2012 63.0 1170+87 18.6
14.2.2012 75.8 623164 8.2
15.2.2012 93.6 467455 5.0
16.2.2012 23.1 311+45 13.5
17.2.2012 38.6 312145 8.1
18.2.2012 25.8 157432 6.1
19.2.2012 87.3 79+23 0.9
20.2.2012 158.8 467455 2.9
21.2.2012 160.1 623164 3.9
22.2.2012 98.3 857175 8.7
Mean 69.9 689.9 14.3
Stan. Dev 46.2 435.7 11.6
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High variability is registered in 2:°Pb daily values:
from 0.078 to 1.632 mBq.m3 (Fig. 6). This range is
close to the reported for the summer season by [4] for 3
stations from South-western Spain for the period
2004-2010. The 2°Pb activity in PMio urban site
(Kanpur, India), reported in [22] varied from 0.50 to
4.8 mBq m-3 during the period (January 2007—April
2009).

The PMi, mass and lead concentrations increased
when the stagnant mixing conditions in the
Atmospheric boundary layer (ABL) are observed, as for
the period of strong anticyclone cold weather, 19-
22.02.2012 for example. There is some increase in
210Ph concentration from 17-18.02 to 22.02 but not so
strong because snow cover of and low temperatures in
Sofia valley in February 2012 decreased 222Rn
exhalation and local 2:°Pb formation.

250 2.4
PM10 ug.m3 210Pb mBq.m-3
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Figure 6. PM1o mass, 21°Pb, lead and sulfur concentrations in
Sofia, February 2012

The ratio 2°Pb/PMio can be used to estimate
sources of PMyo pollution [23]. It varies in this case of
Sofia from less than 0.9 in case of calm weather and
prolonged inversion over the snow cover ground (20-
22.02.2012) up to 35 Bq 2:°Pb per g of PM,, during the
period 6-9.02.2012 when advection of air masses and
snow precipitation occurred. The 21°Pb/PM,, ratio
reported in [23] is characterized with winter maximum
and summer minimum and within the range of less
than 0.005 to more than 0.040 mBq 21°Pb per ug of
PM (or <5 to > 40 Bq/g)

Lead-210 is long-range transported. Thus, the
decrease in the 21Pb/PMi, ratio in stable winter
conditions indicates the local sources of a particulate
mass. It is interesting to note that a secondary
pollutant, sulphate (presented in Fig.6 as S) has high
concentration in the period of cyclonic air mass
transport on 6 and 13 of February.

Environmental contamination due to
anthropogenic lead emissions has been a serious issue
globally. The use of leaded gasoline, industrial
emissions and household waste incineration has
caused huge lead emissions to the atmosphere in the
past. For example, in downtown Helsinki stable lead
concentrations between 227 and 3460 ng.m3 were
observed in 1970 [24]. The anthropogenic lead
emissions have also had an impact on the specific
activity of 21°Pb; in other words, the activity
concentration of 21°Pb divided by the concentration of
stable lead in an environmental sample matrix. Lead
originating from mines usually has low 21°Pb content

and, therefore, anthropogenic lead emissions,
especially the local ones, tend to decrease the specific
activity of 21°Pb in the atmosphere. The specific activity
observed in this study varied between 3.0 and 254
kBq.g* Pb. In [25] it is reported that the specific
activity of 2°Pb in lichen in Sweden was relatively
constant from the 1880s onwards, about 74 kBq.g Pb,
but after the World War II the specific activity of 210Pb
decreased to a level of about 22 kBq.g™ Pb. The specific
activity of 2:°Pb in aerosol particles in 1969-1970 varied
from 0.67 to 39 kBq.g* Pb in southern Finland and
from 3.9 to 91 kBq.g* Pb in Northern Finland [26]. In
2006-2007, the specific activity of 2©°Pb in
precipitation in Finland varied between 17 and 607
kBq.g* Pb with minimum values in winter, due to
increased lead emissions from energy production
during the cold season [27].

4. CONCLUSIONS

Collaboration established on the field of
atmospheric radioactivity between FMI and NIMH
provided an opportunity to obtain the results of 2°Pb
concentration in Bulgarian TSP and PMo samples.

The results concerning the trends of 2°Pb activity
concentration in the total suspended particulate matter
(TSP) in the ground-level air in Bulgaria and Finland,
reported previously, are expanded with additional data
Seasonal pattern is compared.

The first results for the 2°Pb concentration in PM;o
filter samples from Sofia show high day-to-day
variation. Lead-210, as well as the ratio of 2:°Pb to
stable lead concentration, can be used as an important
tracer in PMo source impact estimation.

For future studies of 21°PM concentration in the air,
it is appropriate to use PMio fraction sampling with the
recommended type of filters and certified sampler.
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