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Relevance. In the context of the global trend towards sustainable development, there is a problem of utilization of ash and slag waste from
thermal power plants. The use of these wastes in the construction industry is of particular importance, due to the resource intensity of the
production of building materials. Fly ash in the building materials composition can influence to a large extent the natural radioactivity of
structures and increase the background radiation in the buildings. This is due to the fact that when coal combusting, fly ash is enriched with
natural radionuclides.

Purpose: to study the radioactivity of fly ash deposited on various fields of the electrostatic precipitator.

Object: fly ash deposited on the fields of electrostatic precipitators from the combustion of Kansk-Achinsk brown coal in power boilers
BKZ-420-140 PT-2.

Methods. Content of Ra-226, Th-232 and K-40 was determined by gamma-spectrometric method, the value of the normalized indicator of
specific effective activity for fly ash was calculated. The granulometric composition of the studied samples was determined by the method
of laser diffraction analysis. Cluster analysis was used for statistical processing of test results.

Results. The presence of two clusters in the content of natural radionuclides was established. In the first cluster, which has high radioac-
tivity, the first and second fields of UGZ-4 electrostatic precipitators are combined, and in the second — the third and fourth fields. A correla-
tion dependence was established between the numbers of fields of electrostatic precipitators, the size of ash particles, the content of Ra-
226 and specific effective activity was established. No such dependence was found for Th-232.

Conclusions. Particle distribution in the fields of electrostatic precipitators is multimodal. The nature of the distribution of each mode ap-
proaches the lognormal law. The content of radium and the value of the specific effective activity depend on the size of ash particles and
are described by an exponential function. The highest content of Ra-226 is observed in the ashes deposited on the third and fourth fields of
electrostatic precipitators, which indicates the enrichment of finer ash particles with this radionuclide. The conclusions obtained correspond
to the well-known thesis about the increased radioactivity of ash particles that are not deposited by ash collection systems and enter the
atmosphere together with flue gases. The proposed method for studying the distribution of natural radionuclides over the fields of electro-
static precipitators can be used to predict the radioactivity of particles that are not captured by the flue gas cleaning system and released
into the environment.
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States is being used in industry. However, the overall lev-
el of processing at ACAA enterprises has declined over
the past two years from the highest level of 64 % in 2017.
This is associated with a decrease in the production of
electricity using coal fuel and the deployment of new
technological and logistics strategies [2, 3]. Such strate-
gies are likely to develop in the direction of using this
material in final products with a large surplus value.

Coal burning is a process of enrichment of combus-
tion products in the form of slag and ash with harmful
toxic elements, including natural radionuclides (NRN).
Most of the ash is captured by electrofilters (96...99,7 %)
and some is carried away together with flue gases into the

Introduction

Decree of the Government of the Russian Federation
no. 1523-r on June 9, 2020 approved the Energy Strategy
of the Russian Federation until 2035 [1]. The Strategy in-
cludes an increase in the share of disposed and neutral-
ized waste in the fuel and energy complex industries from
52,6 % in 2018 to 85 % by the end of 2035, including sol-
id fuel combustion products (ash slag), respectively from
8,4 to 50 %. Thus, Russian scientists will have to solve
the issue of increasing the use of ash and slag waste by
almost six times by 2035.

The largest consumer of waste from solid fuel com-

bustion is the production of building materials, which us-
es a huge amount of natural resources. In world practice,
there is a huge experience in the use of ash and slag. Ac-
cording to the American Coal Ash Association (ACAA),
59 % of the coal ash produced in 2020 was recycled
compared to 52 % in 2019, and for the sixth year in a row,
more than half of the coal ash produced in the United
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environment and deposited on the adjacent territory.

It is quite obvious that the radioactivity of ashes and
slags primarily depends on the content of radioactive el-
ements in the burned coals. A detailed review and analy-
sis of the results of scientific research in the field of coal
radioactivity is presented in [4].
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According to the authors [5], the uranium content in
the slags remains approximately the same as in the ac-
companying rocks. Fly ash may contain a large amount of
NRN. In [6], based on the analysis of domestic publica-
tions, it is stated that even with the combustion of coals
with a low content of radioactive elements in their com-
bustion products, the content of uranium and thorium in
the fly ash increases by 3-4 times, and sometimes by 9
times in relation to the source fuel.

Studies [7] have established that in the ash collected
from the electric filters of the smoke path of the Nazarovo
power station, the concentration of uranium increased
twice compared to the initial coal, and in thorium — by 4
times. It has also been established that, unlike thorium,
which remains in the mineral part of the ash, uranium
condenses on fine aerosols that are not captured by elec-
trofilters. The concentration of uranium in the fly ash of
electrofilters increases by 6 times; in the ash leaving to-
gether with flue gases by almost two orders of magnitude,
on average — 71 times. The latter value was obtained in [5]
by calculation, based on the balance of the uranium con-
tent during coal combustion.

In publication [8], using the example of burning coal
in Germany, it is shown that the emission of uranium de-
pends on the brand of coal. Uranium enrichment of the
finest fraction of fly ash of black coals turned out to be
significantly higher than for brown coals (twice versus
0,8), regardless of the method of their combustion. These
data indirectly indicate that the uranium occurrence form
in black and brown coals differ significantly [9].

In the research of German authors [10] it is stated that
the concentration of radionuclides in brown coal ash is at
the level of natural soils due to the very low concentration
of radionuclides in coal. The authors state: the irradiation
of workers dealing with coal ash at an electric power
plant and at a landfill only slightly increased compared to
the natural radiation background; the presence of ash
dumps does not lead to significant additional irradiation
of the population, and the use of by-products in building
materials contributes a negligible proportion to the radia-
tion dose received when living in dwellings.

In [11], the nature of the distribution of radionuclides,
the coefficients of their relative enrichment and the effect
of particle size on the enrichment of nuclides in the ash of
electrofilters were studied. For the evaluation they used
the relative enrichment factor (REF):

REF =22
c
where A — ash radionuclide concentration, %; B — initial

coal ash content, %; C — coal radionuclide concentra-
tion, %.

According to the authors, REF values depend mainly
on the physical properties of the particle to which the ra-
dionuclide is attached after combustion. REF
ues >1indicate non-volatile elements. The coefficient
gives the amount of enrichment with radionuclide, nor-
malized for the ash content of the initial coal. Thus, this
value gives a more realistic actual value of the enrich-
ment than the value that depends only on the radionuclide.
When calculating REF for six Indian thermal power
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plants, the ash content of the initial coal was assumed by
them to be the same and equal to 40 %.

Table 1 presents the results of calculations of the ratio
of comparative concentrations of NRN in ash to their
content in coal, performed by us according to the data
available in literature. Considering the large variability of
the ash content of coals of various types and deposits (for
example, the average ash content of brown coals of the
Kansk-Achinsk basin for dry mass ranges from 6,0 to 12 %
[12, 13], for comparability of data from various sources),
we calculated REF in relation to the content of radionu-
clides without taking into account ash content.

Table 1. Ratio of radionuclides content in ash to their

content in coal

Tabnuuya 1. Omuowenue coodeprxcanus paoUOHYKIUOOE 8
30J1aX K ux codepofcaHu;o 8 yeiix

Radionuclide ratio
OTHOLIEHHE M0 PaAHOHYKIHIAM Source
HcTounnk
U238 | Ra226 | Th232 | K40
6,6 13,1 6,1 5,8 [14]
(26-91) | (123-14) | (46-75) | (5462
9,4
(6,7-11,9) - - - [8]
- 2,6 2,1 2,8 [15]

4-20 - 4-20 — [16]
8,0 - 7.4 54 [17]
10,7 - 35 36 7]
3,8 — 6,6 — [18]
85 - - - 5]
20 - 4.0 - 7]

5,6+2,1 5,742.1
(6,1)* - (6,4)* - [29]
4,98** 4,46%* 3,38 | 2,36%* [11]
(2,0-11,3) | (2,68-6,55) | (0,85-7,28) | (1-5,03)

5,5* — 5,8% — [20]
1 - 9.7 - [21]
9,4 11,7 9,1 73 [22]

(7,8-11) | (11,2-12,1)| (9,0-9,2) | (5,7-9,0) [23]
6,7 - 5,74 - [24]
7,1£2,86 8,0+4,51 6,6122,49 | 4,5+1,76 c Average
pEeAHEEC 3HAYCHUC

* Clark conversion to ash and enrichment coefficient/
Ilepecuem no knapky Ha 301y u Kod(Guyuenm
obozawenus,

** Recalculation without ash content/Ilepepacuem 6es
yuema 301bHOCMU.

The average values of the ratio of specific activities of
the NRN in ash and coal, calculated according to the data
of the Table 1, were equal to: 7,1£2,86 for U-238;
6,7+4,57 for Ra-226; 6,1+2,66 for Th-232 and 4,0+1,38
for K-40. The Clark content of uranium and thorium for
brown coals is 2,9+0,3 and 3,302 g/t, respectively
[20, 21], and in ash: U=16+2 and Th=19+1 g/t. The cal-
culated enrichment index for the Clark content of radio-
nuclides in fly ash and coal turned out to be 11 for urani-
um and 9,7 for thorium. These indicators are higher than
the average and closer to the maximum observed values
(Table 1), but do not exceed the latter.

The close values of the ratio of contents for the NRN
may indicate the same occurrence form of U and Th in
coals. In the brown coals of the Azeyskoe deposit, urani-
nite was detected both in the organic matter of brown coal
and in kaolinite. Single inclusions of coffinite were de-



Bulletin of the Tomsk Polytechnic University. Geo Assets Engineering. 2023. V. 334. 7. 177-186
Nazirov R.A. et al. Distribution of natural radionuclides in ashes, collected by thermal power plants electrostatic precipitator

tected in the organic matter of coal, and the main form of
thorium in coal is rare-earth phosphates and monazite.
Monazite in ash is represented by amorphous aggregates,
cores, films on an aluminosilicate matrix, as well as in-
clusions in aluminosilicate films [21].

It was convincingly shown in [25] that the bulk of
uranium and thorium is accumulated in organic matter in
sorbed form and in the form of strong humate complexes,
and the main ash-forming aluminosilicate, silicate and
carbonate minerals play a secondary role in the concen-
tration of U and Th.

Thus, it can be stated with confidence that as a result
of coal burning, the enrichment of the NRN fly ash oc-
curs. The enrichment coefficient can reach one order of
magnitude for the ash captured by electrofilters for urani-
um, radium and thorium. The enrichment coefficient for
potassium is almost 1,5 times less than that of uranium
(radium) and thorium.

From the point of view of the use of ash and slag ma-
terials in the production of the most massive products-
cement concretes and mortars, separate selection of ash
and slag is preferable. In this case, the additive technolo-
gies in concrete and mortar mixtures will not undergo
significant changes. For fly ash, the available technologi-
cal equipment for transportation, storage, feeding and
dosing of cement is used, and for slag — inert aggregates.

Currently, work is becoming relevant to replace Port-

land cement with fly ash in concrete in the amount of 50 %

or more [26]. This trend is driven by the need to reduce
carbon emissions in cement production, which, according
to the World Cement Association, accounts for about 7 %
of global carbon emissions. It is quite obvious that in this
case the technical and environmental requirements for the
quality of fly ash increase significantly.

The separation of ash into fractions of a certain size
and composition makes it possible to significantly expand
the scope of their application, turning large-tonnage waste
of thermal energy into valuable mineral raw materials of
technogenic origin. At the same time, the product is en-
riched with both separate trace elements and NRN [5].

In [27], it is stated that the concentrations of Ra-226,
Th-232 and K-40 activity in fly ash samples depend on
the concentration of their activity in coal, the operating
mode of the station's boiler during coal combustion, its
capacity, origin and elemental composition of coal. It was
also found that the specific radioactivity of fly ash in-
creases with a decrease in the size of ash particles. There-
fore, the released fly ash (having smaller particle sizes,
compared to larger particles captured by environmental
protection equipment at thermal power plants) has greater
radioactivity than ash captured by filters of power plants
[15, 28].

Fly ash collected in bunkers of different fields of elec-
tofilters has different properties. For example, the particle
size decreases, and the specific surface area increases as the
storage hopper is removed from the boiler, with an increase
in the field number of the electrofilter. In most studies, dif-
ferent sizes were obtained either by air classification or by
grinding a combined fly ash sample [29-33]. Only a few
studies consider the use of fly ash taken from the fields of
electrofilters [11, 33-36]. The NRN distribution research

across the fields of the electrofilters has not been studied.
When ash is mixed from different fields of electrofilters,
as well as during subsequent air separation, obvious dif-
ferences in the properties of fractions (differentiated by
fields) are lost.

The purpose of this investigation was to study the ra-
dioactivity of the fly ash deposited on various fields of
the electrofilter.

Methods

In this paper, the ashes of thermal power plants ob-
tained by burning coal from the Borodino coal mine are in-
vestigated. Samples were taken simultaneously from the
pre-chambers and from each field of the electrostatic pre-
cipitators of four similar boilers of the BKZ-420-140- PT-2.
The designation of the samples is shown in the Fig. 1.

electric filter number

A
420-1/3 -

capacity

boiler number

Fig. 1. Designation of samples from different boiler and
electric filters fields

Puc. 1. Obosnauenue o6pazyos u3z pasHuix KOMio8 u nosei
INEKMPOPUILMPOS

When marking samples taken from the pre-chamber
bunkers, the designation of the field number was replaced
with the symbol «F».

The first three boilers are equipped with three-pole
electric filters of the UG3-3-1774 type, the fourth is
equipped with a six-pole electric filter of the EGBM type.
The total number of samples taken is 18.

The content of radionuclides in the material was de-
termined by gamma-spectrometric method using the
MKS-AT1315 gamma-beta spectrometer in accordance
with the methodology attached to the device. The fly ash
samples, previously dried to a constant mass, were placed
in a Marinelli vessel, where they were kept closed for
14-15 days. The exposure time for all samples was cho-
sen the same — two hours.

The granulometric composition was determined using
a FRITSCH ANALYSETTE 22 MicroTec PLUS laser
particle analyzer. The device is certified according to the
ISO 13320 standard. The method of determination was as
follows: 0,8-1 g of the test material was injected into a
closed circuit with 400 ml of water until the required con-
centration was reached. After its uniform distribution in
the circuit, the laser complex sequentially measures the
material under study. The fractional composition data is
presented according to the fractional diagrams.

For the entire sample (18 samples), the point parame-
ters of the empirical distribution of the normalized index
of specific effective activity (Ae) were calculated, a his-
togram was constructed, and a theoretical distribution law
was selected.

The specific effective NRN activity of the product
was calculated according to SanPiN 2.6.1.2523-09 (NRB-
99) according to the formula:
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Agss = Apg + 13 Apy +0.09 - Ay,

where Aga, A, Ak are the specific activities of Ra-226,
Th-232 and K-40, Bg/kg, respectively.

The purpose of the cluster analysis was to identify and
combine into separate classes (groups) the most closely re-
lated in radionuclide composition of the deposited ash par-
ticles field numbers of electrofilters. The hierarchical clus-
tering method was used to construct a vertical tree diagram
and the K-average method. The measure of proximity de-
termined by the Euclidean distance is a geometric distance
in n-dimensional space and was calculated by the formula:

dCx,y) = Ximg (o = yi)? .
In order to exclude the influence of the electrofilter
type on the results of statistical calculations and to ensure

Specific effective activity

the reliability of the results obtained by the field number,
fly ash samples taken from boilers equipped with the
same UG3-3 electrofilters were subjected to cluster anal-
ysis: 420-1, 420-2, 420-3. Based on the visual analysis of
the diagram and the target task of determining the maxi-
mum differences in the radionuclide composition of ash
deposited by different numbers of fields of electrofilters,
the number of clusters for which statistical indicators
were calculated was assigned.

Results and discussion

The empirical distribution of the specific effective
NRN activity one for four boilers approaches the normal
law (Fig. 2).

a Shapiro-Wilk p: nfa
Tr Mean: 52.69
- Std.Dev.: 5384
Bf Variance: 28.08
Std.Err.M 1.268
el \ St rr.ean
y \ EWNess: 0427
4 < . -
\ Walid M: 13.00
3 Minimum: 43.90
Lower Cluartile  50.90
2f Median: 51.45
N N || Upper Quartile  55.00
- || Maximum: 62.90
L a0 = =g s 95% Canfdence for Std Dev
Lower 4.040
i ) ! Upper 8.071
IMedian, Inter-quartile Range & Mon-outlier Range
oo @ 95% Confdence for Mean
Mean & %5% Confidence Interval Lower 50.02
—_— Upper 55.37
Mean & 95% Prediction Interval
= 95% Predication for Observation
TR ——— Lower 41.02
4) 42 44 45 45 50 52 54 55 58 80 852 oS54 65 Upper 64,36

Fig. 2. Histogram of the empirical and the function of the theoretical normal distribution of the specific effective activity in

the ash of electrofilters

Puc. 2. ['ucmozpamma smnupuieckoeo u QyHKYus meopemuieckoz0 HOpMAaibHo20 pacnpeoenenuss yoeavHoll d¢dexmushoil

AKMueHoOCmu 6 301ax aﬂekmpogbuﬂbmpoe

The average value calculated from 18 samples turned
out to be equal to Ae=52,7+5,38 Bq/kg, respectively with
the maximum and minimum observed values of the specif-
ic effective activity of 62,9 and 43,9 Bqg/kg. The proximity
of the median value of 51,5 Bg/kg to the average and the
value of the asymmetry value with a positive sign indicate
an approximation of the empirical distribution to normal
theoretical with some deviation towards large values of A.
The predicted maximum value of the specific effective ac-
tivity of natural radionuclides with 95 % confidence for the
analyzed sample turned out to be 64,4 Bg/kg. The value of
the coefficient of variation equal to 10,2 % allows us to
state that the variability of the specific effective activity is
closer to the insignificant degree.
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The dendrogram of hierarchical clustering and the K-
means method are presented respectively in Fig. 3 and in
Table 2.

The most productive was the implementation of the
hypothesis about the presence of the second clusters.

As it can be seen, the indicators of the pre-chambers
and the first fields of the electrofilters are combined in
Cluster 1, and the second and third fields equipped with
the same types of UG3-3 electrofilters are combined in
Cluster 2. The specific effective NRN activity was 1,17
times greater for fly ash deposited in the second and third
fields. This effect is due to an increased value of the spe-
cific activity of the Ra product by 1,34 times.
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9) Single bnkage Fig. 3. Dendrogram of hierarchical clustering according to
yeswsmbesasii the NRN specific activity in the ashes captured by
various fields of the UG3-3 type electrofilters:

]
5 a) clustering by single linkage method; b) clustering
2o by complete linkage method
é & Puc. 3. /lenopocpamma uepapxuueckou Kiacmepuzayuu no
; 5 L | YOenvHOU  aKMUuGHOCMU — eCIeCmEeHHbIX  paouo-
3 : I nyxkauoos (EPH) 6 3onax, ynagnueaemuix pasiuyHbui-
3 Mu  nonamu  anekmpoduivbmpos muna  YI3-3:
» o b a) knacmepuzayusi MemoOOM OOUHOYHOU  CEA3U;
' l l b) knacmepuzayus memooom nonnoii cesnzu
? 411 42011 420-22 201 £20.31 4200¥F
Q0N L2097 «0-52 AX-12 420-2F 42021
b) Compiete linkage
Euchdan dstances
28
20
§ » The distribution of fly ash granulometric composition
for almost all types of electrofilters turned out to be mul-
§ » timodal and approaching the logarithmic distribution law.
, (—L Fig. 4 shows the size distributions of the diameters of the
r‘L il ash particles of the largest and smallest fraction of the
§ l ] 1 [ ] 1 12 samples studied, taken from three boilers equipped
e e e ™ s e with the same UG3-3 filters.
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Fig. 4. Granulometric composition of ash of: a) pre-chamber of the electric filter of the third boiler of the BKZ-420-3/F;
b) the third field of the electric filter of the first boiler BKZ-420-1/3
Puc. 4. I'panyromempuueckuii. cocmag 301vl: a) Qopramepa snaekmpoduivbmpa mpemvezo komiaa BK3-420-3/F; b)
mpemue20 nos dnekmpopurempa nepgo2o komia bK3-420-1/3
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The calculated average values of particle sizes for the
first and second clusters were equal to 43,0+£20,7 and
16,4+4,6 microns, respectively. The pre-chamber and the
first field capture particles with an average diameter are
2,6 times larger than of the second and third fields. The
variability of the values of the particles captured by the
pre-chamber and the first fields is 1,7 times higher than of
the second and the third fields. The ash captured by rep-
resentative samples of the second cluster is much more
homogeneous in its granulometric composition.

Table 2. Selection location and cluster statistics
Tabnuua 2. Mecmo ombopa u cmamucmuka Kiacmepos

Cluster 1: 420-1/F; 420-2/F; 420-2/1;
420-3/F; 420-3/1
Indicator Kiacrep 1
IToka3zaTenn Standard deviation . .
Average Dispersion
Cpennee CrannaprHoe Jucnepcus
OTKJIOHCHHEC
Ra-226 18,1 1,56 2,42
Th-232 21,9 1,22 1,48
K-40 20,0
Cluster 2: 420-1/1; 420-1/2; 420-1/3; 420-2/2; 420-2/3;
420-3/2; 420-3/3
Indicator Kracrep 2
IToka3zarenn Standard deviation . .
Average Dispersion
Cpennee Craunaprioe Jucnepcus
OTKJIOHCHHE
Ra-226 24,2 1,68 2,84
Th-232 23,5 3,06 9,34
K-40 21,3 3,40 11,6

The analysis of particle size changes averaged by the
field numbers of the electric filters for three boilers shows
a confident trend to decrease with an increase in the field
number according to the power law (Fig. 5).

45 4 390

40 | ' y = 309,001x0 9
235 ‘ R? = 0,0804
g 30 |
d |

" !
321 20,5
€ an |
g‘.
g 15 133 1.7
§ 10
>
< 5':

04 . . .

F 2 3 4

Field number
Fig. 5. Reduction in the size of the ash particles of electric
filters with an increase in the field number
Puc. 5. Yuenvwenue pazmepos uacmuy 301bl 91eKmMpo-
dmﬂbmpoe C nosvluteHuem Homepa noJist

The relationship between radioactivity and the size of
ash particles captured by electric filters is shown in Fig. 6.

It is clearly seen that a fairly dense correlation is ob-
served between the content of radium and the specific ef-
fective activity with the size of ash particles. More radi-
um atoms condense on smaller particles. No such connec-
tion is observed for thorium atoms.
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Conclusion

The analysis of the radioactivity of ash from the burn-
ing of brown coal of the Irsha-Borodinsky section depos-
ited by electric filters of the UG3-3-1774 type and select-
ed simultaneously from three boilers of the BKZ-420-
140-PT-2 was carried out.

The empirical distribution of the A value approaches
the normal law.

The predicted maximum value of the specific effective
activity of natural radionuclides with 95 % confidence for
the analyzed sample turned out to be 64,4 Bg/kg, which is
significantly lower than the normalized level for materials
used for any types of construction — 370 Ba/kg.

The distribution of particles in the fields of electrofil-
ters is multimodal. The nature of the distribution of each
mode approaches the lognormal law.

The unevenness of NRN precipitation with an electro-
filter is established. The radium content and the value of
the specific effective activity depend on the size of the
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ash particles and are described by an exponential function.

No such dependence has been established for thorium.
The highest content of Ra-226 is observed in the ash

deposited on the third and fourth fields of the electrofil-

ters. This indicates the enrichment of smaller ash particles
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1 Cubupckmin henepanbHblil YHUBEPCUTET,
Poccus, 660041, r. KpacHosipck, np. CBoboaHbIn, 79.

AxkmyanbHocmb. B ycrnosusix 0buiemupogoll meHOeHUUU K ycmolyusoMy pa3gumuio cywecmayem npobiaema ymunu3ayuu 30/10WinaKo-
8bIx 0omxo008 mennoskIx snekmpocmanyull. Vicnonb3osarue smux omxodog 8 cmpoumessHol ompaciau umeem 0coboe 3HayeHue 8
C8A3U C PecypcoemMKocmbio npousgodcmea cmpoumerbHbIX Mamepuanos. 3ona-yHoc 8 cocmage cmpoumenbHbIX Mamepuanos Moxem
8 3HaYUMenbHOU CmeneHu 8MIusmb Ha ECMEeCcmeeHHyr paduoakmugHOCMb KOHCMPYKYUU U nogbiwams paduayuoHHbIl (ooH 8 30aHusX.
Omo ce8s3aHo ¢ meM, Ymo 8 npoyecce CxueaHus yens nemydas 3ona obozawaemcs npupoOHsIMU paduoHyKnudamu.

Llenb: usyyeHue paduoakmusHOCMU 30/1bI-yHOCa, 0Cax0aeMoll Ha Pa3TuYHbIX NOMISIX AMeKMpPopuIbmpa.

06Bekm: 3ona-yHOC, OCaXOEHHas Ha NOMsX NeKmpPounbLMPO8 om cxueaHusi KaHcko-A4uHckux Bypbix yeneli 8 sHepeemuyeckux Kom-
noaepezamax 6K3-420-140 MT-2.

MemodbI. amma-cnekmpomempuyeckum memodom onpedeneHo codepxarue Ra-226, Th-232 u K-40, paccyumaHo 3Ha4eHue HOpMUpY-
eMo20 nokasamens yoenbHol aghghekmugHOU akmusHocmu 0ns1 30nbI-yHoca. Memodom nasepHozo OuhpakyuoHHO20 aHanu3a onpede-
nieH epaHynomempuyeckuli cocmae uccnedyembix npob. [ns cmamucmuyeckol 06pabomku pesynbmamog uchbimaHull NPUMEHSICS
KnacmepHbIli aHanus.

Pesynbmambl. YcmaHosneHo Hanuyue 08yx Kacmeposg no co0epxaHurn ecmecmeeHHbIX paduoHyknudos. B nepebiii kmacmep, umero-
wut bonbwyto paduoakmugHocmb, 06be0eHb!I Nepabie U 8Mopbie, @ 80 8MOPOL — mpembU U Yemeepmble NOMs 3NeKmMpopuIbMpPos
YI3-4. YecmarosneHa KoppensyuoHHas 3asucumocmb Mexdy HoMepaMmu nonell 3nekmpoguibmpos, pasMepoM 30TbHbIX Yacmuu, Co-
OepxaHuem Ra-226 u ydenbHoll aghghekmusHol akmusHocmbio. [ns Th-232 makoli 3agucumocmu He 06HapyXeHo.

Bb18odbl. PacnpedesnieHue Yacmuy, Ha nomsix anekmpocbuiibmpog sensemcs MynbmumodasnsHbivM. Xapakmep pacnpedeneHus Kaxool
MOodbI npubnuxaemces K 02HopManbHoMy 3akoHy. CodepxaHue padus u 3HayeHue yOenbHoU aghghekmueHOU akmugHoOCMU 3asucsim om
pa3mepos yacmuy 307b1 U ONUCkIBarMCs nokasamenbHoU yHkyuel. Haubonbwee codepxaHue Ra-226 Habnodaemcs 8 30nax, oca-
XKOeHHbIX Ha mpembeM U YemeepmHOM NoMsX 3ekmpogunbmpos, Ymo cgudemenscmeyem ob obozaweHuu 3mum paduoHyknudom 60-
1iee MesiKux 30/1bHbIX Yacmuy,. [TonydeHHble 8bI800bI COOMBEMCMBYIOM U3BECMHOMY MEe3UCy O NOBbILEHHOU paduoakmugHOCMU Ya-
cmuy, 307bl, KOMopble He ocaxdarmes cucmemamu 3070ynasnusaHusi u nonadawm e ammocgepy emecme ¢ ObIMOBLIMU 2a3aMu.
MpednoxeHHas memoduka uccredosaHusi pacnpedesneHus ecmecmeeHHbIX paOUuoHyKIUO08 NO NOASM 3eKmMpopUILMPO8 Moxem bbims
ucnonb3ogaHa 015 NPoOeHO3UPOBaHUS PaduoakmuBHOCMU Yacmuuy, He ynaenusaembix cucmemol o4ucmKu ObIMOBbIX 2a308 U 8bIbpacki-
8aeMbIx 8 OKpyxatowyto cpedy.

Knioyeenle cnosa:
3onbl-yHoca, TOC, paduayuoHHas onacHoOCMb, ecmecmeeHHble paduoHyKnudbl, cmpoumenbHble Mamepuars|.
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