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1. INTRODUCTION
Short-lived (218Po, 214Pb, 214Bi, 214Po) as well as long-lived (210Pb, 210Bi, 210Po) Radon's decay
products in atmosphere are due to the 222Rn exhalation from the continental Earth's crust,
where it is generated in the 238U decay series. 
The measurement of the radionuclides concentration in the atmosphere - in addition to
yielding valuable data for radioprotection purposes and for assessing the environmental
impact of natural radioactivity - can provide information on atmospheric thermodynamic
conditions as well as on atmospheric processes that involve aerosols such as transport,
dispersion, removal rates and residence time. In particular, the concentration ratio of 210Pb
with other Radon's daughters can be used to obtain information on mean residence time of
aerosols (Poet et al., 1972; Rangarajan, 1992; Gäggeler et al., 1995).
Continuous measurements of hourly concentration of Radon and its short-lived progeny are
routinely carried out in Milan by our group, and the temporal behaviour comes out a suitable
tracer of atmospheric stability conditions and a local index of the evolution of the mixing
layer height (Marcazzan et al., 1993; Marcazzan et al., 1997). The aim of this work was to
measure the concentration and temporal behaviour of 210Pb on a weekly and a monthly scale
at ground level in the urban area of Milan and to get reliable measurements on the annual
average concentration for the implementation of the existing data base (Preiss et al., 1996). 

2. MATERIAL AND METHODS
2.1 Sampling site
Particulate matter samples were collected continuously for one week with an air flow of 15
l/min at a height of 6 metres above ground in the garden of our Institute, that is located in the
campus of the University in the urban area of Milan. Measurements were carried out for the
whole year 2000. Local meteorological parameters - wind speed and direction, air
temperature, relative humidity, pressure, rain - were also monitored.
Milan is the largest town in Northern Italy, it is located in the middle of the Po Plain (latitude
45,46° longitude 9,18°, height 110 metres asl). The climate is typically continental with cold
and foggy winters and humid summers. Due to the shelter offered by the Alps on the Northern
side and by the Apennines on the Southern one, the anemological regime is very low
especially in the winter semester and the wind is almost absent during most of the year.
Persistent anticyclonic conditions occur very frequently during the year (Giuliacci and
Borghi, 1979).



2.2 Experimental set-up
In Fig.1 the experimental set-up for the measurement of both long- and short-lived 222Rn
decay products. A low volume automatic sampling device sucks air continuously for a week
at a rate of 15 l/min through a glass fibre filter (Whatman GF/A, 50-mm diameter). An
implementation of the sampling system has been recently made and consists in the use of a
size-selective inlet constituted by a cyclone. At this operating flux the cyclone collects only
particles with dae < 3.5 �m, so that there is a lower mass of particulate matter on the filter (the
clogging is thus reduced also in case of longer sampling times) and there are no losses of
radioactive nuclei which are - as well known - attached to submicronic particles (Bergamini et
al., 1973; Porstendorfer, 1994; Mohammed, El Hussein et al., 2000). Nevertheless, the
unattached fraction of Radon decay products is very small if the particles number in
atmosphere is greater than about 104 particles/cm3 (Gäggeler et al., 1995; Mohammed et al.,
2000). This condition is certainly fulfilled in the urban area of Milan where very high
numbers and mass concentrations of fine particles are measured (Raes et al., 2000; Marcazzan
et al., 2001). The alpha particles emitted by Radon decay products - which are attached to
particulate matter collected on the filter surface - are recorded by a passivated implanted
silicon semiconductor detector (with a surface of 1200 mm2). The detector is placed in front
of the filter at a minimum distance of about 5 mm in order to optimise the efficiency and to
allow the detection of alpha particles in air. A standard electronic chain amplifies the pulses
of the detector and a multi-channel analyser card installed on a personal computer makes
pulse-height analysis. A home-made computer code allows the alpha particle spectra storage,
the peaks deconvolution and the calculation of radionuclides concentration (Caprioli, 2000). 

Fig.1: experimental set-up
The methodology used for 214Pb and 214Bi determination in atmosphere is extensively
described elsewhere (Caprioli, 2000; Marcazzan et al., 2002). When the sampling ends,
generally after one week, the filter is stored and then analysed during subsequent time
intervals (7, 14 and 400 days) by means of alpha spectrometry. The filter is measured for a
long time (80000 s) in a low-background vacuum chamber equipped with a passivated
implanted silicon semiconductor detector (900 mm2).
The absolute counting efficiency was calculated from the geometric arrangement of the
source-detector system as �a = �i  � ��4� where �i is the intrinsic efficiency of the Si detector



(it is assumed to be = 1), � is the solid angle between the circular source of known diameter
(i.e. the particulate matter deposit on the filter) and the circular surface of the detector. The
solid angle was calculated between two coaxial circular disks of known diameters placed at a
known distance following Gardner and Verghese (1971). The counting efficiency comes out
to be 19.5 %. 
The activity of a blank filter was measured for the same time (80000 s) in order to evaluate
the background.
In Fig. 2a a typical alpha particle energy spectrum registered during the sampling (�acq. = 30
min) is shown. The greatest peak is due to 214Po (E� = 7.69 MeV, T1/2 = 164 �s), which is in
equilibrium with its precursor 214Bi because 214Po has a very short half-life. In the spectrum
other peaks referring to 218Po (E� = 6.00 MeV, T1/2 = 3.05 min), 212Bi (E� = 6.05 MeV, T1/2 =
60.6 min) and 212Po (E� = 8.78 MeV, T1/2 = 2.98 10-7 s) can also be observed. It is worthwhile
observing that the last two isotopes are 220Rn decay products that are also present in
atmosphere.
In Fig. 2b the alpha energy spectra registered at a delayed time t = 7 days and t = 400 days
from the end of the sampling are shown. The only activity detected belong to 210Po (E� = 5.35
MeV, T1/2 = 138 d). It is worthy to note that the activity on the filter is higher at t = 400 d
because of the growth of the alpha activity due to the decay of 210Pb in 210Po. At this time (t =
400 d) the saturation (maximum activity) as well as the equilibrium between 210Pb and 210Po
on the filter is nearly reached. The activity registered at t = 7 days represents the activity of
210Po atoms, directly collected on the filter and whose number is increased by the contribution
due to the decay of 210Bi directly collected and also supported by 210Pb decay. Experimental
results evidenced that the direct 210Bi contribution is negligible while the one supported by
210Pb decay should be taken into account as 210Pb concentration in air is much higher than
210Po one. 

Figs. 2a-2b: alpha spectra registered during the sampling (a) and 
at delayed times (b) t = 7 days (white circles), t = 400 d (black circles)
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2.3 Theory

2.3.1 Calculation of  210Pb and 210Po concentrations
The equations - as well as their solutions - describing the build up of radionuclides as a
function of the sampling time (at constant flow rate and constant activity in air) and their
decay after the end of the sampling are well known. We referred to the papers of Raabe et al.
(1969) for the complete theory on short and long-lived products and to Winkler et al. (1981)
for the long-lived. In the latter work the contribution of the 210Pb atoms originated from the
decay of the short-lived progeny was neglected. In our case the measurement of the short-
lived Radon decay products is available and their contribution averages about 5 % thus it is
taken into account in the calculation.
A simplified calculation can be performed in our case; indeed, the sampling time T is much
shorter than the half-life of both 210Po and 210Pb and the time t of the post-sampling
measurement is much longer than the 210Po half life. At the end of the sampling we obtain:
NPo (T) = nPo � V  and  NPb (T) = nPb � V where nPo,Pb  are the 210Po and 210Pb atoms per cubic
meter in air, V is the sampled volume in cubic meters and NPo,Pb (T) represents the 210Po and
210Pb atoms on the filter at the end of the sampling (T = 7 days). At the measurement time t
(400 d) the 210Po atoms directly collected on the filter are almost completely decayed, while
the ones coming from the 210Pb decay have nearly reached the equilibrium on the filter. The
equation used is:

where:
�Pb, Po = 210Pb and 210Po decay constants.
As the 210Pb half life is very long (T1/2 = 22.3 y), its activity can be considered constant (�Pb
NPb = A0 Pb) and solving the (1) we obtain:

and the 210Pb concentration in air (QPb in Bq/m3) is:

where:
�acq. = acquisition time (in seconds)
CPo (t) = 210Po counts obtained in �acq.

Cbackground = background counts in �acq.
� =  detector efficiency
V = sampled air volume in m3
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A rough estimate of 210Po concentration in air was carried out on very few samples
performing a post-sampling measurement at a time t = 7 days, neglecting the 210Po supported
from 210Bi and subtracting the contribution supported from 210Pb, deduced from the measured
210Pb concentration after one year. A more accurate measurement on a greater number of
samples is in progress.

2.3.2 Determination of the residence time of aerosols
In a parent-daughter system, using a simple steady state model, the disequilibrium between
parent and daughter can be used to determine the mean residence time of atmospheric
aerosols. In literature different activity ratios in atmosphere were used such as the ratio
between 210Pb and its daughters 210Bi and 210Po or the ratio between 222Rn short-lived products
(i.e. 214Pb) and 210Pb.
In a well mixed atmosphere - considering the Radon gas exhalation rate from the soil constant
- the rate of change of decay products concentrations is given by (Baskaran and Shaw, 2001):

where Np and Nd refer to the number of atoms of the parent and the daughter product, �p,d are
their decay constants while �r is the removal rate constant.
Under equilibrium conditions:

where 	r = 1/�r is the residence time and Ap,d are the activity of the parent and daughter. The
formula is valid for the couple 210Pb-210Bi. Unfortunately, 210Bi is not easily measurable and,
as its half-life is comparable with the residence time of aerosols in atmosphere, this formula is
approximate for the 210Pb-210Po couple. The formula for the couple 210Pb-210Po (i.e. p-d)
taking into account the intermediate product 210Bi becomes (Robbins, 1978):

and the residence time is given by:

3. RESULTS AND DISCUSSION
3.1 210Pb and 210Po concentration
The 210Pb concentration measurement in atmosphere was performed regularly for the whole
year 2000 and it is still going on. 
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The weekly concentration values show a great variability ranging from 0.16 to 2.03 mBq/m3.
The values can be represented by a log-normal distribution. The variability is mainly due to
local prevailing meteorological and thermodynamic conditions of the atmosphere during the
sampling period. A negative correlation (R= - 0.7) between weekly 210Pb concentration values
and average wind speed in the same period was found; however, the measurement time
interval is quite long compared with the variation time scale of the meteorological parameters
so that the correlation might be slightly lowered. The minima concentration values occurred
during Föhn episodes (in Fig.3 an example is shown), during which the wind speed is high
and there is an almost complete replacement of the air masses on the plain.
In Table 1 the mean monthly values of both 210Pb and 214Pb as well as their concentration ratio
is reported. The 210Pb average yearly value comes out 0.70 mBq/m3 (range: 0.22-1.24) and the
214Pb concentration is 7.12 Bq/m3 (range 3.50 - 12.80).
The monthly values show a seasonal trend with higher concentrations during the winter
similarly to 214Pb and this trend was also observed on a longer data set (1998-2000) for 222Rn
and its short-lived progeny (Caprioli, 2000; Sesana et al., 2002). This seasonal pattern can be
ascribed to differences in average meteoclimatic and thermodynamic conditions during the
two semesters in Milan, that lead to very different dispersion conditions of atmospheric
aerosols (in particular, the mixing layer height is generally much higher during summertime).
Also the weekly concentration values of 210Pb and 214Pb show a quite good correlation (R =
0.79).

Fig. 3: wind speed and 210Pb concentration January 2000, when a Föhn episode occurred.
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210Pb 214Pb Ratio

Average Range 

min-max

Average Range 

min-max

214Pb/210Pb

mBq/m3 mBq/m3 Bq/m3 Bq/m3

Jan.00 1.09 0.35-2.02 12.80 1.9 - 22.2 11743
Feb.00 0.83 0.20-2.02 8.40 2.5 - 13.2 10120
Mar.00 0.49 0.17-0.90 4.55 1.4 - 8.9 9286
Apr.00 0.22 0.23-0.52 3.50 1.2 - 6.4 15909
May.00 0.46 0.40-0.55 3.97 1.8 - 6.7 8630
Jun.00 0.53 0.40-0.71 4.66 1.8 - 8.0 8792
Jul.00 0.46 0.28-0.71 4.10 2.1 - 8.9 8913
Ago.00 0.77 0.35-1.21 7.40 3.5 - 10.8 9610
Sep.00 0.61 0.35-0.73 6.67 1.8 - 13.2 10934
Oct.00 1.02 0.23-2.15 7.94 2.1 - 16.1 7784
Nov.00 0.69 0.33-1.74 10.91 3.2 - 19.6 15812
Dec.00 1.24 0.87-1.74 10.57 4.3 - 16.3 8524

Table 1: the mean monthly values of 210Pb (in mBq/m3), 214Pb (in Bq/m3) 
and their concentration ratio

Both the 210Pb seasonal pattern and the absolute concentration values are similar to those
reported in a data base for Ispra (Laboratoire de Glaciologie et Geophysique de
l'Environnement, 2002), a village in the Po Plain at about 50 km North from Milan. 
As for the 210Po concentration only sporadic measurements were carried out, a preliminary
average value of about 20 �Bq/m3 in the range 10 - 40 �Bq/m3 was observed.
From the 214Pb/210Pb monthly average ratio the aerosols residence time in atmosphere comes
out of a few days (1-2 d), while considering the 210Pb/210Po ratio the estimated residence times
are generally longer (7-10 d). It is not yet clear the explanation for the discrepancy in the
evaluated residence times. Nevertheless, the hypothesis of a steady state of the system made
for the calculation is not easily verified in real atmosphere on long periods and it might play a
role. Also in literature there appears a discrepancy between the evaluation of the residence
time using the Pb-Bi couple or the Pb-Po one, with an estimate of a shorter (about one half)
residence time in the first case. 

4. CONCLUSIONS
The experimental methodology developed by our group for the continuous, highly sensitive
measurement of the short-lived Radon decay products has been extended to allow the
determination of the long-lived daughters' concentration (210Pb, 210Po) with a weekly
resolution. Nevertheless, the evaluation of 210Pb is obtained with a delay of about one year
from the sampling. 



An interesting result appearing from the assessment of 210Pb monthly concentrations is that,
although lower by a factor 104, their seasonal behaviour is very similar to that of 214Pb. The
mean annual level evaluated is in agreement with those reported in the existing data base for
continental locations at similar latitudes.
The high variability of 210Pb on a weekly scale shows the importance of long term
measurements for a reliable 210Pb assessment in outdoor air at ground level.
The great disequilibrium in atmosphere between 214Pb - 210Pb and between 210Pb - 210Po gives
a clear indication that the aerosols residence time in the urban area of Milan is very short (a
few days).
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