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ABSTRACT

Nuclear fuel particles of Chernobyl origin are carriers of increased radioactivity (hot particles) and are still
present in the atmosphere of the Chernobyl exclusion zone. Workers in the zone may inhale these particles,
which makes assessment necessary. The residence time in the lungs and the transfer in the blood of the
inhaled radionuclides are crucial for inhalation dose assessment. Therefore, the dissolution of several kinds of
nuclear fuel particles from air filters sampled in the Chernobyl exclusion zone was studied. For this purpose
filter fragments with hot particles were submersed in simulated lung fluids (SLFs). The activities of the
radionuclides 37Cs, 2°Sr, 239+24%py and 2*'Am were measured in the SLF and in the residuum of the
fragments by radiometric methods after chemical treatment. Soluble fractions as well as dissolution rates of
the nuclides were determined. The influence of the genesis of the hot particles, represented by the *7Cs/?*°
+240py ratio, on the availability of *’Cs was demonstrated, whereas the dissolution of %°Sr, 239+24%py and
241Am proved to be independent of genesis. No difference in the dissolution of *’Cs and 2*%+24%Py was
observed for the two applied types of SLE. Increased solubility was found for smaller hot particles. A two-
component exponential model was used to describe the dissolution of the nuclides as a function of time. The
results were applied for determining individual inhalation dose coefficients for the workers at the Chernobyl
construction site. Greater dose coefficients for the respiratory tract and smaller coefficients for the other
organs were calculated (compared to ICRP default values). The effective doses were in general lower for the

considered radionuclides, for 2!Am even by one order of magnitude.

© 2013 Elsevier B.V. All rights reserved.

1. Introduction

Following a nuclear accident with a release of fragments of the
nuclear fuel matrix, so-called hot nuclear fuel particles contribute a
significant amount to the inhalation dose [1]. There are many studies
about various aspects of the release of radioactive material and hot
particles from the Chernobyl reactor accident. They include a
classification of the emitted products taking into consideration the
chemical and nuclear-physical characteristics of the released material
[2-7]. Airborne fuel particles were detected in filter samples after
long range transport [8] and in resuspended material in the
Chernobyl area [9]. As these particles are still present in the atmo-
sphere of the Chernobyl area, workers in the exclusion zone e.g. for
construction of the new shelter may inhale these particles and dose
assessment for this group of population is required. For this purpose
deposition and absorption of airborne radionuclides in the respira-
tory tract must be quantified. Besides activity concentration and
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particle size, the solubility of the aerosol particles which contain the
radionuclides is the determining parameter. Although several solu-
bility studies with application to radioactively contaminated aerosol
exist, there are only a few studies devoted to the solubility in the
atmospheric aerosol of Chernobyl origin [10-13].

This work presents the dissolution characteristics for the radio-
nuclides *7Cs, °°Sr, 239+24%py and 24' Am from hot airborne particles
in two frequently used types of simulated lung fluid (SLF) [14] in a
large number of samples (37 in total). The airborne fuel particles
were sampled inside the Chernobyl Shelter and at several locations
in its vicinity. Applying the Human Respiratory Tract Model of the
International Commission on Radiological Protection (ICRP) [15] the
inhalation dose coefficients were calculated specifically for the
workers at the new shelter of the Chernobyl Nuclear Power Plant.

2. Materials and methods

2.1. Sampling

Radioactive aerosol was sampled for more than two decades at
different sites of the 30 km exclusion zone of the Chernobyl
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Table 1
Sampling scenarios at ChNPP and in its vicinity.

Sample type Scenario Sampling site and distance to the Shelter Date Sampler Type of filter

1 Inside Shelter Room 406/2 (level +12.5 m) 20-30.10.2002 PM-10 impactor Fiberglass

2 Gap in the Shelter Machine hall 03-15.10.2002 SES Fiberglass

3 Near-field zone Southern vicinity of the Shelter, 50 m 16-21.11.2001 Grad Petryanov cloth
4 Far-field zone City of Pripyat, 4 km 23-24.08.1988, 09.-10.05.1988 Typhoon Petryanov cloth

nuclear power plant (ChNPP) [16]. A part of these aerosol samples
was used for the physico-chemical analysis of the aerosol particles.
In Table 1 information about sites and time of sampling, samplers
and filter material is presented.

The samples were classified according to characteristic places
and the scenario of sampling. Samples of type 1 were taken in
room 406/2, which is used for the preparation of scientific
experiments, inside the Shelter. The sampler for samples of type 2
was set up in a gap of the Shelter close to the southern wall of the
former machine hall. Samples of type 3 were taken in the southern
proximity at a distance of 50 m from the Shelter. The sampler of
type 4 was situated in the city of Pripyat about 4 km west of
ChNPP. The sampling in the gaps of the Shelter was conducted
with a portative sampler SES (Institute of Radioecology, Ukraine),
with a flow rate of 70m3/h and Whatman filters 441
(0.20 x 0.30 m?). The sampling in the proximity of the Shelter
was conducted with a sampler Grad (SPA Typhoon, Russia,
400 m3/h) with Petryanov filters (perchlorvinyl resin fibers,
0.77 x 0.34 m?). An Andersen cascade impactor PM 10 (Andersen,
USA, six stages, 67.8 m3/h) was used for size-classified aerosol
sampling in room 406/2.

In general higher activity concentrations were measured in the
southern vicinity of the Shelter, which is the lee side for most
weather conditions, than at other places around the Shelter. The
pronounced maximum of the airborne activity concentrations was
reached in the period 14-21.11.2001 with 142 mBq/m? for *’Cs,
115 mBq/m® for °°Sr and 3.55 mBq/m?> for 239+240py, Therefore, the
data from the samples of type 3 can provide a conservative estimate
of the inhalation exposure for the workers at the Shelter site.

2.2. Autoradiography

Autoradiographical examinations of the aerosol samples were
conducted with use of a medical X-ray film of high sensitivity (CP-
BU-new, Agfa) [13]. The autoradiographical images of the filters
were taken inside cartridges, in which the filters were protected by
membrane filters and covered on both sides by the film. Depending
on the activity of the fragments the exposure time varied between
14 and 35 days. Digital images of the recorded autoradiograms were
gained with the help of the scanner Epson Perfection-1670. Dia-
meters of hot spots at a given threshold of blackening and their
aggregate optical density were measured with the image processing
package Image-Pro Plus 5.0 (Media Cybernetics).

Additional to the exposure of the filter samples, an autoradiogram
of several different hot particles with known activity was recorded.
This made possible the calibration of autoradiography measurements
to the activity of the hot particles and thus determination of the
activity of individual particles on the filters [13,17]. With the known
specific activity Aspec Of the irradiated nuclear fuel matrix of ChNPP, the
particle volume and volume equivalent diameter (i.e. the diameter of a
spherical particle with the volume as that of the considered particle)
can be calculated as well; Agpec=2.5 x 10° Bq/g (mainly from Cs,
90sr and °°Y) for 2005 when the autoradiography was done [10]. With
the volume equivalent particle diameter d. the aerodynamic diameter
d.e of the hot particles can be calculated according to [18], which

neglects particle shape and slip correction, as

daerde(p/1 g/cm3)1/2 1)

with p=10.4 g/cm?3 as the density of Chernobyl hot particles [19].
In contrast to this method, samples of type 1 (sampling inside
the Shelter) were taken using a cascade impactor. For these samples,
the sampling characteristics of the impactor yield a size range for the
aerodynamic diameter of the hot particles.

2.3. Selection of filter fragments for the dissolution experiments

With the help of the autoradiograms, regions on the filters
which contained either several hot particles of similar size or
single large hot particles were identified and cut out. The gained
fragments had diameters of 48 mm for those with several hot
particles and of 8 mm for those with single hot particles (Fig. 1).
The total alpha and beta activities of the fragments were measured
with a low background alpha/beta radiometer Canberra IN-20.
After these measurements several of the small filter fragments,
each of one group of the same filter, were selected according to
their activity and fixed on a membrane filter in order to achieve
samples with sufficient total activity (Table 3).

2.4. Dissolution experiments

Two solutions, Gamble and Modified SLF, were applied to
simulate human lung fluid. These kinds were often used in vitro
in several studies of the solubility of radioactively contaminated
aerosol particles [20,21]. The basic component of the aqueous
solutions is NaCl. The freshly made solutions are alkalescent with a
pH of 7.6 for Gamble and of 8.2 for Modified SLF. The chemical
compositions are given in Table 2 together with two other well-
known solutions.

The obtained filter fragments were covered with two mem-
brane filters each, with a pore diameter of 0.22 um, as a protection
and were fixed in cartridges made of PTFE. The cartridges were
placed in vessels of polyethylene, which were filled with 30 ml of
freshly made SLF of one type. The vessels were kept at an ambient
temperature of about 25 °C, which is a usual condition for in vitro
dissolution tests with simulated lung fluid [ 14]. At several times up
to 55 days after the beginning of the dissolution the SLF was
changed. The activity of ¥7Cs, 9°Sr, 239+24%py and 2*'Am was
determined in each SLF sample. Further autoradiograms of the
fragments were taken after the dissolution experiments.

2.5. Radiospectrometry measurements

The activities of 1*’Cs and 2*'Am on the filter fragments before
and after the dissolution experiments and in the various samples
of SLF were measured by gamma spectrometry. This was done
with a high-purity germanium semiconductor gamma spectro-
meter GMX-30190-P-S (Ortec, 37.7% rel. efficiency) and a Walklab
analyzer module (Silena). Filter samples were measured in a flat
geometry, samples of SLF in a vial geometry.
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Fig. 1. Autoradiogram of a filter of sample type 2 with clearly visible dark spots of
hot particles. The selected filter fragments with 48 and 8 mm diameter are marked
as white circular areas.

Table 2

Composition of the simulated lung fluids (SLFs) Gamble, Modified SLF, serum
ultrafiltrate stimulant (SUF) and Ringer's solution in mmol/l. The last two are taken
from Aladova et al. [25] and are used in the discussion of the results.

Gamble Modified SLF SUF Ringer's solution
CaCl, - 6H,0 0.2 13 0.2
DTPA - - 0.2 -
Glycine - - 5 -
H,S04 - - 0.5
KCl 10 4 -
L-Cysteine - - 1
Mg(l, 27 1 - -
NaAcetate 0.2 7 - -
NaCitrate « 5 H,0 1 03 0.2 -
Nacl 116 145 116 140
NaHCO; 6 24 27 1
NH4Cl - - 10 -
NaH,PO4 - - 1.2 -
Na,HPO, « 2H,0 1.2 1 - -
Na,SO4 - 0.5 - -
pH 7.6 8.2 74 74

After the gamma spectrometry measurements which followed
the dissolution experiments, the activities of °°Sr, 2>°Pu and 24°Pu
in the SLF samples and the filter fragments with the insoluble
heels were measured by gross beta counting (alpha/beta counter
LB 770-PC, Berthold) and alpha spectrometry (eight-channel alpha
spectrometer Octete PC, Ortec Inc.), respectively. Because of their
similar alpha-decay energies 2*°Pu and 24°Pu cannot be distin-
guished spectrometrically. Therefore only the activity of both
nuclides 239+240py together could be determined.

The mentioned measurement techniques required previous che-
mical treatment of the samples. The applied separation processes are

described by Ageyev et al. [22]. Firstly, the filter fragments were
ashed and the SLF samples were evaporated to dryness. Then, the
samples were dissolved in 6 M HCl. Adding Fe(OH); and aqueous
solution of NHj3 yielded Fe(OH); precipitation with Pu, other actinides
and several other elements whereas Sr remained dissolved. Pu was
transformed to Pu* by taking up the precipitation into 8 M HNO;
and adding NaNO,. It was separated from the other actinides in anion
exchange resin AB-17 (NOs™ form) by washing the resin firstly with
8 M HNOs5 and 10 M HCI to remove the other actinides and secondly
with 9M HCl and NH,4l, which eluted Pu. The eluted Pu was
evaporated to dryness, taken up into (NH,4),SO4 and electrodeposited
on a metal plate, which was used in an alpha spectrometer.

Shortly before measurement the solved °°Sr was separated
from its decay product °°Y in another Fe(OH); precipitation, in
which Sr stayed in the solution again. Then, it was precipitated as
SrCOs, whose gross beta activity was measured. During several
weeks the activity of ®°Y grew until equilibrium with that of °°Sr.
Then the sample was measured a second time. From the activity of
the first measurement only with ®°Sr and of the second one with
both nuclides in equilibrium, the result could be corrected for the
presence of other beta-emitting nuclides.

Chemical yields were determined from radionuclide tracers,
which were added before the chemical treatment.

All uncertainties are calculated with a coverage factor k=2.
Uncertainties of solubility fractions and rates are those from curve-
fitting to the time-resolved measurement results.

3. Results and discussion
3.1. Total solubility

The fraction of the activity of hot particles which was dissolved
into the SLF in a given time of several weeks is presented in
Table 3. Important influencing parameters such as the sample type
from Table 1, the type of SLF, the diameter of the hot particles
(calculated either from their activity and known specific activity or
from the stage in cascade impactor sampling) and the activity ratio
of 1¥7Cs to 239+240py are given as well.

The samples differ from each other mainly in their ratio of the
activities of ®’Cs to that of 22°+24%Py, Some samples exceed the
respective value of 61 for the nuclear fuel at ChNPP at the time of
the measurements [10] significantly. These particles are likely to
originate from vaporization, in which the more volatile Cs is
enriched in comparison to Pu, and later condensation [23]. In
contrast, hot particles on samples with a 1*’Cs/?39+24%Py ratio close
to 61 might consist of the original fuel matrix.

Fig. 2 demonstrates the impact of this activity ratio on the
solubility: the solubility of '*’Cs features a strong increase with higher
137C5/239+240py ratios, that of °°Sr is slightly increased at higher activity
ratios whereas that of 22%+24%py does not depend on the activity ratio.
137Cs might be more soluble in condensation particles due to two
effects: Firstly, in these particles it had become volatized before the
origin of the particle and is now more loosely bound in the matrix of
the particle. Secondly, the condensed *’Cs is concentrated near the
surface of the particle whereas in the particles which consist of the
original fuel matrix it is distributed homogeneously throughout the
volume of the particle. The three samples with extremely high
137 /239+240py ratios greater than 1000 consist of small hot particles
which were sampled with the cascade impactor inside the Shelter.

No dependence of the dissolution of *’Cs and °°Sr on the two
types of SLF could be observed (Fig. 2); the slopes of the regression
lines are equal within their confidence intervals. Therefore, other
studies which used one of these two simulated lung fluids [14,21]
produced results which are comparable with each other. However,
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Table 3

Dissolved fraction of '*’Cs, °°Sr and 2*°+24°Pu from hot particles into two types of SLF and influencing parameters. G stands for Gamble, M for Modified SLF.

Sample no.  Sample type  Average diameter [um] SLF  Beta activity [Bq] 137Cs[239+240py  Dissolution time [days]  Soluble fraction [%]
137CS 9051. 239+240Pu
1 1 3.6 M 37 1320 35 38 5.8 2.2
2 1 19 M 43 1410 35 39 43 4.5
3 1 1.1 M 19 1120 35 36 4.4 1.8
4 2 G 127 152 35 66 8.0 0.41
5 2 G 118 173 35 58 9.6 0.62
6 2 G 96.9 168 35 (28 for Pu) 61 8.2 0.28
7 2 59.2 G 80.6 61.3 28 11 0.35 0.13
8 2 36.8 G 39.1 524 28 8 2.7 0.34
9 2 31.5 G 61.2 65.6 28 16 15 0.18
10 2 25 G 49.2 69 28 29 2.7 0.24
1 2 G 924 238 29 57 7.6 43
12 2 G 83.8 244 29 56 9.2 3.0
13 2 M 71 68 35 29 1.7 19
14 2 M 32 222 35 36 7.8 9
15 2 M 124 188 55 52 4.1 0.73
16 2 M 97.4 171 55 53 4.7 0.91
17 2 M 53.9 224 29 55 4.4 0.87
18 2 454 M 36.3 75 55 (29 for Cs) 3 0.41 -
19 2 28.6 M 45.6 87 29 22 13 0.2
20 2 273 M 39.6 419 29 39 13 0.39
21 2 159 M 224 149 29 43 4.1 0.9
22 2 M 345 281 28 34 4.6 0.39
23 2 M 19.5 171 28 24 34 03
24 2 M 19.1 122 28 35 4.2 0.44
25 2 304 M 439 58.3 28 2.8 0.82 0.08
26 2 20.8 M 36.4 50.5 28 135 0.42 0.05
27 2 1.4 M 29.9 62.1 28 22 0.83 0.07
28 3 G 759 119 29 18 8 0.34
29 3 554 G 399 53.8 29 1.6 0.18 0.04
30 3 419 G 326 383 29 0.9 0.21 0.05
31 3 20.0 G 66.9 58.8 29 20 13.2 0.11
32 3 M 175 69 35 3.5 2.2 13
33 3 M 114 72 35 1.6 1.2 0.53
34 4 G 20 304 28 3.6 0.76 0.26
35 4 G 12.5 434 28 3.9 34 0.17
36 4 30 G 32.7 321 28 3.2 21 0.46
37 4 19.6 G 31.8 30.9 28 1.2 2.2 043
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Fig. 2. Soluble fraction of '*’Cs, °°Sr and 2*9+24°Py in Gamble (SLF G) and Modified
SLF (SLF M). No obvious difference in the solubility into both types of SLF is
observed. Lines of regression are marked with the symbol of the corresponding set
of data points at the right-hand side of the diagram to guide the eye.

239+240py dissolution was significantly stronger in Gamble SLF (slope
(10.8 4 3.6)- 107°) than in Modified SLF (slope (2.6 & 1.0)- 107°).
The dissolved fraction as a function of the diameter of the hot
particles is presented in Fig. 3. All investigated nuclides show a
stronger solubility from smaller hot particles, with which a larger
surface in comparison to the volume of the particle is available to
dissolve from. Using an exponential model, the influence of the
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Fig. 3. Soluble fraction of '*’Cs, °°Sr and 2*9+24°Py as a function of the diameter of
the hot particles. Measured data points with fitted exponential functions (solid
lines).

diameter d on the soluble fraction F can be described for

137Cs . F=0.47exp(—d/18 um)
9051 F=0.061exp(—d/18 um)

239+240py; : F = 0.011exp(—d/18 um)
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Table 4

Parameters of the two-component model for the dissolution of '*’Cs into Gamble
and Modified SLF. Values for samples 8-10 are based on only three data points each,
for which reason no uncertainty can be given.

Sample Type of SLF (Gamble/ Rapidly soluble Characteristic times of
number  Modified) fraction f; [%] dissolution
T; [d] T, [d]

4 G 645+24 6.71 +£0.37 450+ 280

5 G 56.6 +4.0 6.10+0.71 710+ 370

6 G 60.0 + 1.2 6.51+0.44 400+ 270

7 G 20+12 121+72 >10 000

8 G 7.8 9.0 > 10 000

9 G 18 10 >10 000
10 G 31 11 >10 000
11 G 48.5+21 0.97 +0.13 140 +45
12 G 464 +2.3 0.96 + 0.15 140 + 47
15 M 49.0+ 1.9 6.74 +0.42 590 + 340
16 M 484 +2.8 7.7+1.0 710 +300

Table 5

Parameters of the two-component model for the dissolution of °°Sr into Gamble
and Modified SLF.

Sample  Type of SLF Rapidly soluble Characteristic times of
number (Gamble/Modified) fraction f; [%] dissolution
T: [d] Ts [d]

4 G 9.7+24 101 +3.2  >3000

5 G 10.78 + 0.45 13.24+13 >1000

6 G 1210 £ 0.35 9.74+13 >1000

11 G 6.74 + 0.46 0.89 +0.15 2500 + 1800

12 G 8.23+0.38 0.76 £ 0.12 2500 + 1200

15 M 3.62+0.23 3.34+0.94 7000 + 3000

16 M 4.23 +0.17 4.03 +0.40 8000 + 3200

20 M 111 +£0.30 9.6+21 14000 + 8000

21 M 3.56 + 0.32 52+12 5000+ 2000
Table 6

Parameters of the two-component model for the dissolution of 23%*24°Pu into
Gamble and Modified SLF.

Sample  Type of SLF Rapidly soluble Characteristic times of
number (Gamble/Modified) fraction f; [%] dissolution
T: [d] Ts [d]
4 G 0.415 + 0.052 81+32 > 10000
5 G 0.300 + 0.016 80+14 >10 000
6 G 0.635 + 0.034 51+13 > 10000
11 G 4.09 +0.22 0.384 4+ 0.083 6000 + 3200
12 G 3.00+0.20 1.03+0.30 >10000
15 M 0.702 + 0.059 56+16 > 10000
16 M 0.94 +0.12 66+12 > 10000

3.2. Time-resolved dissolution

Mercer described the dissolution of particles in a fluid by a first-
order kinetics equation [24]. He derived this for a population of
spherical particles having initially a log-normal size distribution; the
mass M which is not dissolved at time t can be calculated as

M/Mg = f1 exp(=A15) + [ exp(=12/3) )

where My is the initial mass of the population of particles and 4 is a
dimensionless time variable; f; and 4; are functions only of the
geometric standard deviation of the size distribution and fi+f=1.
If a constant specific activity of radioactive particles can be assumed,
Eq. (2) can be written in terms of the activity A and can be applied to

Table 7
Parameters of the two-component model for the dissolution of 2'*Am into Gamble
and Modified SLF.

Sample  Type of SLF Rapidly soluble Characteristic times of
number (Gamble/Modified) fraction f; [%] dissolution

T: [d] Ts [d]
4 G 0.69 +0.42 13.6+£6.2 6000+ 4000
5 G 0.718 + 0.051 109+22 >20000
6 G 1.07 £ 0.37 20+ 12 > 20000
11 G 0.804 + 0.057 0.98 +0.22 11 000 + 3800
12 G 0.475 4+ 0.040 1.85+0.39 14 600 + 4200
15 M 0.63 +0.11 15.7+64 >20000
16 M 0.611 +£0.014 9.97+0.79 >20000
20 M 0.539 4+ 0.095 151+58 >20000
21 M 0.806 + 0.087 105+34 >20000
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Fig. 4. Activity of undissolved '*’Cs as a function of time for selected samples of

type 2. Samples 4-6: Gamble SLF, samples 15 and 16: Modified SLF. Data points:

measured values, solid line: fitted result of the two-component exponential model,
averaged for samples 4-6, 15 and 16.
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Fig. 5. Comparison of the solubility of plutonium oxide into serum ultrafiltrate
stimulant (SUF) and Ringer's solution (both at pH 7.4), which are used as simulated
lung fluids as well (data taken from [25]), and 23°+24°Py from samples 4-6, 15 and
16 into Gamble solution.

the undissolved fraction F=A(t)/Ao at time t by multiplication of M
and M, with the specific activity:

F(t)=A/Ao=f; exp(~t/T:) + f5 exp(~t/Ts) 3)

where the coefficients f. and fs (dimensionless) are the rapidly and
slowly soluble fractions; fi+f;=1. T, and T are the characteristic times
of dissolution; their reciprocal values are called dissolution rates.
Tables 4-7 give the rapidly and slowly soluble fractions as
well as the respective characteristic times as the parameters of the
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Table 8

Dose coefficients for the inhalation of nuclear fuel particles from Chernobyl with a diameter of 20 um by reference workers at light work and at heavy work (effective dose
coefficients only), calculated with the computer software IMBA [26] and the given f; value. Dose coefficients with reference values are shown for comparison for light work

(taken from ICRP 68) and for heavy work (calculated with IMBA).

137CS 9051. 239+240Pu 241Am
fi 1 0.3 0.00001 0.0005
Reference absorption type F F S (insoluble oxides) M
Organ Dose coefficients [Sv/Bq]
Respiratory tract ET 25%x1078 6.7 x1078 74 x107° 7.2 % 107°
ET1 1.8x107° 2.0x107° 14x107¢ 2.7 x107°
ET2 23x1078 6.4x1078 73 x107° 7.2 x107°
LN(ET) 15x 1078 41x1077 28x 107 1.8x 1074
BBsec 35x 1078 1.0x 1077 24x107° 3.0x107°
BBbas 3.0x1078 9.2x1078 2.2x107° 3.5x107°
bb 1.2x1078 71x 1078 7.7 x 1076 81x107°
Al 1.0x107® 73 %1078 13x107° 11x107°
LN(TH) 8.0x107° 15x 1077 24x107 15x 107
Lung 1.8x 1078 8.0x 1078 11x107° 12x107°
Urinary bladder 51x107° 5.3 x1071° 1.3x107° 21x1078
Breast 41x107° 24x1071° 13x107° 21x1078
Gall bladder 49x107° 2.4x1071° 1.3x107° 21x1078
Brain 42%x107° 24x1071° 1.3x107° 21x1078
Skin 3.8x107° 2.4x1071° 1.3x107° 21x1078
Heart wall 51x107° 2.4x1071° 1.3x107° 21x1078
Testes 44%x107° 24x1071° 9.6 x107° 2.5%x1077
Gonads 51x107° 24x1071° 9.6x107° 25x 1077
Bone surface 49x107° 1.5x 1077 7.2 x 1077 13x107
Liver 49x107° 2.4x1071° 1.5x 1077 8.4x1077
Gastrointestinal tract Esophagus 48x107° 2.4x1071° 1.3x107° 21x1078
Stomach 4.8x107° 3.3x107"° 1.7 x107° 21x1078
Small intestine 52x107° 42 x1071° 2.3x107° 22x1078
Upper large intestine 51x107° 21x107° 7.6 x 107° 2.8x1078
Lower large intestine 5.8 x107° 79x107° 20x1078 41x1078
Colon 54x107° 46x107° 1.3x1078 34x1078
Spleen 48x107° 24x1071° 13x107° 21x1078
Muscle 45%107° 24x1071° 13x107° 21x1078
Adrenals 51x107° 2.4x1071° 1.3x107° 21x1078
Kidneys 48x107° 24x1071° 2.9x%107° 70x 1078
Ovaries 51x107° 24x1071° 9.4 x107° 2.5x1077
Pancreas 52x107° 2.4x1071° 1.3x107° 21x1078
Remainder 1.5x1078 2.7x1071° 3.7x107° 3.6x107°
Red bone marrow 4.7 x107° 6.3 x1078 34x1078 4.6 x1077
Thyroid 4.7x107° 24x1071° 13x107° 21x1078
Thymus 48x107° 24%1071° 13x107° 21x1078
Uterus 51x107° 24 %1071 1.3x107° 21x1078
Effective 7.0 x 107° 20x 1078 32x107°° 3.6x107°
Effective dose coefficients from ICRP 68 [27] 6.7 x 107° 30x107® 8.3x107° 2.7x107°
Individual effective dose coefficients for heavy work 83x107° 1.8x 1078 33x%x107° 3.7x107°
Reference effective dose coefficients for heavy work 7.0 x107° 32x1078 9.8 x107° 2.9x107°

two-component exponential model for the dissolution of *7Cs,
90gr, 239+240py and 2*'Am as a function of time. Fig. 4 presents
exemplary data for *’Cs; for better perceptibility, error bars are
drawn only for some data sets.

Dissolution of a certain activity fraction of the hot particles
within the first few days can be observed for all three investigated
nuclides. Only the amount which is soluble within this first time
differs between the nuclides. The remaining fraction features very
slow solubility. With a characteristic time for bronchial clearance
(transport from the bronchi to the pharynx) of several hours [15] a
significant part of the deposited activity will be dissolved and can
thus be subjected to transport into the blood.

3.3. Comparison with solubility studies of industrial plutonium
aerosol

Aladova et al. presented results of dissolution experiments of
plutonium from nuclear industrial aerosols from the Production
Association Mayak in different simulated lung fluids (Table 2, [25]).
Fig. 5 shows that the hot particles are dissolved very slowly into
Gamble solution in comparison to the plutonium oxide into
Ringer's solution and even more into SUF. Comparing the chemical

structure of the solutions used as simulated lung fluids the
following can be noted:

— The basic component of all solutions is NaCl.

— Ringer's solution has the least difficult salt structure (7.4 g/I)
and practically does not contain complexing ligands.

— All solutions are alkalescent. Ringer's solution and SUF have a
pH of 7.4, Gamble has a pH of 7.6 and Modified SLF of 8.2.

3.4. Implications for inhalation dosimetry

The applied model of time-resolved solubility, which comprises
two exponential contributions with different constant dissolution
rates, conforms to the model of time-resolved uptake of radio-
nuclides into the blood, which is part of the Human Respiratory
Tract Model of the ICRP. The dissolution rates 1/T. and 1/T;
correspond to the rates s, and s of rapid and of slow solubility,
respectively. Thus, the parameters which were determined for the
solubility of the studied radionuclides from hot particles can be
applied for the calculation of inhalation dose coefficients which
are specific for the exposure to these hot particles as it can occur
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during the construction of the new Chernobyl shelter. Such a
calculation of dose coefficients from individual parameters is
explicitly recommended [15].

Dose coefficients were calculated using the computer software
IMBA, which was developed by the Health Protection Agency of the
UK [26]. They are presented in Table 8 for a reference worker
according to ICRP 68 [27] (normal nose-breathing adult male at
light work). The dose coefficient for the effective dose is presented
also for a reference worker at heavy work instead of light work (7 h
light exercise, 1 h heavy exercise per day as defined in [15]). As
further input parameters a density of 10.4 g/cm3 [19] and the f;
value of solubility in the gastrointestinal tract from ICRP 68 [27] for
the respective nuclide were assumed. Reference values for the
respective nuclide were used for the transport rates in the respira-
tory tract and in the gastro-intestinal tract as well as for the
biokinetic transfer rates. The diameter of the hot particles was
assumed as 20 pum, which is approximately the mode value of the
diameter distribution of the hot particles investigated in this study.
At even larger diameters of 60 um, the solubilities of *”Cs, °°Sr and
239+240py are about one order of magnitude smaller than those at
20 um; however, the deposition in the thoracic parts of the
respiratory tract is smaller by about one order of magnitude [15].

Due to their slow solubility, all studied nuclides cause greater
organ doses in the respiratory tract and smaller doses in the other
organs compared to ICRP standard values [27]. The effective dose
coefficient of 2*'Am is smaller by almost one order of magnitude
and that of 22°+249py js smaller by a factor of about 2.5 compared
to the respective standard dose coefficient for workers. The
effective dose coefficient of °°Sr is about 2/3 and that of *’Cs is
about the same as compared to the respective standard dose
coefficients. Both the individually calculated and the reference
effective dose coefficients for heavy work are close to those for
light work.
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