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Radionuclide composition, volumetric activities (VA) and dispersity of aerosols sampled
in 2019-2023 in room 304/3 of the Shelter object, where lava-like fuel-containing
materials (LFCM) penetrated after the accident, are presented. The availability
of transuranium elements in radionuclide composition of aerosols in room 304/3
in ratios close to those in LFCM shows that the aerosol content continues growing
as result of lava degradation. The carriers of radioactive products of accident are, as a
rule, aerosols with the activity median aerodynamic diameter larger than 1 um. It
evidences their dispersion origin. Substantial enrichment of aerosols in room 304/3
by '¥Cs and *°Sr, relatively to lava composition, indicate the presence of at least two
sources influencing radionuclide composition of aerosols. It is confirmed by the values
of parameters of disperse composition of aerosol.

Introduction

The lava-like fuel-containing materials (LFCM) in-
corporating a large amount of nuclear fuel and radioac-
tive fission products were formed during the first days
after the Chornobyl NPP accident in 1986. The main lava
mass had produced in the sub-reactor room 305/2. From
that place, after big horizontal LFCM flow was formed,
they penetrated through a breach in room 304/3 wall and
other rooms on the mark 9.000. In addition, after two ver-
tical flows (big and small) produced, the lavas ingressed
in the bottom rooms of ruined building of Unit 4 and
generated LFCM accumulations in the rooms of system
of steam-distribution corridor (mark 6.000) and rooms
of system of bubbler pool (mark 3.000 and 0.000, accord-
ingly) [1, 2].

Stiffened lavas represent nuclear, radiation and ra-
dioecological hazards. According to expert estimates,

the LFCM contain from 60 to 110 tons of irradiated fuel,
i. e. 32-58% of initial fuel loaded into the reactor [2]. Their
behavior is insufficiently understood and has no substan-
tiated forecast.

Although the accident occurred almost 38 years ago,
data on the condition of LFCMs and, the more so, on their
degradation are extremely scarce. The first studies con-
cern March 1990 [3], when an alcoholic smear, a smear
onto an ashless filter, and an aerosol sample were tak-
en from the lava “tongue” at the south-western entrance
of room 210/7. In 1995, aerosols were taken onto a filter
in room 305/2, wherefrom the lava entered into room
210/7 and then into room 012/15 [4]. About 70% of parti-
cles were spherical with the diameter of 1-3 um.

In 2008-2009, aerosol samples were taken in rooms
304/3 and 305/2, where there are large LFCM accumu-
lations [5]. Then, the attention was focused on aero-
sols in room 304/3 [6]. As noted in [7], “in the period
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of 2009-2011, the radioactivity maximum in the distri-
bution of a-active aerosols with respect to aerodynam-
ic diameters (AD) shifted from the interval 2.0-10 um
to 0.6-2 pm.” Starting from the autumn of 2011, stud-
ies in room 304/3 were continued using an air stream
ejected from nozzles at a velocity of 41 m s for raising
the dust from the LFCM surface. The authors conclud-
ed that the “relative concentration of fine (AD smaller
than 0.8 pm) particles bearing a-emitting radionuclides
increased with increasing time of dust accumulation, and
that of coarse particles decreased” [8]. Unfortunately,
the content of main radionuclides (*°Sr, *’Cs, **Eu, '**Eu,
Pu, #**%°Py, *' Am) in aerosols and LFCMs is not given
in [5-9]. If isotope ratios in the aerosols were the same
as in LFCMs, this fact would be indicative for LFCM deg-
radation.

The researches of 2010-2014 in sub-reactor rooms
of the Shelter object [3, 10, 11] showed that due to lava
degradation, spontaneous transition of degradation prod-
ucts in aerosol state is observed. In addition, the number
of radioactive aerosols, which are the product of LFCM
degradation, depends on lava type.

On November 29, 2016, the Arch of New Safe Con-
finement (NSC) was installed in its design position over
the Shelter object. The NSC creation resulted in the chang-
es of temperature-moisture mode inside the object, and
in gradual drying of water accumulations and drop in air
humidity in its rooms. It contributes in dust resuspension,
including from LFCM surface, and in generation of dust
by bottom sediment surfaces produced as result of drying
of radioactively contaminated water accumulations.

The researches in sub-reactor rooms of the Shelter
object conducted in 2017-2018 [12-14] demonstrated
that spontaneous transition of LFCM degradation prod-
ucts in aerosol state has decreased. Because of the above,
the values of volumetric activities (VA) of radionuclides

turned out to be lower as compared to the results of 2010-
2014 investigations.

In 2019-2023, the work to research the behavior
of radioactive aerosols in sub-reactor rooms of the Shelter
object was continued [15]. The goal of work is to moni-
tor the dynamics of radioaerosol situation in the rooms,
where LFCM are localized, within the conditions of oper-
ation of “New Safe Confinement — Shelter object” com-
plex. That is the subject of this paper. It covers the studies
performed in room 304/3.

Data on room 304/3 and LFCM

In accordance with the Technological Regulations
of operation of the “New Safe Confinement — Shelter object”
complex, room 304/3 is classified as “unattended” one. No
works were performed in the research period in this room.

Room 304/3 for monitoring and measuring devices
is located on mark 9.300 between the axes 457%°-47 _
and rows )K" — M . Because of high exposure dose
rate (EDR) values and collapse of structures, rooms 305/2
and 304/3 remain insufficiently investigated. The main data
on LFCM amount and location are based on the results
of drilling works, measurements of neutron and thermal
fluxes, and on examination with video cameras [16-19].
According to the calculations [16], there is about 6 t of ura-
nium in room 304/3. The black LECM filled all the square
of room (Fig. 1). Upper LFCM boundary, which filled
the room, reaches the mark 10.300. One should consid-
er that they produced a single accumulation. The surface
of LFCM is heterogeneous, coated with cracks and con-
sists of individual pieces. Visually, lava structure is coarse-
posed, there are a lot of cavities in solidified lava, some
of them have the volume of 1-2 dm®. LFCM volume makes:
50-70 m?, fuel mass- 4-8 t uranium. The square of hori-
zontal projection of LFCM surface makes 63 m?. Estimated

3-10-I"

Fig. 1. Reconstruction of room 304/3 conditions
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area of open surface of LFCM accumulation in room 304/3,
in line with work [20] data, makes 312+38 m?.

Tools and techniques to monitor
radioactive aerosols

The aerosols were sampled by H810 SAIC blower
at about 100 L min™ rate. The 20 cm? stacks of Petrianov
filters, consisting of AFA RSP-20 and AFA RMP-20 layers,
were used. Two AFA filters ensured complete trapping
of aerosols. Since there was no access to room 304/3/2,
the samples were taken via the borehole B-12-76 drilled
in room 304/3, by way of connecting the sampler to casing
pipe with 10 cm internal diameter and 2 m length (Fig. 2).

The sampling of aerosol particles and their in-size
classification was made using 5 cascade impactor IBF-5K.
This device makes particle gradation on five ranges
of aerodynamic diameter (AD): <0.5 pm; 0.5-1.2 pmy;
1.2-3.7 um; 3.7-8.5 um; 8.5-17.0 um. As the fifth stage
(<0.5 pm), finely dispersed filter was used, which allowed
more completely catching submicron-sized aerosols.
The sampling was held during 1-2 weeks. Tempera-
ture and relative humidity were measured using Elitech
RC4HA/C register and TH mini hygrothermometer with
remote sensor of temperature-humidity.

Sample beta-activity was measured by the device
MKS-01R in 4-5 days, when daughter products of radon
and thoron completely decayed. As a result, total activity
was identified of long-existing beta-emitting nuclides —
Chornobyl accident products (Xp) in taken samples,
which include *°Sr + *°Y and *¥’Cs isotopes.

The next measurements of radioactive substances were
carried out at Canberra company gamma-spectrometer
consisting of semiconductor detector GL2020R made
of ultrapure germanium and 500-mkm thick berylli-
um window, and 8192-channel amplitude pulse ana-
lyzer. The measuring range covers the energies from 10

to 1,400 keV. The detector has 0.57 and 1.2 keV resolution
for 122 keV gamma-quanta energies (gamma-line of *’Co)
and 661.6 keV (gamma-line of '*’Cs), accordingly.

In aerosol after radiochemical separation, **Sr activ-
ity was determined by beta-radiometry, and the activities
of Pu, #****Pu and * Am — by alpha-spectrometry mea-
surements.

Concentration of aerosols carrying
the accident product

Over 2019-2023 period, 36 aerosol samples were tak-
en in room 304/3. Relative moisture of air in the room
during sampling period was varying from 40 to 99 %,
temperature — from 3 to 20 °C (Fig. 3). The lowest values
of relative moisture were registered in winter period, and
the highest values — in period from June to October.

One should note, the results of visual survey of room
304/3 realized in 90s of the last century have demon-
strated that the room is dry, when walking in it, the dust
is rising [21, 22].

As Fig. 4 shows, in 2019-2023 volumetric activity
(VA) of 2f in the room was varying within the range
of 0.05-1.3 Bq/m?, and **!Am VA was varying with-
in the range of 2.0 - 107*-6.3 - 10~ Bq/m®. At the same
time, trend line demonstrates **! Am VA drop in room air
in contrast to ¥ VA.

In most cases, increased aerosol VA was observed un-
der relatively low air moisture in the room, and decreased
VA coincided with times with high moisture value.

In line with radiometry and gamma-spectrometry
measurements of samples, *’Cs/¥p ratios in aerosols
during 2019-2023 was fluctuating from 0.17 to 0.90 under
mean value 0.64. From obtained mean value of *’Cs/%3
follows that *’Cs input in Y3 made 64 %. Correlation de-
pendence of ratio over time was not established.The aero-
sol samples were analyzed by radiochemical method. Be-

318/2
Polypropylene tube

| g |

1< Air blower

Fig. 2. Sampling of radioactive aerosols in room 304/3
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In Table 1, mean values of nuclide activity ratios in aero-
sol samples taken during 2019-2023, and ratios in LFCM
localized in room 304/3, are given. The data on radionuclide
composition in LFCM within room 304/3 were obtained
from database of Nuclear and Radiation Safety Division
of the Institute for Safety Problems of Nuclear Power Plants
of the National Academy of Sciences of Ukraine.

The data presented in Table 1 testify that in 2019-2023

period, the ratio of radionuclides in aerosols and LFCM
of room 304/3 differed substantially due to aerosol enrich-
ment by '’Cs and *°Sr relatively to ! Am. At the same time,
over time the aerosol enrichment by cesium and strontium
is growing. The value of ratios of 2! Am/*****°Pu activities
in aerosols and in LFCM have close values. The discrepan-
cies are associated with both measurement uncertainty and
heterogeneity of LFCM composition [1]. The ratio of pluto-
nium isotopes in aerosols remained identical to the values
of analogous ratios in the LFCM. Thus, due to LFCM sur-
face erosion, generation of radioactive dust occurs, which
penetrates the air in room 304/3.

Dispersity of radioactive aerosols

Underway March — November 2023, to identify
disperse composition of aerosols, 10 aerosol samples
were taken with using five-cascade impactor IBF-5K.
Assuming a priori the logarithmic normal distribution
of aerosol particle size, we calculated the activity median
aerodynamic diameter (AMAD) and standard geometric
deviation (o) (Table 2).

In room 304/3, the particles with AMAD of 2.8-
11 um only were most frequently *’Cs carriers, one
AMAD sample was smaller than 1 pm. The AMAD value
of ! Am-bearing particles was varying within the range
2.0-10.2 um. Such a distribution testifies that the main
mechanism of their origination had dispersion character
[23]. That is why **! Am-bearing particles, based on pre-
sented results of radiochemical research, should be con-
sidered as products of LFCM surface degradation [3].

The value of *’Cs/**' Am ratios has demonstrated
that at all impactor cascades, ’Cs was present in excess
amount relatively to its content in the lava. Taking into
account the values 0 > 3, one can assume that the aero-
sols in room 304/3 in 2023 were produced from different
sources of radioactive aerosols.

Discussion

The above materials demonstrate that in room
304/3 volumetric activities, radionuclide composition
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Table 1. Radionuclide ratios in aerosols and LFCMs in room 304/3

Object, year B7Cs/*' Am 20Sr/*'Am 2 Am/#9+240Py 2391240py /Pu B7Cs/3B
aerosol, 2019 68 21 2.0 2.5 0.63
LFCM, 2019 7.8 22.0 1.6 2.3 0.21
aerosol, 2020 54 26 1.7 2.9 0.56
LFCM, 2020 7.7 21.7 1.6 24 0.21
aerosol, 2021 130 40 2.0 2.3 0.54
LFCM, 2021 7.6 214 1.6 24 0.21
aerosol, 2022 270 38 1.9 2.5 0.80
LFCM, 2022 7.5 21.1 1.6 24 0.21
aerosol, 2023 212 94 2.5 2.5 0.71
LFCM, 2023 74 20.8 1.6 2.4 0.21

and aerosol dispersity have changed significantly over
the past five years.

The Table 1 data show that owing to continuing
erosion of LFCM surface in room 304/3, radioactive
dust is generated and penetrates in the room air. How-
ever, LFCM capability in generating aerosol particles is,
evidently, reducing and entails aerosol VA drop in the
room. As Fig. 4 shows, that ! Am VA in room dropped
at 2 times, given that its content in LFCM grows as result
of p-decay of **'Pu isotope. The same picture was ob-
served also in other controllable rooms containing LFCM
(rooms 012/7, 012/15, 210/7) [15].

Mean annual contribution of '¥’Cs in Y3 three times
exceeded the value of analogous contribution in the
LFCM. Since during lava origination and its distribution
along the Shelter object rooms, the LFCM were deplet-
ed by radiocesium owing to its evaporation, the sources
of additional '¥’Cs are '¥’Cs-bearing aerosols from the oth-
er sources. These particles are, apparently, generated as re-
sult of degradation of surfaces, on which “condensation”
cesium was earlier sorbed. The enrichment of aerosols
by *°Sr relatively to LFCM composition in 2020-2023 pe-
riod (see Table 1) was, apparently, entailed by dust gen-
eration on bottom sediment surfaces, which produced
as result of complete drying in 2019 of radioactively con-
taminated water accumulations in rooms, which are con-
nected to room 304/3.

It is noteworthy that the mean annual ¥ VA values
in room 304/3 air are lower, than in other controllable
rooms containing LFCM. For instance, in 2022 mean an-
nual ¥ VA values in room 304/3 air made 0.17 Bq/m?,
in room 012/7 air — 1.3 Bg/m?, in room 012/15 air —
0.41 Bq/m?, and in room 210/7 air — 0.53 Bq/ m? [15].

Moreover, in room 304/3, the square of LFCM surface,
from which radioactive aerosols are generated, is much
more larger, than in other rooms. On top of that,
the LFCM in room 304/3 contain much more fuel amount,
than the lavas of rooms 012/7, 012/15. Here it is neces-
sary to address to morphology of Chornobyl lavas. Room
304/3 is filled by black LFCM, and in rooms 012/7, 012/15
and 210/7, the accumulation of brown LFCM is located.

The research has demonstrated that at microlevel
the LFCM represents heterogenous solid solution, whose
“dilutant” is glass-like silicate matrix with large amount
of diverse inclusions, among which, uranium oxides,
uranium-zirconium-oxygen phase U Zr O,, technogenic
uranium were detected, which contain zircon (“chernoby-
lite”) and metal globules [1]. The ratios of activity and
mass of matrix and micro inclusions of black and brown
LFCM indicates that these LFCM were formed under
various conditions. The stability of glass-like structure
in relation to the impact of both external and internal
factors [24] depends on thermodynamic phase equilibri-
um (degree of structure homogenization), which directly
depends on the conditions of their formation [25, 26]. Ob-
viously, black LFCM have undergone more long or more
intensive “annealing”, than brown ones, which has result-
ed in a higher degree of homogenization of its constituent
components. In this case, black LFCM are more stable
thermodynamic system and, thus, they have less capabil-
ity to aerosol generation.

The AMAD of carriers of radioactive products of ac-
cident in room 304/3 reaches the values of 10-11 um. It
testifies the fact that the origination of aerosol-bearings
particles of accident products occurs, mainly, due to dis-
persion processes [23]. At the same time, taking into ac-
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Table 2. Disperse composition of radioactive '*’Cs and **' Am-bearing aerosols in room 304/3

. . o S
Sampling ' Volumetric activity within AD ranges, Bq/m Total . AMAD,
od Nuclide volumetric o
perio 17+8.5um | 8.5+3.7 ym | 3.7+1.2 pm | 1.2+0.5 um | <0.5 um activity, Bq/m’ um

07.03-15.03 | Cs 1.2-1072 5.8-107 49.10° 1.7-1033 | 1.3-10° 2.3-107 11.0 2.6
15.03-22.03 | “'Cs 53-.107 2.6-107 39.1073 48-10% |22-10° 1.9-1072 10.2 3.8
22.03-30.03 | “Cs 2.7-107 2.6-10° 9.2-1073 2.3-10°° 3.8-1073 4.3-107 3.3 34
137Cs 1.0- 102 1.8-107 3.2-107 1.4-1072 7.5.107 8.2-107 6.0 3.0

04.07-19.07
Am | 1.4-10* 31-10* 4.7 .10 2.1-10* 1.2-10* 1.3-10°° 6.1 3.0
B7Cs 1.2-107 9.4.1073 4.7 .10 2.3-107? 1.9-1072 1.1-1072 3.7 3.2

19.07-02.08
Am | 21-10* 1.7-10* 58-10"* 9.4-.10 32-10" 2.2-10° 4.7 3.1
B7Cs 8.3-10° 5.1-107 1.4-107 2.5-1072 5.4.107 58107 7.6 3.2

02.08-16.08
2Am | 1.4-10* 59-.10° 14-10* 4.0-10* |89-10° 84-10* 8.5 3.3
137Cs 2.8-107? 2.2-107 2.2-107? 38-102 |[2.5-1072 0.14 9.2 4.0

19.09-28.09
Am | 5.6-10™" 39-10* 31-10* 54.10* [6.7-10* 2.5-10°° 9.8 4.6
11.10-24.10 | “Cs 9.4-107 8.9.107° 1.1-107? 2.6-1073 1.6-107 3.3-107 8.9 2.8
24.10-07.11 137Cs 33.10° 14-1073 4.5-107? 0.54 0.13 0.71 0.9 1.8
B7Cs 1.4-1072 1.0-1072 4.1-107 9.7-107? 8.2-107 0.24 2.8 3.1

19.11-29.11
MAm | 73-10° 6.8-107 55-10"* 1.3-10° 1.0-10° 3.0-10° 2.0 2.7

count the values ¢ > 3, one can assume that the radio-
nuclide composition of aerosols is, apparently, formed
of more than one source, which generates aerosol parti-
cles. Unfortunately, now we do not know how LFCM deg-
radation products get into the air. Without mechanical
action and wind loads (these are the conditions of LFCM
occurrence in the Shelter object), the mechanism of trans-
fer of degraded solids into aerosols is unknown. Presum-
ably, the aerosol generation from LFCM surface is influ-
enced by electric charges. They undoubtedly arise upon
radioactive decay.
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PapioakTuBHIIT aepO30IIb Y MiZpeaKTOPHOMY
npuminenni 304/3 o6’ekta “Ykpurra” B yMoBax
eKcIryaTanii HOBOro 6e3ne4yHoro KoHQafHMeHTa
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IIpencraBieHo pafiOHYKIifHNIL CKIak, 06’ €MHY
aKTUBHICTb paflioHYKiJiB Ta JUCIEPCHICTh aep0O30-
110, Bifibpanoro y 2019-2023 pp. y npumimensi 304/3
o6’exTa “YKpUTTA , Ky[U BHACTiOK aBapii MpOTeKIn
NaBonofibHi manuBoBMicHI Matepianu (JITIBM). Bera-
HOBJIEHO, 1IJ0 MeJJiaHHUII 32 aKTUBHICTIO aepoMHaMiy-
Huit giametp (AMA]I) HociiB pafjioaKTMBHUX IIpO-
IYKTiB aBapii B mpuMimenHi y 2023 p. gocarae 10-11
pm. e cBiguuTh Npo iXHE AUcnepraniiHe MOXOAKeH-
HA. HasABHICTD TpaHCypaHOBMX €/IEMEHTIB y pafio-
HYKJIiJHOMY CKJaJii aepO30J/II0 y CHiBBiJHOIIEHHAX,
AKi 6/1M3bKi 0 aHaNoriyauX criBBigHomens JITIBM,
MIOKa3ye, IO aep030JIbHI YaCTKM NMPOJOBXKYIOTh BU-
HUKATU BHACiOK PyilHyBaHHA 1aBu. IcToTHe 30ara-
4yeHHA y npuMimenHi 304/3 aeposomio 'Cs i *°Sr, mjo
HajIeXaTb [0 CKJIAy 71aB, BKa3y€ Ha HAABHICTD 1€ IBOX
I>KepeJt, Mo BIUIMBAIOTD Ha PafiOHYKIIiTHIIL CKIa[, ae-

posomno. Lle MiATBepIKy€EThCA 3HAYEHHAMU ITapaMeTpiB
AMCIIEPCHOTO CKIaAy aepo30/Ii0. 3a OCTaHHi ITATh Po-
KiB 00’€MHa aKTMBHICTb >’ Am B IOBITpPi IpUMilljeHHS
3HM3MIACA Y 2 pasy. 3 IbOTO MOXKHA 3pOOUTH BUCHO-
BOK, 1IJO 3HVKYETDBCA 3/IaTHICTD [0 TeHepalii aepo30iIo
ckymdeHnHA JIIIBM y npumimenHi. IIpn npomy spocrae
BIUIMB Ha 3HaY€HHA PafiOHYKIiJHUX CHiBBigHOIIEHD
IHIIMX TOFAaTKOBUX J>KepeJl aepo30sio. 3a TOM e Ie-
piof cIocTepe)XeHb CyMapHa aKTUMBHICTb JOBLOXKM-
By4ux OeTa-BUIIPOMIHIOIOUMX HYKJIiJiB-IPOXYKTiB
YopHoOMIBCHKOI aBapil y npuMiljeHHi 3anuuranacs
Ha OTHOMY pPiBHi.

Kntouosi cnosa: HOBuit Ge3mevnHut KOHPATHMEHT, 06’ €KT
“YxpurTst’, maBonogibHi manrBoBMicHI Matepian,
aepo3071b, 06’ €MHa aKTUBHICTD, MeiaHHNIT 32 AKTUBHICTIO
aepofHaMIYHMIL liaMeTp, AMCIEPCHICTD.
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