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Activity concentrations of 8°Co, 13’Cs and 247Am in sieved soil and soil
inclusions from the «Taiga» peaceful nuclear explosions site

Valery P. Ramzaev, Viktor S. Repin
Saint Petersburg Research Institute of Radiation Hygiene after Professor P.V. Ramzaev, Federal Service for
Surveillance of Consumer Rights Protection and Human Wellbeing, Saint Petersburg, Russia

The article presents results of comparative study of "’Cs, ®’Co, and *"Am activity concentrations in
components of the soil samples collected in 2009 on the territory adjacent to the «Taiga» peaceful nuclear
explosions site (the Perm region, Russia). The objective of the study was to identify differences between: 1)
non fractionated native soil, 2) the soil passed through a sieve with a mesh size of 1.2 mm, and 3) the
screened out coarse components. Measurements of the radionuclides activities in counting samples were
performed using a semiconductor gamma spectrometer. Statistically significantly lower activity concentrations
of ¥7Cs (factor of 1.2), ®°Co (factor of 2.2) and **'Am (factor of 2.6) were found in the finely dispersed
sieved fraction of soil compared to the native soil. On the opposite, in the solid radioactive inclusions
selected from the screened out coarse fraction, the activity concentrations of ’Cs, ®*Co and **'Am were
significantly higher compared to those in the native soil. Especially large differences (up to a factor of 10
and more) between the native soil and radioactive inclusions were observed for the refractory and low-
volatile **Co and **'Am. Presumably, these radionuclides were concentrated predominantly in the glassy
substance of the radioactive inclusions. For '*’Cs, the unevenness in the contamination of different soil
components was less pronounced. The results obtained will be used to standardize methods for assessing
radioactive contamination of the territory at the sites of peaceful nuclear explosions

Key words: peaceful nuclear explosion, soil, fractionation, sieving, ’Cs, ®“Co, **'Am, activity
concentration.

YpenbHaa aktmBHocTb 5°Co, 137Cs u 247Am B npocesiHHOI# no4Be
M NOYBEHHbIX BKJIIOYEHUAX C MecTa NnpoBefeHus
MUPHbIX SiAePHbIX B3pbIBOB «Tairan

B.I1. Pam3aes, B.C. Penun
Cankr-IleTepOyprekuii HayYHO-MCCIIEIOBATENBCKIIT MHCTUTYT PavallMOHHON TUTHEHBI MIMEHM Mpodeccopa
I1.B. PamzaeBa, DenepanbHast cnyxkba 1Mo Han30py B cdepe 3allUThI paB MOTpebuTeseil 1 61aromnoayyns
yenoseka, Cankt-ITerepOypr, Poccus

B cmamve npedcmasaenst pesyasmamol cpagnumensroeo anaausa cooepucanus 2’Cs, “Co u *'Am ¢
Komnonenmax npo6 nouewl, omooépannoti ¢ 2009 eody na meppumopuu, npuiezaioujeii K mecmy npogedeHus
9KCKABAUUOHHBIX MUPHBIX sdepHbix 63pbleos «Tatiea» ([lepmckuti kpaii, Poccus). Ileavro uccaedosanus
Obl10 6bIAGUMD PAZAUMUSL MENCOY HAMUBHOU NOYE0U, NPOCESHHOU MeAKOOUCNEPCHOU (paKuuel no4evl u
OMCESHHbIMU NOYEEHHbIMU KOMNOHEHMAMU NO NOKA3ament0 y0eabHou aKmueHocmu paouoHykaudos. Jls
DPaKuUOHUPOBAHUS NOYEbI UCHOAL30BAAU CUMO ¢ pasmepom syeek 1,2 mm. Hzmepenus akmuerocmu
DAOUOHYKAUO08 8 CHEMHbIX 00PA3UAX GbINOAHANU C NOMOWIO NOAYRPOBOOHUK08020 2AMMA-CREKMPOMEmpa.
Ilo cpasHenuio ¢ UCXOOHOU HAMUBHOU NOYG0U, NPOCEIHHAS (DPAKUUSL NOUEbI  XAPAKMEPU3Yemcs
cmamucmu4ecky 3Ha4umMo Mervlumu eeauuunamu yoeavroi axmusnocmu ’Cs (6 1,2 pasa), “Co (¢ 2,2
paza) u *Y"Am (s 2,6 pasza). B meepOvix paduoakmusHuiX GKAIOMEHUAX, KOMOpble Cc00epIcaruch 6
omcesaHHoll KpynHooucnepcHoll gpakuyuu, snavenus yoeavoli axmusnocmu ’Cs, “Co u **'Am 6viau
CYUIeCMBEHHO Gblie MAKO0BbIX 6 HAMUBHOU nouge. Dmu pasauius docmueanu Oecamukpamuslx u 6osee
sHauenuii 0aa myeonaagkux u mpyorosemyuux “Co u **'Am. Ipednosoxcumenvro, smu paouorykaudsl
KOHUEHMPUPOBAAUCH NPEUMYUECIBEHHO 6 CMeKA000Da3HOM eeujecmee paduoaKmueHbix GKAveHul. Jls
B7Cs ama  nepasnomeprocmov 3aepsA3Henuss pAHbIX KOMNOHEHMOS NOYEbI OblAA MeHee GbipadCeHHOLL.
[loayuennvie pezyavmamovt 6y0ym UCHOAB3068AHBI 045 CMAHOAPMUZAYUU MEMO0008 OUEHKU PAOUOaKMUEH020
3aepA3HEeHUsT MeppPUMOopUl 8 MeCmax npoeeoeHuUs: MUpHbIX s0EPHbIX 83PblG0E.

Kmouesbie c0Ba: muphbiii a0ephblil 63pbie, nousa, gpakuuonuposarue, npoceusauue, ’Cs, *Co,
L 4m, yoenvnas axmuenocmo.
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Introduction

Monitoring of radiation environment (radiation monitoring) in
the areas of the nuclear explosions for peaceful purposes
(1965-1988) (peaceful nuclear explosions, PNE) is regulated in
the Russian Federation by the sanitary rules SanPiN 2.6.1.2819-
10". In accordance with this document, when assessing the
radiation environment at the site of a PNE, it is necessary to de-
termine the average and maximum values of surface soil con-
tamination by technogenic radionuclides in the protected zone.
Unfortunately, the SanPiN 2.6.1.2819-10 does not specify
methods for the soil sampling and preparation of the samples
for radiometric measurements. Special officially adopted meth-
odological recommendations on this issue also do not exist in
relation to the venues of PNEs. At the same time, such methods
may vary in practice, judging by the publications of different
researchers who measured the content of technogenic radio-
nuclides in soil at the sites of PNEs [1-8]. It applies to the spatial
distribution of sampling plots, the number of samples, the depth
and technology of sampling, and the specifics of sample prepa-
ration for measurements in the laboratory. The lack of a general-
ly accepted approach to radiation monitoring of soil at the sites
of PNEs makes it difficult to systematize and compare results of
the measurements and to make a forecast based on dynamics
of the radiation environment.

Preparation of a counting aliquot (sample) is one of the
stages of the soil sample treatment, the implementation of
which can affect the final assessment of the level of radioactive
contamination of the soil. In the simplest version, a native sam-
ple is used after mixing as thoroughly as possible [4, 5]. In this
case, it is specifically noted that stones, plant roots and foreign
inclusions were left in the counting sample for analysis. A certain
disadvantage of this method is uneven distribution of different
structural components of the soil within the counting sample
and, accordingly, an increase in uncertainty of the assessment
of the actual activity of a radionuclide. For this reason, some
authors use for radiometric measurements a fraction of the dry
soil passed through a sieve with a mesh size of 1 mm [1, 2, 8].

In general, passing soil through a sieve (the mesh diameter
is from 1 to 3 mm) in order to obtain a counting sample is a very
common stage of the sample preparation for the measurements
of technogenic radionuclides in the soil in cases of nuclear ex-
plosions and accidents [8-15]. The conclusion about levels of
the soil contamination by technogenic radionuclides is often
based on the results of analysis of the sieved fraction. Indeed,
the sieved sample is comparatively homogeneous in the content
of these radionuclides (in general, environmental pollutants) in
the soil particles smaller than the size of the selected mesh.
However, the screened-out or previously separated larger com-
ponents may also contain some of the pollutant, so it is recom-
mended to analyze them (or part of them) in parallel with the
sieved soil fraction to assess the contribution of these compo-
nents to the total pollutant inventory [16]. To the best of our
knowledge, such a recommendation has not previously been
considered when conducting research in the areas adjacent to
the PNE sites.

During a revision of the archive of soil samples taken at the
«Taiga» PNE site (the Perm region, Russia), we found large

BeepeHue

KoHTponb nokasartenei paamaumoHHon 06CTaHOBKM (pagu-
aLUMOHHBIN KOHTPONL) B palioHax nposeaeHus (1965-1988 rr.)
A0EPHbIX B3PbIBOB B MUPHLIX LIENSX (MUPHBLIX 9AEPHbIX B3Pbl-
BoB, MAB) perynupyetcsa B Poccuiickoih Penepaumm caHuTap-
HbIMW npaBunamu CanlMuH 2.6.1.2819-10". B cooTBeTCTBUM C
5TVM [OKYMEHTOM, NPW OLEHKE paaMaumMoHHON 06CTaHOBKU B
MecTe npoBefgeHus MAB TpebyeTcs onpenenutb cpenHue u
MakCUMaJSIbHblE 3HAYEHUsT MOBEPXHOCTHOMO 3arpsiBHEHVS MOY-
Bbl TEXHOMEHHBIMW PAOVIOHYKIINAAMU Ha TEPPUTOPUN OXPaHHON
30HbI. Mpu atom B CanluvH 2.6.1.2819-10 He orosapmBsaoTca
MeToabl 0T6opa Npod NOYBbLI M MOArOTOBKM NPOO K pagnomMeT-
PUYECKUM M3MepeHusaM. CrnieupanbHbIX OPULIMANBHO MPUHSATBLIX
METOAMNYECKNX PEKOMEHAALMA MO 3TOMY BOMPOCY MPUMEHMN-
TENbHO K panoHam npoBedeHnss MYAB Takke He CyllecTBYET.
Mexay Tem, cyas no nybnukauusiM pasHbiX UcCienoBaTene,
NPOBOAMBLUNX ONpeaefieHne CoOAEPXKaHNS TEXHOMEHHbIX paau-
OHYKINAO0B B NO4YBE B MecTax npoBeaeHnsa MAB, Takne metoabl
MOIyT CyLLIECTBEHHO pasnuyatecs [1-8]. 3710 kacaercs kak
NPOCTPaHCTBEHHOrO pacnpeaeneHns Mect otéopa n Konnye-
cTtBa nNpob, raybuHbl 1 TexHonormm npobootbopa, Tak U 0Co-
BeHHOCTen NoAroToBKM Npob K U3MepeHusM B nabopaTopuu.
OTCyTCTBUE OBLLENPUHATOrO NOAX0AA K PaamaunoHHOMY KOH-
TPOSKO B OTHOLLEHMN MOYBLI B MECTaX NpoBeaeHna MAB nenaet
3aTPYAHUTESNbHBIM CUCTEMATU3ALMIO N CPABHUTENBHYIO OLIEHKY
MOJSIy4EeHHbIX PE3YNLTATOBR U3MEPEHUM, a TakkKe COCTaBfEHVe
nporHo3a no AMHaMm1Kke paamaumMoHHON 06CTaHOBKM.

OpHMM 13 9TanoB NPoGONoOAroTOBKM, BbIMOSHEHNE KOTOPO-
roO MOXET MOBANATb Ha KOHEYHYIO OLIEHKY YPOBHS paanoakTvB-
HOMO 3arpsi3HEHUsT MOYBLI, ABMSIETCS M3rOTOBNIEHWE CYETHOMO
obpasua. B HanbBonee npocToM BapuaHTe UCMOJb3YeTCs Ha-
TMBHAasA (nosydeHHas npu otbope) npoba nocne no BO3MOXHO-
CTW TWATeNbLHOro nepemelnsaHus [4, 5]. Mpn aTOM cneuu-
aNbHO OTMEYaEeTCsl, YTO KaMHW, KOPHWU PacTEHUI U NMOCTOPOH-
HMe BKIKDYEeHWS Bblnv OCTaBNEHbl B CHETHOM 0OpasLue ais aHa-
nm3a. OnpeneneHHbIM HEeJOCTaTKOM 3TOr0 MEeToda SIBASETCH
HepaBHOMEPHOEe pacnpeaerneHne pasHbIX CTPYKTYPHbIX KOMMO-
HEHTOB MOYBbI BHYTPW cHeTHOro obpasua U, COOTBETCTBEHHO,
YBENNYEHNE HEOMPEAENEHHOCTU OLEHKN NCKOMOM aKTUBHOCTM
paanoHyknMaoB. [1osToMy, HEKOTOPbIE aBTOPbl AN aHann3a
06pasLoB, KoTopble GbiNM 0TOOPaHbl HA MecTax MPOBeAeHNS
M4AB, wucnone3oBanu Ons  paguoMeTpudeckux U3MepeHun
dpakumIo Cyxo No4Bbl, MPOCESHHOM Yepes CUTO C pa3MepPoM
ayeek 1mm [1, 2, 8].

B uenom, npocemBaHMe BbICYLLIEHHOW MOYBbLI YEpPEe3 CUTO
(onameTp aueek oT 1 0o 3 MM) C LLENbIO MOJSTYYEHUST CYHETHOIO
obpasua ABNAeTcs BeCbMa pacnpoCTPaHEHHbIM 3Tanom npo-
HoNoAroTOBKM NPW NCCNea0BaHUAX TEXHOMEHHbIX PaAMOHYKIIN-
[OB B MO4YBE B CAy4asx SAEPHbIX B3PbIBOB M aBapuid [8—15].
YacTto, UMeHHO MO pegynbTataM aHanmMaa SToW MPOCESHHOM
dpakumm genaeTcs 3akiioveHne 00 YPOBHSAX 3arpsa3HEHNS NMOY-
Bbl TEXHOMEHHLIMW paanoHyknnaamm. lMpocesHHbId obpasel,
SIBSIETCHA CPABHUTENBHO FOMOIrEHHbIM B OTHOLLEHUN coaepXa-
HUS 3TUX PagVIoOHYKIMAOB (B OOLLUEM BUAE — 3arps3HUTENen
OKpYXXaloLEen cpefbl) B HacTULax NO4YBbI, MMEKLLMX Pa3Mepsbl
MEHbLLE, YeM pa3Mep BbiOpaHHOW sven. OaHako OTCEsIHHbIE
NN paHee oTAeNeHHble Bonee KPYnHbIE KOMMOHEHTbI Takxke

' SanPiN 2.6.1.2819-10 "Ensuring radiation safety of the population living in the areas of the event (1965 - 1988) nuclear explosions for peaceful
purposes” (In Russ.). [CaHlMuH 2.6.1.2819-10 «O6ecnevyeHne pagnaumoHHON Ge30MacHOCTU HACeIeHUs!, MPOXMBAIOLLEro B paioHax NpoBeaeHus

(1965 - 1988 rr.) saepHbIX B3PbIBOB B MUPHBIX LIESISX». ]
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glassy (vitreous) inclusions in some samples [17]. Activity con-
centrations (ACs) of the anthropgenic radionuclides *Co, “Nb,
¥Cs, "Eu, "'Eu, "Eu and *'Am were higher in the inclusions
than in the native soil. The greatest contribution to the total radi-
oactivity, both in native soil and in inclusions, was made by ra-
diologically important radionuclides *Co (T, = 5.27 year), *'Cs
(Ty2= 30.17 year) and *'Am (T,,= 432 year). Based on the re-
sults of the study [17], the question arose as to how correct the
assessment of radioactive contamination obtained by using only
the sieved fraction of soil from the territory adjacent to the site of
this PNE could be.

The aim of the study was to compare native soil, sieved soil,
and screened out coarse inclusions in terms of ACs of *Co,
¥Cs, and *'Am.

Materials and methods

The sampling site (61.30° N, 56.60° E) is located in the north
of the Perm region. Three thermonuclear charges (the explosive
force is 15 kt of TNT equivalent, each) of the «Taiga» series were
detonated in 1971 in this place in order to test nuclear explosive
technologies for the construction of a canal between the Kama
and Pechora rivers [18]. As a result of these PNEs, carried out
with the planned ejection of soil, a crater was formed. The crater
has been naturally filled with water. Now, it is an artificial lake of
10-15 m deep, 700 m long and 350 m wide (see Fig. 1in [17]).

In 2009, an expedition team, including researchers from the
St. Petersburg Research Institute of Radiation Hygiene after
Professor P.V. Ramzaev (RIRH), collected soil samples at six
locations at the «Taiga» PNE site. Counting samples were made
from the native (unfractionated) soil. Results of measurements
of the activity of gamma-emitting technogenic radionuclides in
these samples are provided in [5]. The samples were dried and
sent for storage to the sample archive of the RIRH. For the pur-
pose of this study, we selected 10 samples of native soil from
the archive. These had been taken in layers on a mound of soil in
the most contaminated southeastern part of the lake shore (the
plot No. 2in [5, 17]).

The archival samples were weighed prior to further pro-
cessing. It was considered that glassy inclusions with a total
mass of 8.4 g had already been extracted from some samples
[17]. A sieve with mesh sizes of 1.2 mm was used to fractionate
the soil. Aliquots of the obtained finely dispersed fraction (the
sieved soil or fine soil) were weighed, placed in metal containers
with a volume of 250 cm® or 40 cm® and sent for gamma spec-
trometric measurements. Radionuclides activities were meas-
ured using a germanium semiconductor detector and a multi-
channel analyzer in accordance with the procedure described in
[5, 17]. The duration of the measurement was sufficient to en-
sure that the statistical uncertainty of estimating the net count
rate in the photopeak of 59.5 keV (*'Am) did not exceed 7% (1
sigma). The corresponding uncertainties for the full-energy
peaks of 661.6 keV (from "“"Ba, which is the decay daughter
product of 'Cs), 1173.2 keV (from “Co), and 1332.5 keV (from
*Co) were less than 2%.

The screened out coarse fraction included pebbles, plant
roots, coarse sand particles, as well as solid inclusions, some of
which resembled pieces of melted glass described and named
as “taiganite” in the paper [17]. 49 large (size within the range of
0.4-3 cm) solid inclusions were sampled out of this fraction.
Each of the selected samples underwent a screening procedure
for the presence of “Co, '“'Cs and *'Am. A Nal(Tl) detector (the
crystal sizes = 100 mm (diameter) by 100 mm (height)), sur-

MOIYT COAEPXaTb HEKOTOPOE KONNYECTBO MCKOMOIO 3arpPsa3Hun-
Tens, N03TOMY MUX (M 4aCTb U3 HUX) PEKOMEHOYETCS NPOaHa-
NN3MpPOoBaTh NapannensHO ¢ GpakumMen NPoOCEesaHHOM NoYBLI ANs
OLIEHKM BKN1aAa OaHHbIX KOMMOHEHTOB B OOLMIA 3anac 3arpsa-
HUTensa [16]. Hackonbko Ham M3BECTHO, 3Ta pekoMeHAauums
paHee He NpuHUMAanacb B pacyeT Mnpu npoBeneHnn Nccneno-
BaHWI Ha TEPPUTOPUSX, MPUMEraoOLLMX K MECTaM NPOBEOEHMS
MAB.

Bo Bpems peBmsnm apxvea npob no4sbl, OTOOPaHHON B Me-
cre nposeneHus MAB «Taira» (Mepmckuii kpar, Poccus), Mbl
OBHAPYXWN NPUCYTCTBUE KPYMHBIX CTEKNOBUAHBIX BKIIOYEHWM
B HeKOTOpbIX Npobax [17]. YaenbHaa akTuBHOCTL (YA) TexHo-
reHHbIX papuoHyknnpos “Co, “Nb, “'Cs, "Eu, *Eu, Eu n
*Am BO BKNIOYEHMsIX Bblia GONbLLE, YeM TakoBasi B HATUBHOM
noyse. Hanbonee cylleCTBEHHbIM BKIaa B OOLLYI0 aKTUBHOCTb
9TUX PAAMOHYKITMAOB Kak B HATUBHOW NOYBE, Tak 1 BO BKIIOYE-
HUSIX BHOCUIN PAAMONOrMHECKU 3HaUMMBIE PaaVoHYKnasl “Co
(T..=5,27 ropa), ''Cs (T,,= 30,17 roga) v *'Am (T, ,= 432 ro-
0a). Ha ocHoBaHUM pe3ynbsTaTtoB, NMoslyd4eHHbIX B XOAe UCCNeao-
BaHW4 [17], BO3HMK BOMPOC O TOM, HACKOJIbKO KOPPEKTHON MO-
XeT BbITb OLEHKA PaaMOaKTMBHOIO 3arpsi3HEHVs!, NONyYeHHas!
NPy MCNOAB30BAHNM TOMBKO MPOCESAHHOW dPakuMmM MoYBbl C
TEPPUTOPUM, KOTOPas NpUneraeT kK MecTy atoro MAB.

Llens nccnenoBanusa — cpaBHeHWE HATVMBHOM MOYBbI, MPO-
CESIHHOWM MOYBbI U OTCESIHHBIX MOYBEHHBLIX KOMMOHEHTOB MO MO-
kazatenio YA *Co, “'Cs u*"'Am.

Marepmanbl n mMmetToAabli

MecTo otbopa npob (61,30° c.w., 56,60° B.A.) pacnonoxe-
HO Ha ceepe [lepmckoro kpaa. Tpy TepMOSOEpPHbIX B3pbiBa
cepum «Taiira» Obinn nponaseaeHsl B 1971 r. B 3TOM MecTe ¢
Lenblo onpoBoBaHus AAEPHbBIX B3PbIBHLIX TEXHONOIMIA 4151 NpPOo-
KnagplBaHWa kaHana mMexay pekamu Kama v Mevopa [18]. B
pesynetate o9Tmx M$AB, BbINOAHEHHBLIX C 3anfaHUPOBaHHLIM
BbIBPOCOM rpyHTa, Obin chopMmnpoBaH kpatep. B nocneayo-
LeM KpaTep eCcTeCTBeHHbIM 06pa3oM 3anonHWUACS BOOOW, U B
HacTosLee BpemMsi OH NpeacTaBnsieT COOOM WCKYCCTBEHHOE
03epo rnydbuHoit 10-15 m, annHoli npumepHo 700 M 1 WvpK-
HoW 350 M (cm. puc. 1B [17]).

B 2009 r. koMnfiekCHOW akcneguumneid, B KOTOPOM NPUHK-
Mann yqactue cotTpyoHukn ®@BYH HUNPT um. M.B. Pam3aesa,
Ha obbekTe «Talra» B LIECTN Todkax Obinn oToBpaHbl Npobdbl
noyBbl. CueTHble 0Bpasupl GblM M3rOTOBMEHLI N3 HATUBHOMN
(HePpPaKUMOHUPOBAHHOW) MNOYBLI.  Pe3ynbTatbl  U3MepeHUin
AKTVMBHOCTU FraMMa-MU3NTyHaoLLMX TEXHOMEHHbIX PaAMOHYKITNOO0B
B 9TKX 0Opa3uax npmeeaeHsbl B [5]. Camn obpasupl 6b1in BbICY-
LLEHbI U HanpaeBneHbl Ha XpaHeHune B apxune npo6 ®BYH HAMPT
M. N.B. Pam3aeBa. [na npoBeaeHWs HACTOSLLIErO MCCNeaoBa-
HWUS U3 apxmBa Hamu Obinn B3ATLl 10 06pa3LoB HAaTUBHOM NOY-
Bbl, MOCNIONHO OTOBPaHHOM Ha HaBasne rpyHTa B Hanbornee 3a-
IPA3HEHHOI IOr0-BOCTOYHOM HacTn Bepera o3epa (y4acTok Ne 2
no [5, 17]).

Mepen o6paboTkoin apxmBHbIE 0OpPasLbl Oblf B3BELLEHbI.
Mpy 3TOM ObINO Y4TEHO, YTO paHee U3 HEKOTOpbIX 0Opa3LoB
yXe 6blIM N3BNeYeHbl CTEKIIOBUAHBLIE BKIIIOYEHNST 0BLLEen Mac-
con 8,4 r [17]. Onga dpakumoHMpoBaHMS NOYBLI MCMONB30BANU
cuUTO ¢ pasmepamm ayeek 1,2 mm. O6paaLibl NOYYEHHOW Men-
KoagncnepcHom dpakumm (MPOCesTHHOM NOYBbI UKW MENKO3ema)
ObINM B3BELLEHbI, NOMELLEHbI B MeTaIMYECKNe KOHTenHepsbl
obbeMoM 250 cm’ wnm 40 oM’ M HampasneHsl Ha ramma-
CNEKTPOMETPUYECKNE U3MEPEHUS. AKTMBHOCTb PafMOHYKI-
00B U3MEPSNY C NMOMOLLbIO FrepMaHMEBOrO MOYNPOBOAHUKO-
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rounded by a lead shield, and a 1024-channel analyzer
(ATOMTEX, Belarus) were used for this purpose. The energy
resolution (full width at half maximum) of the gamma-ray spec-
trometer was 8.9% for the 661.6 keV peak of “'Cs—"""Ba. A
sample was placed at a distance of 3 mm from the upper sur-
face of the detector. The spectrum was measured for 3600 s. A
sample has been categorized as «hot» inclusion if the character-
istic photo peaks of *'Am (59.5 keV), ¥'Cs (661.6 keV), and “Co
(1173.2 keV and 1332.5 keV) were formed. A sample has been
classified as «cold» inclusion if the formation of the characteris-
tic peaks was not observed, or only the peak at 661.6 keV was
formed.

A total of 34 «hot» inclusions were found among the 49
screened inclusions. Five «hot» inclusions could be attributed to
glassy type («taiganite»), judging by the description and photos
given in the paper [17]. Among the other items, which we called
coated «hot» inclusions, there were formations that looked like
shapeless lumps of melted sand (Fig. 1), but in general, the
formations somewhat resembling lumps (agglomerates) of
dried soil prevailed (Figs. 2A, 3A, 4A). However, unlike lumps of
soil or clay, they did not crumble even when pressed hard with
tweezers. The 29 coated «hot» inclusions were combined into
one counting sample (mass = 13.53 g), in which activities of the
radionuclides were measured using a semiconductor gamma
spectrometer (ORTEC, USA). Characteristics of the spectrome-
ter and features of the calibration of the detector are provided in
the papers [5, 17].

Three coated «hot» inclusions and one pebble were sonicat-
ed in an aqueous environment in accordance with the method
described in [17]. Although some of the small soil particles sep-
arated from the inclhusions surface, the samples retained their
shape after the treatment (Fig. 2B). The pebble showed similar
resistance to ultrasound in the aquatic environment (Fig. 2D).

To determine the degree of acid leaching of radionuclides,
one of the large coated “hot” inclusions (mass = 1.2 g), taken
from the depth of 4-6 cm, was crushed in a mortar to a particle
size of 1 mm or less. The ground sample was mixed with 6N HCI
in a ratio of 1:10 (by weight) and placed in a boiling water bath
for 1.5 hours. After rinsing in distilled water, the mixture was
passed through the filter paper. The solid phase (particles),
which was retained on the filter, together with the filter itself was
ashed at a temperature of 400 °C.

The similar procedure was applied to an aliquot (mass = 10
g) of the sieved sample of the soil that had also been taken from
the depth of 4-6 cm. The activity of “Co, “’'Cs and *'Am in each
sample was measured before and after the sonication or acid
treatment. The measurement method is described in [17]. The
structure of the spongy vitreous material was visible inside the
coated "hot” inclusions after grinding to the middle with an abra-
sive tool (Fig. 3B). The presence of the vitreous material in the
«hot» inclusions may be associated with the ejection of such
material from the blast zone to the ground surface [17]. The
non-uniform density of the substance and vesicular structures
inside the «hot» inclusions were also discernible when such
samples were X-rayed (Fig. 4B). The «cold» inclusions, which
were pebbles covered with a thin layer of adhering soil, had a
uniform density of the substance inside (Figs. 4C, D).

Boro pgetektopa (MMNA4) n MHOrokaHanbHOro aHanmaatopa B
COOTBETCTBUE C METOAMKON, ONUCaHHoN B [5]. Mpoaomxurens-
HOCTb M3MepeHusa Oblia [OCTaTOYHa ANg TOro, 4ToObl Heonpe-
OENEHHOCTb OUEHKU MMIoLWaan Nrka MoSIHOro MoroweHns ¢
sHeprueit 59,5 kaB (*'Am) He npesbilana 7% (1 curma). Mpu
9TOM COOTBETCTBYIOLLAA HEONPEAENEeHHOCTL Ans nukos 661,6
kaB (“""Ba - mouyepHuii npoaykT pacnaga °'Cs), 1173,2 kaB
(*Co) n 1332,5 kaB (*’Co) 6bina MeHee 2%.

B cocTtaB 0TCesAsHHOWN KPYNHOAMCNEPCHOM (Gpakumm BXoam-
NN KaMELLKWM, KOPHM PaCTEHWI, Y4acTuLbl KPYMHOro necka, a
Takke TBEpOble BKIIKOYEHNS, HEKOTOPbIE U3 KOTOPbIX HANoMmu-
HaMM KyCOYKM OMJIABIEHHOrO CTEKNA, OMUCaHHbIE U MOVIMEHO-
BaHHbIE KaK «TanraHuTbl» B padoTte [17]. N3 oTceaHHon dpak-
un 6binm otobpaHbl 49 KpynHbIX (pasmepsbl B npegenax 0,4-3
CM) TBepAbIX BKIOYEHWNA. Kaxabih u3 0ToOpaHHbIX 0OBbEKTOB
npoLuen npoueaypy CKPUHWHIOBBIX W3MEPEeHU Ha MNpucyT-
cteue *Co, 'Cs 1 *'Am. Ons atoro ucnons3osanu Nal(Tl) ge-
TekTop (pa3mepbl kpuctanna 100 mm (anametp) Ha 100 mm
(BbICOTA)), Pa3MELLEHHbI B CBMHLOBOW 3awmrte, n 1024-
KaHanbHeIA aHanusatop (brpma ATOMTEX, Pecnybnvka bena-
pPyCb). DHEpPreTU4eckoe paspelleHme (MNonHas WyprHa Ha no-
JIOBMHE MakcuMyma) raMmma-crnekTpomeTpa coctasuna 8,9%
ans 661,6 keV nuka of 'Cs—"""Ba. O6pasel, pasmellanu Ha
paccTosHNN 3 MM OT BEPXHEN NOBEPXHOCTM AeTekTopa. N3me-
peHve cnekTpa nposogunu B TedeHne 3600 c. Ecnn 3a a1o
BpemMs npoucxoanno (GopMMpoBaHME XapakTepHbIX MUKOB C
aHeprusimmn 59,5 kaB (*'Am), 661,6 kaB (“'Cs), 1173,2 «kaB
(*Co) n 1332,5 kaB (*Co), To Takoit 0BpaseL, OTHOCUM K KaTe-
roOpUKn «ropsvmx» BKITKOYEHWUA. Ecnn dopMmnpoBaHne xapaktep-
HbIX MUKOB HE OTMEYanochb, UNK GOPMUPOBANCS TONBKO MUK C
sHeprmein 661,6 kaB, To obpasel, OTHOCKIN K KaTErOpUM «XO-
JIOOHbBIX>» BKJTKOYEHUIA.

B o6uweli cnoxHoctn cpeamn 49 BktoHeHWr Bbinn HaiaeHo
34 «ropsumx» obpasua, U3 KOTOPbIX 5 MOXHO ObINO OTHECTU K
CTEKIOBUIOHBLIM BKJIIOYEHUSIM («TalraHWUTLI»), cyaos Mo onuca-
HUO 1 doTorpadmam, npuBeaeHHslM B paboTe [17]. Cpeam
OCTasIbHbIX OObEKTOB, KOTOPbIE Mbl HAa3BaIV MNOKPbLITbIE «FOPSi-
yme» BKIIIOYEHUSI, UMENVCL 0Bpa30BaHWs, Moxoxue Ha 6ec-
(HOPMEHHBIE KOMOYKM OMMaBAEHHOroO necka (puc. 1), HO B Ue-
oM npeoBbnagany Gopmaumm, HeCcKOSIbKO HarnoMWHaBLInE
KOMOYKM (arnomMepaTtbl) 3acoxiwen noysbl (puc. 2A, 3A, 4A).
OpHako, B OT/IMYME OT KOMOYKOB MO4YBbLI UM [IVHbI, OaXe Npu
CUNBHOM HaAaBANBaAHMM MNHLETOM OHW HE KPOLLIMIUCH.

Mpowenme CKPUHMHE 29 NOKPbITHIX «FOPSHMX» BKITIOYEHNA
O 06beauHeHbI B OOWH CYETHBIM 06pasel, Mmaccori 13,53 T, B
KOTOPOM  C  MOMOLWBIO  MOJYNPOBOAHMKOBOrO  ramma-
cnekTpomeTpa dupmbl ORTEC (CLUA) Gbina namepeHa akTmB-
HOCTb WCKOMbIX PaAMOHYKNIMAOB. XapakTEPUCTUKM CMekTpo-
MeTpa U 0COBEHHOCTW IPafyUpPOBKU OeTeKTopa NpuBEOeHsLl B
paboTax [5, 17].

TpU MOKPBITLIX «FOPSYUX» BKIKOYEHUSI U OOMH Kamellek
npoLwnm o6paboTKy yNbLTPa3BykOM B BOAHOM cpeae B COOTBET-
CcTBUN C MeTOAOM [17]. MNOKPbITbIE BKITIOYEHUS COXPaHANN CBOKO
dopmy (puc. 2B), XxoTs HekoTopash Macca MENKUX MOYBEHHbIX
YyacTuu, oTAEeNsNack OT UX NOBEPXHOCTU 1 ONafasna Ha AHO BMa-
Nbl. AHANIOMMYHYIO YCTOMYMBOCTL K YIbTPA3BYKY B BOAHOW cpeae
0EeMOHCTPUPOoBaS kKamellek (puc. 2D).
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A 1cm B , 1cm

Fig. 1. Outward appearance of the coated “hot” inclusion hp-2002a (fused sand) in two projections:
A — «top» view, B — «bottom» view
[Puc. 1. BHewwHWin B, NOKPbLITOro «ropsyero» BkodeHns hp-2002a (onnaBneHHbIV Necok) B ABYX MPOEKUUAX:
A - BuAa «CBEPXY», B — BUA «CHN3Y»]

hp-2302

Fig. 2. Coated «hot» inclusion (hp-2302) and pebble (wp-1402) before (A, C) and after (B, D) ultrasonic treatment in aqueous
environment. Ultrasound exposure was performed for 600 s using the Citizen ultrasonic cleaner SW 1500 (CBM Corporation, Japan)
at a frequency of 40 kHz and a power of 40 W. The measuring segment is 1 cm
[Puc. 2. MNokpbIToe «ropsidee» BktodeHmne (hp-2302) n kametuek (wp-1402) o (A, C) nnocne (B, D) ynbTpa3BykoBoin 06paboTkm
B BOOHOW cpeae. Bosaenctame ynesTpa3sykoM nposoamnm B TedeHmne 600 ¢, ncnoneays Citizen ultrasonic cleaner SW 1500 (CBM
Corporation, AnoHwus) npy yactoTte 40 KM, 1 MoLHOCTM 40 BT. MepHbIin 0Tpe30oK paBeH 1 cMm]
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Fig. 3. Outward appearance of the coated «hot» inclusion hp-track (A) and its internal structure shown
after grinding down to approximately the middle (B). The inclusion was cast into acrylic plastic
and ground down using an abrasive tool. The measuring segmentis 1cm
[Puc. 3. BHelHWiA BUA, MOKPLITOro «ropsvero» BkmodeHus hp-track (A) 1 ero BHYTpeHHsIS CTPYKTYpa,
rokazaHHasi NMoce CTadmBaHMs NMPUMEPHO A0 cepeanHbl (B). BktoueHme Bbino 3an1To B aKpUIioByIo NyiacTMaccy
1 CTOYEHO C NMOMOLLIbK0 aBpa3mvBHOro MHCTPYMeHTa. MepHbIi OTpe3oK paBeH 1 cMm]

hp-1801

cp-1101

Fig. 4. Outward appearance of the coated “hot” inclusion hp-1801 (A) and “cold” stone cp-1101 (C) and their X-ray
images (B) and (D). The X-ray images were made using the Evolution X 3000-2C apparatus (New Life Radiology SRL, Italy)
at atube current of 8 mA, a tube voltage of 70 kV and a tube focus-film distance of 25 cm. The measured segmentis 1 cm

[Puc. 4. BHelwHmiA B1p, NOKPLITOrO «ropsiHero» BkatodeHns hp-1801 (A) n «xonogHoro» kametuka cp-1101 (C)
1 X peHTreHoBCKoe n3obpaxkeHune (B) v (D). PEHTreHOBCKME CHUMKIM Oblnv caenaHbl C NOMOLLBIO annapara
Evolution X 3000-2C (New Life Radiology SRL, tanusa) npu cune Toka Tpydkm 8 MA, HanpsikeHnn Ha Tpyoke 70 kB
1 PacCTOSIHUN «DOKYC TPYOKU—MeHKa» 25 cM. MepHbIii 0Tpe3ok paBeH 1 cMm]
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Results and discussion
Gamma- ray spectroscopy

An example of a comparison of gamma spectra measured
from a reference sample of native soil (weight 324.0 g), an ali-
quot (mass of 50.0 g) of sieved fraction of the same soil, and a
combined sample of coated «hot» inclusions (mass of 13.53 g)
is provided in Figure 5. The spectra are shown after subtraction
of the background spectrum and normalization for the mass of
the counting sample (per 1.0 g) and for the measurement time
(per 10000 s). The 661.6 keV peak of '“Cs clearly dominates in
the spectrum from the native soil. It is also possible to confident-
ly identify and, accordingly, quantify the activity of *Co (the
1173.2 keV and 1332.5 keV peaks) and *'Am (the 59.5 keV
peak). In the spectrum from the sieved sample, the peak of '*'Cs
stands out even more clearly due to the decrease in the ampili-
tude of the characteristic peaks of “Co and *'Am. In the spec-
trum from "hot" inclusions, the amplitudes of the peaks of Cs,
®Co and *"Am are roughly the same. The amplitudes of these
peaks (especially 59.5 keV, 1173.2 keV, and 1332.5 keV) were
many times higher in this spectrum compared to those in the
spectrum measured from native soil.

Activity concentrations of radionuclides

Table 1 shows summarized results of measurements of the
radionuclides ACs in samples of the sieved soil and in the coated
"hot" inclusions. Table 1 also contains previously published data
on ACs of the radionuclides in samples of the nonfractionated
native soil [5] and in the glassy «hot» inclusions collected from
the same samples [17].

The ACs of all three studied radionuclides were statistically
significantly lower (nonparametric sign test, P <0.01) in the
sieved soil compared to the native soil (Table 2). The differences
between native soil and sieved soil were higher than a factor of
two for ®Co and *'Am, while for *'Cs, the average difference
was only 15%. If one takes 'Cs as the reference radionuclide, it
can be seen (Table 3) that the sieved soil, in comparison with the
original soil, was significantly depleted of “Co and *'Am. At the
same time, the ratio of the “Co AC to the *'Am AC did not
change (Table 3).

Expectedly (considering the results of gamma-ray spec-
troscopy, see above), the radionuclides ACs were higher in the
coated «hot» inclusions compared to the native soil. Particularly
pronounced differences (more than an order of magnitude)
were observed for “Co and *'Am. Similar differences can be
seen between the native soil and the glassy «hot» inclusions
(Tables 1 and 2). It should be noted that the AC of 'Cs was
twice as high in the coated inclusions compared to the glassy
inclusions.

The treatment of three coated «hot» inclusions with ultra-
sound in the aqueous medium resulted in a slight decrease in
mass (by 8.7%) due to the separation of soil particles from the
surface of the items (Table 4). This was accompanied by a de-
crease in the activity of '’Cs in all inclusions (by an average of
-18%). There was also a downward trend (-4%) for “Co; for
*'Am, no declining change in activity was observed (+4%). A
small part of the mass (-2.4%) was also separated from the
«cold» pebble (Fig.2C) during the ultrasonic treatment, while
the activity of ’Cs decreased by 21%. The residual activity of
"Cs in the pebble may be due to the soil particles retention in
the numerous cracks (Fig. 2D) which are difficult to clean with
this method.

[na onpepeneHus CTeneHn KUCAOTHOW BbilLenaymBaemo-
CTV PagMOHYKIMAOB, OAHO M3 KPYMHbIX MOKPBITHIX «FOPSHNX»
BKIIOYEHWI (Macca=1,2 r), B3STbIX C rNybuHbl 4—6 cm, 6bino
pacTepto B CTyrnke OO pa3MepoB YacTul, 1 MM 1 MeHee. U3-
MeNbYEHHbI 06pasel, Obi cmellaH ¢ 6H HCI B cooTHOLLEHNI
1:10 (no macce) 1 NoMeLLEH B KAMSALLYIO BoAsaHYto 6aHio Ha 1,5
yaca. Mocne NpoMbIBKM B AUNCTUINMPOBAHHOM BOAE TBepAas
¢daza Obina ocaxaeHa Ha BymaxkHoM bunbTpe (6enas neHTa) v
03051eHa BMecTe ¢ punsTpoM npu Temnepartype 400 °C. AHano-
rmdHas npoueaypa 6bina npumMeHeHa k anvkeoTe (Macca = 10T)
npocesiHHOro obpa3aua Nno4yBbl, OTOOPAHHON TakXe C rNyOuHbI
4-6 cM. AxtuHocTr *Co, '¥'Cs 1 *'Am B kaxaom o6pastie Gbi-
NI U3MEPEHbI NO MeToay, onucaHHoMy B pabote [17], oo um
nocne o6paboTKN yNbTPa3BYKOM UIN KUCNOTOWA.

Mocne cTaymMBaHns 0o cepeamnHbl C MOMOLLbIO aBpa3nBHOTO
VHCTPYMEHTA BHYTPW MOKPbITLIX «rOPsAYMX» BKJOYEHWA Bbina
BMOHa CTPYKTypa rybyatoro CTEeKJIOBUAHOro Marepmana (puc.
3B). Hannuume cTeknoBnaHOro Marepmuana B «ropsidmx» BKIoYe-
HUSX MOXET OblTb CBSA3aHO C BbIOPOCOM Takoro BellecTBa 13
30HbI B3pblBa HA MOBEPXHOCTL 3emnun [17]. HepaBHOMepHas
NAIOTHOCTb BELLIECTBA U BE3UKYNAPHbIE CTPYKTYPbl BHYTPU «rO-
pPSYMX> BKIIKOYEHUIA ObiNK pasinydMMbl U NP MPOCBeYMBaHNN
Takmx 0BpasLIOB PEHTIEHOBCKUMM Nydamin (puc. 4B). Ons «xo-
NIOAHBIX» BKJIIOYEHWNIA, KOTOPbLIE NPEACcTaBnsnn cobo KaMeLlKu,
NMOKPbITLIE TOHKUM CNIOEM MpUnunLelt noyssbl, Obia xapakrep-
Ha paBHOMepHas NNOTHOCTb BELLECTBA BHYTPEHHEN CTPYKTYPbI
(puc. 4C, D).

Pesynbratbl n 06cyxpgeHue
[amma- criekTpockonvsi

MpUMep CpaBHEHWUS ramMma CrNeKTPOB, M3MEPEHHbBIX OT UC-
XOAHOro 06pasua HaTMBHOWM Mo4Bbl (Macca 324,0 1), annkeoThbI
(macca 50,0 r) MenkoamMcnepcHOM NPOCESHHOM dpakLmMm 3Ton
X€ MoYBbl N 06BEAMHEHHOrO OBpa3sua «ropsaYmx» BKIIOHEHNA
(macca 13,53 r), npuBeneH Ha pucyHke 5. CnekTpbl NokazaHbl
nocne NokaHasbHOro BbIMUTAHUSE (POHOBOMO CMeKTPa, HOPMU-
poBaHMs Ha Maccy cueTHoro obpasua (Ha 1,0 r) 1 ana BpeMeHn
mnamepenms 10000 ¢. B cnekTpe OT HAaTMBHOW NO4BbLI MO aMnau-
TyAe SBHO AOMUHMPYET MUK G aHeprueli 661,6 kaB ot “'Cs.
Kpome Toro, MOXHO YBEPEHHO MAEHTUMULMPOBATL U, COOTBET-
CTBEHHO, KOMMHMECTBEHHO OLEHUTb aKTUBHOCTb CO (MWKu
1173,2 kaB 1 1332,5 kaB) 1 *'Am (nuk 59,5 kaB). Ha crnexTpe
OT NpocesHHoro ofpasua nuk oT '*'Cs BeigenseTcs elue 6onee
OTYET/IMBO 33 CYET YMEHBLLEHUS aMMIUTYObl XapaKTEePHbIX MK-
koB “Co 1 *'Am. Ha cnekTpe oT «ropsiqnx» BIIIIOHEHUI ammiu-
Tyasl nvkos ot *'Cs, *Co 1 *'Am npumepHo cosnaparoT Apyr ¢
OPYrom; Nnpu STOM, No CPaBHEHMIO CO CMEKTPOM, U3MEPEHHOM
OT HaTWBHOW MOYBLI, aMMAUTYAa STUX MUKOB (B OCOOEHHOCTU
59,5kaB, 1173,2 k3B 1 1332,5 kaB) Gblna MHOrOKpaTHO BhILLE.

V,qeanaﬂ 8KTVBHOCTb PafaoOHYKINAoB

O600LLeHHbIE pe3ynbTaThl M3MepeHuid YA paanoHyKnnaos
B oOpasLax NpoCesHHOW NOYBbI N MOKPbITLIX «FOPA4MX» BKITIO-
4yeHuiA npuBeaeHsl B Tabnuue 1. Tam Xe gaHbl paHee onyonu-
KOBaHHble AaHHble 06 YA paaMoHYyKnuaooB B o6pasuax ncxon-
HOW HaTWBHOM NOYBbI [5] N B pagnoakTUBHBLIX CTEKTOBUOHBLIX
BKJTIO4EHWAX, U3BJIEHEHHbIX U3 3TVX 00pa3sLo. [17].

B npocesiHHOM No4Be, NO CPAaBHEHWUIO C HATUBHOWM NMO4YBOM,
YA BCeX Tpex U3Y4eHHbIX PagMoHYKNIMAOOB Obina CTaTUCTUYECKU
3HAYUMO HWXKe (HenapameTpudeckmii TecT 3HakoB, P <0,01)
(tabn. 2).
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Fig. 5. Spectra from the native soil sample (depth 10—-12 cm), the sieved soil sample (depth 10—12 cm) and the pulled sample
of 29 coated “hot” inclusions from Plot No. 2. Reference peaks and the corresponding technogenic radionuclides are indicated
as follows: (1) 59.5 keV, *'Am; (2) 661.6 keV, "“'Cs; (3) 1173.2 keV, “Co; (4) 1332.5 keV, “Co
[Puc. 5. CnexTpbl 0T 06padua HaTUBHOW NouBbl (rybuHa 10—-12 cm), obpasua NpocesiHHOM NouBbl (rnyduHa 10-12 cm)

1 o6beanHeHHoro o6paaua 29 NOKPbITLIX «rOPSHNX» BKIKOYEHNIA G ydacTka Ne 2. OnopHble Nkn
1 COOTBETCTBYIOLLME TEXHOMEHHbIE PaMOHYKIIMAEI 0003HaYeHbI CNeayoLLIM 00pasoMm:

(1) 59,5 k3B, *'Am; (2) 661,6 k3B, “'Cs; (3) 1173,2kaB, “Co; (4) 1332,5 kaB, “Co]
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Table 1
Summarized results of the gamma-spectrometric analysis of native soil, sieved soil, and «hot» radioactive inclusions. Mean +
standard deviation. Range is given in brackets. The activity concentrations are provided on August 5, 2009
(the data of the native soil sampling)
[Tabmmua 1
CBopHble pe3yNbTaTbl raMMa-CrnekTPOMETPUYECKOro aHaNnM3a HaTUBHOM MOYBbI, NPOCESIHHOW NOYBbI U «FOPSHNX»
pPaAnoaKTUBHBIX BKIIIOYEHUIA. CpefiHee * cTaHaapTHOE OTKJIoOHeHUe. lnana3oH ykasaH B ckobkax. Y aenbHasi akTUBHOCTb
npueeaeHa Ha 5 aBrycta 2009 ropa (aara otbopa HaTMBHOW NMO4BbI)]

Activity concentration (Bq/g; d.w.) [YaenbHas akTMBHOCTb

Mass (g; d.w.) BK/F C.B
Sample [O6pazeL] [Macca (r: 0.6.)] — ( /60 ; C.B.)] —
Cs Co Am
Native soll [Hamwsras nousal (n = 10) 340+33 3.62+0.43 1.17+0.30 3.24+1.16
(264-400) (2.96-4.05) (0.62-1.47) (1.81-5.80)
. . ~ 271227 3.00+0.42 0.54+0.13 1.28+0.31
Sieved soil [[pocesiHas nossal (n = 10) (206-308) (2.23-3.60) (0.32-0.70) (0.74-1.72)

Combined sample of 29 coated «hot» inclusions
[O6beamnHeHHbIN 0b6pasel, 3 29 NOKPbITLIX «ropsi- 13.53 11.4+1.4*** 20.9£2.6*** 51.5+6.2***
YYx» BKIIIOYEHNI]

Individual glassy «hot» inclusions [VIHanBuayansHble 1.16+£2.43 5.48+1.21 15.0+4.5 70.2+28.3
CTEKOBUAHBIE «ropsivne» BKItoYEHNs ] (n=7)** (0.065-6.66) (4.02-7.89) 8.7-21.9 31.2-107

* —reference [5] [ccbinka [5]].
** —reference [17] [cebinka [17]].

Kk k

— total measurement uncertainty (2 sigma at 95% probability) [o6Luan HeonpeneneHHOCTb nameperus (2 curma npw 95% BepoaTHocTH)].

Table 2
Comparison of native soil, sieved soil, and “hot” radioactive inclusions in terms of activity concentrations (ACs) of the
technogenic radionuclides
[Tabmmua 2
CpaBHeHVEe HAaTUBHOW NOYBbI, MPOCEAHHOM MOYBbI U «FOPSHNX» PAANOAKTUBHBIX BKIIOHYEHNIA MO NoKasaTenio yaenbLHON
AKTUBHOCTM (YA) TEXHOI€HHbIX PAANOHYKNNAOB]

Ratio of ACs for the radionuclide
[OTHOWweHne YA ans pagnoHyknnaal

Samples for comparison [CpaBH1BaeMble 06padLpbi]

137CS SOCO 24|Am
Sieved soil /Native soil [[pocesHHasa noyBa/HaTnBHas noysa] 0.85 0.46 0.40

Coated inclusions/Native soil [[TokpbITble Bkto4eHus,/HaTreHas noysal 3.1 18 16

Glassy inclusions/Native soil [CTeknoBuaHble BkoveHusi/HaTreHas noysal 1.5 13 22
Table 3

The ratio of the activity concentration (AC) values of *'Cs,*Co and *'Am in native soil, sieved soil, and “hot” radioactive
inclusions

[Tabrmua 3

COOTHOLLIEHME 3HaYeHUii yaenbHoii aktusHocTy (YA) *'Cs, “Co 1 *'/Am B HaTUBHOI NOYBE, NPOCESIHHON MOYBE U «FOPSHNX»
PaAVOaKTUBHBLIX BKJIIOYEHMSIX]

Ratio of AC values [CooTHOLLEHNE 3Ha4eHnin YA]

Sample [O6pa3eL)
“Co/*Cs #'Am/"“'Cs *'Am/*Co
Native soil [HaTnBHas nousa] 0.32 0.90 2.8
Sieved soil [[MpocesiHHas noysa] 0.17 0.41 2.4
Coated inclusions [[MokpbITble Bkto4eHMS] 1.8 4.5 2.5
Glassy inclusions [CTeknoBuaHbIe BKIIIOHEHNS] 2.7 13 4.7
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Table 4

Effect of sonication and treatment with HCI on mass and radioactivity of the soil components from the «Taiga» PNE site. The
activities and masses (dry weight) are shown before (the first number) and after (the second number) the treatment

[Tabrmua 4

BnusHue Bo3aeincTBua ynbTpa3sBykomM u HCIl Ha Maccy U paiMoakTUBHOCTbL KOMIMOHEHTOB MOYBLI C MecTa NpoBeaeHust MyB
«Taira». AKTMBHOCTb M Macca (Cyxoi BEC) NokasaHbl 10 (MepBoe YUC0) 1 nocne (BTopoe 4Ucno) o6paboTku]

Mass (g), and change in

Code, type of inclusion [Koa, Tvn the mass (in brackets, %)

Activity (Bq)*, and change in the activity (in brackets, %) [AKTMBHOCTb

(BK)* 1 n3MeHeHne akTMBHOCTU (B ckoOKax, %)]

BK/IIOYEHNS] [Macca (r) n nsmenexve
macchl (B ckobkax, %)] “Cs “Co “'Am
Sonication [Bo3aericTseue ynbTpa3sykom]
HP-2702, <hot» coated [«ropsiee> 0.300/0.281 (6.3) 2.78/1.64 (41) 4.54/4.20 (7.4) 9.7/10.5 (+7.6)
MoKpbITOE]
HP-2802, <hot» coated [«ropstee> 0.217/0.195 (10) 11.5/10.9 (5.3) 11.3/11.2(0.9) 33.5/35.0 (+4.4)
MokpbITOE]
HP-2302, <hot> coated [«ropsiiee> 0.198/0.179 (9.6) 2.82/2.60(7.8) 7.01/6.75(3.7) 19.4/19.4 (0)
MOKpPbITOE]
HP-0203a, <hot» glassy [«ropsee» 0.196/0.192 (2.0) 1.14/1.04 (8.7) 3.55/3.41(3.9) 18.0/17.6 (2.2)
CTEeKoBUAHOE]
wp-1402, «cold> pebble [«xonon- 3.884/3.790 (2.4) 2.01/1.59 (21) n.d. n.d.
HbllA» KameLuek]
Treatment with HCI [Bosgaevicteue HCI]
RH-1, “hot” coated [«ropsiuee»
rOKP0S] 1.18/1.16 (1.7) 12.9/9.5 (26) 71.1/72.7 (+2.3) 31.5/30.4 (3.5)
§S-4-6, sieved sail [pocesiHHas 10.36/9.90 (4.4) 34.0/10.4 (69) 18.5/17.9(3.2) 7.77/7.09 (8.8)

no4eaj

n.d. — not determined [n.d. — He onpeneneHo].

* — the counting uncertainty (at 1 sigma level) of the activity measurement was not more than 10% [cTaTncTyeckas HeonpeaeneHHoOCTb (Ha ypoBHe 1 curma) name-

peHus aKTMBHOCTK He npeebitana 10%)].
** —reference [17] [cebinka [17]].

From Table 4, it is visible that during exposure to concen-
trated acid, the retention of “Co, ''Cs and *'Am by the “coated”
inclusion is higher than that by the sieved soil. ''Cs is the most
mobile radionuclide in the acidic environment in both cases.

On the basis of the results obtained, it can be assumed that
the refractory and hard-to-volatile elements cobalt (boiling tem-
perature, Ty, = 2927 °C) and americium (T,,; = 2011 °C) are con-
centrated in the vitreous material, while the comparatively vola-
tile element cesium (T, = 671 °C) [19] is more associated with
the soil. Note that only a small fraction of *'Cs is formed directly
(independently) and almost instantaneously as a result of nucle-
ar fission of *°U or **Pu [20]. It may play a role in the more uni-
form spatial distribution of 'Cs (compared to “Co and *'Am)
between the structural components of native soil. Predominant-
ly, ''Cs is formed from the decay of the chain of the short-lived
fission products: ' Te (T,,=4s) — VI (T,,=24.15) - “Xe (T .=
3.8 min) — “'Cs (T,, = 30.17 y) [21]. lodine is a volatile element
(Toos = 184 °C), and xenon is an inert gas. Hence, there was a
possibility of their propagation over large volumes of the soail,
ejected by the explosions of the «Taiga» experiment, with the
subsequent deposition of a significant portion of "“'Cs outside
the blast zone and the glassy mass.

Conclusion

In accordance with the purpose of the study, the activity
concentrations of “Co, '“Cs and *'Am in native soil, sieved soil
and the screened out coarse components were compared. The

soil samples, that had been taken from the heap of radioactively

OpnHaKo, eciu B oTHoLeHUM ''Cs aTa pasHuLa B cpefHeM
cocTtasuna Bcero 15%, 1o ans “Co v *'Am paznnyns mexay
HATVMBHOW 1 NPOCESIHHOW MOYBOM Gbln Goslee YeM ABYKPATHbI-
mu. Ecnu B3ate 'Cs 3a penepHblit pagvoHyknug, TO BUOHO
(tabn. 3), 4TO NPoOCcesHHas No4Ba, No CPABHEHWUIO C UCXOOHOM
MOYBOM, Gbina CyLLeCTBEHHO obeaHeHa “Co 1 *'Am. Mpy aTom
COOTHOLLEHWE Mexay 3HadeHnsMu YA “Co n *'Am He namenu-
nocsb (Tabn. 3).

B MOKPBITLIX «rOPsiHMX» BKIIOYEHWSIX 3HaueHuUst YA paamo-
HYKIMOOB ObIM OXUOAEMO (YHWTbIBasi Pe3yNbTaTbl raMma-
CMeEKTPOCKOMNMM) BhILLE, YEM TaKOBblE B HATVBHOI nouse. OCo-
6EHHO BECOMble pa3nuuust (6onee Nopsiaka BeMUYUHbI) HaBo-
panveb ans “Co n *'Am. CxopHble pasnuMyus MOXHO BUOETb
MPWU CPABHEHUM HATUBHOM MOYBbLI U CTEKIOBUOHBIX «FOPSHIX>
BIJTIOUEHW (Tabn. 1 1 2). OTMeTum, uto YA 'Cs B MOKpbIThIX
BIJTIOHEHWSIX, MO CPABHEHMIO CO CTEKIOBUAHBIMW BKIIOHEHMS -
My, 6bi1a B ABa pa3a BbiLLe.

Mpu 06paBoTKe TPEX MOKPbITBIX «FOPSIYNX> BIJTOHEHNIA Yib-
TPa3BYKOM B BOOHOW CPene MPOVICXOOWIO He3HAUMTENbHOE
YMEHbLLEHE Macchl (B cpedHeM Ha 8,7%) (Tabn. 4) 3a cuer
OTAENEHUs! HaCTUYEK MO4Bbl OT MOBEPXHOCTU 0BpasLoB. ST
COMPOBOXOAIOCH CHIDKEHWEM aKTUBHOCTM '*'Cs BO BCEX BKJIO-
YeHusiX (B cpenHeM Ha —18%). st “Co Takke MOXHO roBOPUTh
0 TEHAEHLMMN K CHKEHMIO aKTUBHOCTU (—4%); ans *"'Am name-
HEHWI aKTMBHOCTW B CTOPOHY YMEHbLLEHWSI He Habmionanoch
(+4%). OT «xonogHoro» kamelka (pmc. 2C) npu ynbTpa3ByKo-
BOM 00OpaboTke Takke oTAenunachk Hebosbllasi YHacTb Macchl
(-2,4%). AkTvBHOCTL '“Cs cHuaunack Ha 21%. OcraTodHas
aKTMBHOCTb "'CS, BO3MOXHO, CBA3aHa C MOYBOW, NMPOHVMKLLIEN B
MHOIOYNCAEHHbIE TpeLWMHbl (puc. 2D), HedocTynHble ans
OUVCTKM UCMOSb30BaHHBIM METOLOM.
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contaminated ground at the «Taiga» PNE site, were passed
through a sieve with a mesh size of 1.2 mm. The sieved soil frac-
tion, compared to the original native soil, is characterized by
statistically significantly lower AC values of '’Cs (factor of 1.2),
*Co (factor of 2.2), and *'Am (factor of 2.6).

Numerous solid radioactive inclusions containing a vitreous
substance were detected during analysis of the screened out
coarse fraction. The AC values of "*'Cs, *Co and *'Am in the
radioactive inclusions were significantly higher compared to
those in the native soil, with the differences being most noticea-
ble (more than an order of magnitude) for the refractory and
hard-to-volatile *Co and *'Am. These radionuclides were ap-
parently concentrated in the vitreous substance.

In general, our study revealed a very pronounced uneven
distribution of *Co and *'Am between various structural com-
ponents of the soil at the «Taiga» PNE site. A less pronounced
unevenness was found with respect of the '’Cs distribution.

In methodological terms, the study reveals that the use of
only sieved soil samples to determine the levels of radioactive
contamination leads to a significant underestimation of the con-
tent of 'Cs, *Co and *'Am in the soil at the «Taiga» site. This, in
turn, indicates the need to analyze the content of the techno-
genic radionuclides in the screened out coarse inclusions. How-
ever, for a general assessment of the content of gamma-
emitting radionuclides in the soil, it is quite sufficient to measure
samples of unfractionated soil collected directly at the PNE site.
Fractionation, in particular, sieving of the material of native sam-
ples can be useful (or even necessary) in: 1) study of radionu-
clides speciation in soil, 2) study of radionuclides transfer in the
soil-vegetation system, and 3) radiochemical studies.
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3aknoveHue

B cooTtBeTcTBUNM C Uenbio paboThl ObINO BLIMNOJIHEHO CpaB-
HeHVe yaenbHoi akTueHocT *Co, “'Cs u *"Am B HaTVBHOW
noyBe, NPOCEAHHOM MOYBE U OTCESIHHLIX TBEPAbIX NMOYBEHHbIX
KOMMOHeHTax. OBpasubl No4Bkbl, 0TOOpaHHOM Ha HaBane pa-
OMOAKTMBHO 3arpsi3HEHHOro rPyHTa B MecTe npoBeaeHus MAB
«Talira», ObIIM NPOCesHbl YHEPeE3 CUTO C pPas3Mepom adeek 1,2
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dpakumMa MNoYBbl XapakTepuayeTcs CTaTUCTUYECKN 3HAYMMO
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Mpn aHann3e 0TCesaHHOK KpynHoaMcnepcHol dpakumnn Obl-
N 0BHapPYXXEHbI MHOTOYMCNEHHbIE TBEPAbIE PAANOAKTUBHBIE
BKJIOUYEHWS!, CoflepXallune CTEKNOBUAHOE BELECTBO. 3Ha4YeHUs
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3aMeTHbIMK (Bonee nopsioka BeNWYUHBLI) Ofs TYrornnaBkux u
TpyaHonetydmx “Co m *'Am. 3T pamvoHYKNIMAbL, OHEBUAHO,
KOHLIEHTPUPOBASIMCH B CTEKJIOBUOHOM BELLECTBE.

B uenom Halle vuccrnenoBaHme BbISIBUIO BECbMa HepaBHO-
MepHoe pacnpenenerve “Co n “"Am mexagy pasnuHbIMM
CTPYKTYPHBIMU 3f1eMeHTaMM MNoYBbl Ha obbekTe «Taiira». Ons
"'Cs aTa HEPaBHOMEPHOCTb TaKXe CYLLECTBYET, HO OHA MeHee
BblpaxkeHa.

B MeToauueckoM nnaHe, BbINOSHEHHOE UCCNenoBaHne
NO3BONAET MPUIATU K BbIBOAY, YTO WUCMOSb30BAHWE TOMBKO 06-
pPasLEB NPOCEAHHOM NOYBLI ANIA N3MEPEHUS YPOBHEN pagnoak-
TUBHOIO 3arpa3HeHnsl BeOeT K CYLECTBEeHHOW HeOooLeHKe
conepxarus *'Cs, “Co n *'Am B nouse Ha oBbekTe «Taiiras.
370, B CBOIO o4epe/b, ykasblBaeT Ha HEO0OX0AMMOCTb aHann3u-
poBaTb coaepXaHMe TEXHOreHHbIX PaaVOHYKINAOB B OTCEsIH-
HbIX MOYBEHHbIX BKIIOYEHUSIX. BMecTe ¢ Tem, anst obuiein oueH-
K1 coaepXaHusi raMmmMa-uanyvaioLlimx paamoHyKnMaoB B Noyse
BMOJSIHE [JOCTATOMHbIM ABNSETCS M3MepeHne o00pasLioB He-
dPaKLMOHUPOBAHHOW MO4YBbI, OTOBPAHHON HENOCPEeAaCTBEHHO
Ha ob6bekTe MAB. dpakumMoHMpoBaHme, B HaCTHOCTK, Npocen-
BaHWe, MaTepuana HaTuMBHbIX MPO6 MOXeT OblTb MONE3HbIM
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