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Estimation of the air kerma rate from 3’Cs and 3%Cs deposited
on the ground in the Sakhalin region of Russia after the Fukushima
accident

Valery P. Ramzaev, Anatoly N. Barkovsky

Saint-Petersburg Research Institute of Radiation Hygiene after Professor P.V. Ramzaev, Federal Service for
Surveillance on Consumer Rights Protection and Human Well-Being, Saint-Petersburg, Russia

Previous studies conducted by the Federal Service for Surveillance on Consumer Rights Protection and
Human Well- Being (Rospotrebnadzor) in Sakhalin Region, Russia in 2011—2012 have shown that soils on
the southern Kuril Islands were contaminated with ’Cs and "Cs due to the accident at the Fukushima-1
NPP. In this study, we evaluated the air kerma rate from >’Cs and "**Cs using earlier published data on the
vertical distribution of Fukushima-derived radiocaesium in the soil at grasslands on the islands of Kunashir,
Shikotan and Iturup. The air kerma rate due to gamma-rays from pre-Fukushima '*’Cs was estimated as well.
In the period from May 2011 to September 2012, the air kerma rate due to the fresh fallout of radioactive cae-
sium varied from 0.31 to 0.84 nGy h~'. On average, the contribution of the radiation from Fukushima-derived
B34Cs and 3’Cs to the total air kerma rate from radioactive cesium was 35% in the fall of 2011 and 25% in
the fall of 2012. The mean normalized kerma rate from Fukushima-derived ’Cs was estimated at a level of
1.63 nGy h™' per kBq m=?in mid-May 2011, 1.53 nGy h™! per kBq m=2 in autumn 2011 and 1.45 nGy h™! per
kBg m~ in autumn 2012. The mean normalized air kerma rate from pre-Fukushima "’Cs at reference undis-
turbed grasslands was estimated as 0.77 nGy h™' per kBq m=. The results of our calculations of the air kerma
rate from Fukushima-derived '¥’Cs were in good agreement with the forecast of the 2013 UNSCEAR model,
which was used to estimate the external doses of the Japanese population after the Fukushima accident. For
pre-Fukushima 5’Cs, the UNSCEAR model underestimated the calculated normalized air kerma rates in
Sakhalin Region by approximately 40%. Our calculations showed that, overall, the aboveground biomass of
herbaceous plants had practically no effect on the air kerma rate from radioactive cesium contained in the
soil. The fallout of **Cs and "*’Cs after the accident at the Fukushima-1 NPP did not lead to any significant
increase in the gamma dose rate in the air at grasslands on Kuril Islands. In 2019—2020, the contribution of
radiocaesium to the total gamma dose rate in air will not exceed 5%.

Key words: the Fukushima accident, global fallout, **Cs, ’Cs, soil, grasslands, air kerma rate, Kuril
Islands.

OueHKa MOLLHOCTU BO3AYLUHOW KepMbl raMma-usany4deHus '3’Cs u 134Cs,
BbiNaBLLIMX Ha No4yBy B CaxanunHckoi o6nactu Poccum nocne Pykycumckor aBapum

B.I1. Pam3aes, A.H. Bapkosckmii

Cankr-IleTepOyprckuit HaydHO-UCCIENOBATEILCKUI MHCTUTYT paqualiMOHHON TUTUEHBI UMEeHU TIpodeccopa
I1.B. Pam3aeBa, ®enepanbHas ciryxk0a 1Mo Ham30py B cepe 3alIUTH IIpaB OTPEeOUTENICH U OJIATOTIOTYIHST
yenoseka, CaHkr-IletepOypr, Poccust

[Ipedvidywue uccaedosanus, nposedennvie Pedepanvholi cayxnc6oi no Hadzopy 6 cgepe 3auiumoi
npaeé nompebumeneii u 6aaeconoayuus yerosexa (Pocnompebnadsop) ¢ Caxanunckoii obnacmu (Poccus) 6
2011-2012 ee., nokaszanu, ymo no4ea Ha 1oxchHbix Kypunscikux ocmpoeax 6viaa 3aepasuerna ’Cs u Cs
ecredcmeue asapuu Ha AIC «Dykycuma- 1». Mot 6bruucausu MouwHocms Kepmol 8 6030yxe, UCHOAb3YA PaHee
ony0AUK08aHHble OAHHbIe 0 BePMUKANbHOM pacnpedeseHuu yKycUMcKoeo paduoaKkmueHo2o ye3us 8 nouge
Ha nyeax ocmposos Kynawup, Hluxkoman u Hmypyn. Tem sce memodom 6viaa oyenena MOuHOCHb 8030yul-
Holl kepmbl om 2amma-usnyuerus Cs, codepicasuiumes 6 nouee 0o QyKycumckux evinadenuii. B nepuoo ¢
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mas 2011 e. no cenmsbps 2012 e. mowsHOCMb KepMbl 0M HOBbIX 8bINAOCHUT pAOUOAKMUBHO0 Ue3Us 8APbU -
posana om 0,31 00 0,84 ulp/u. B cpednem exnad uznyvenus gykycumckux **Cs u ’Cs 6 obugyro mowgpocmo
6030y WHOI Kepmbl Om paouoakmueroeo yesus cocmasun 35% ocenvio 2011 2. u 25% ocenvio 2012 2. Cpeo-
HSI5L HOPMAAU3Z08AHHAS MOWHOC KepMbl 0m uznytenust ykycumckoeo ’Cs cocmasasna 1,63 (mlp/u)/(k brx/m?)
6 cepedune mas 2011 e., 1,53 (nlp/v)/(k Br/m?) ocenvio 2011 e. u 1,45 (nlp/4)/(kbr/m?) ocenvio 2012 e.
CpeOnsnsi HOpMANU308AHHAS MOWHOCIIb KePMbl U3AyHeHus dogyKycumckozo ’Cs na ueaunnwix ayeax co-
cmasuna 0,77 (nlp/v)/(k Br/m?). Pe3ysvmamol Hauux pacuemos 045 MOUHOCMU KepMbl 0m (DYKYCUMCK020
37Cs xopowio coomeemcmeosanu npocrosy modeau HKJIAP OOH 2013 2., komopas ucnoav308a1ace 0as
ouyeHku 003 eHeutne2o 006ay4enus nacesenus Anonuu nocie Pyxycumckoil asapuu. s dogykycumckoeo
B37Cs modeav HKIJAP OOH nedoouenugana pacuemuyro HOpManu308anHy0 MougHocms Kepmol ¢ Caxanumn-
ckoii oonacmu npumepro Ha 40%. Hawu pacuemsr nokazanu, 4mo Had3eMHas 6UOMACCA MPAGIHUCHIbIX
pacmeHull npaKmu4ecKu He 6AUsSAA Ha MOUHOCHb 8030YUHOU KepMbl 2AMMA-U3AYHeHUs PAOUOAKMUBHOO
yesusi, codepicaueeocs 6 nouee. Boinadenus *Cs u ’Cs nocae asapuu na AIC «@ykycuma- I» ve npusenu
K CKOAb-1U00 3HAHUMOMY YELAUHEHU) MOUHOCMU 003bl 2AMMA-U3ny4enus 6 6030yxe Hao nousoi Kypuns-
ckux ocmpogog. B 2019—2020 ee. 6xknad paduoakmueroeo ye3us 8 CyMMapHyo MOUWHOCMb 003bl 2AMMA-U3-

Ayuenus 6 803dyxe He Gyoem npesviuiams 5%.

Kmouessbie cioBa: Qyxycumckas asapus, erobanvivie binadenus, nousa, aye, *Cs, %’Cs, mowpocmo

Kepmbl 6 6030yxe, Kypuavckue ocmposa.

Introduction

Estimation of gamma-ray dose rate in air at an open un-
disturbed field (grassland, meadow) is an essential compo-
nent of a radiological survey after a nuclear accident resulting
in a large-scale environmental contamination by gamma-ray
emitting radionuclide(s) [1]. The value of gamma dose rate in
air at such undisturbed (virgin) lands is often used as a refer-
ence parameter in dosimetric models for assessment of the
external exposure of the public [2-5].

Since the beginning of the nuclear era (1945), caesi-
um-137 has continued to be a subject of scientific interest
and public concern due to its long period of decay (Tvz =30.2
y) and a relatively high energy of gamma quanta (E = 661.6
keV) emitted by its short-lived (Twz =2.55 min) daughter prod-
uct '¥"™Ba [6, 7]. During the major nuclear reactor accidents
at the Chernobyl and Fukushima-1 NPPs, the release of *’Cs
was accompanied by the release of *“Cs (T,,= 2.06 y; the
range of the gamma-ray energy, E, = 242-1365 keV), which
contributed significantly to the gamma dose in air and the ex-
ternal gamma radiation dose of the population living in con-
taminated areas [8, 9].

Studies conducted in different countries after the
Chernobyl accident have demonstrated significant spatial and
temporal variability in the vertical distribution of '*’Cs and '**Cs
within the soil profile and in the resultant gamma dose rate in
air in virgin lands [2, 10-15]. The influencing factors could
be the atmospheric conditions (wet or dry fallout), physico-
chemical forms of fallout, soil properties, activity of soil fauna,
and the use of land by man. However, based on numerous
empirical data collected after the Chernobyl accident [8], it
was possible to develop a general model describing time-de-
pendent evolution of the air kerma rate for undisturbed open
lands located at different distances from the Chernobyl NPP
[2, 3, 16, 17]. Aninfinite plane source located below a soil slab
of the mass thickness of 0.5 g cm=2[3, 11, 16] was selected
as the initial distribution of the radionuclides in the ground in
the case of wet fallout. For this source, the calculated normal-
ized kerma rate in air is 1.72 and 4.68 nGy h-' per kBg m2
for ¥Cs+'3""Ba and '%“Cs, respectively (see Table 1 in [18]).
The subsequent time-dependent decrease in the dose rate in
air due to the vertical migration of the radionuclides in the soil
column (excluding radioactive decay) can be presented by
the attenuation function for air kerma rate, r(t), [3, 16]:

BeepgeHve

OugeHka MOLLHOCTW [O03bl FaMMa-u3slyyeHuss B BO3Oyxe
Ha OTKPbITbIX LLE/IMHHBIX Y4acTkax TeppUTOpun (nyr, nactomn-
Lie) SIBNSEeTCS BaXHbIM KOMMOHEHTOM PaAMOnorm4eckoro
obcnenoBaHnsl Mocne pagvauMoOHHOM aBapun, COMPOBO-
XJarLlencs KpyrnHoMacluTabHbIM 3arpsi3HEHEM OKpyXa-
IoLWen cpenbl ramma-usnyyalowmmm paguoHyknngammn [1].
3HayeHne MOLWHOCTM [03bl raMMa-n3yyeHnst B BO3ayxe Ha
TaKMX LLeJIMHHBIX y4acTKax 4acTo MCMOoJsb3yeTcs B Ka4ecTBe
pedepeHTHOro napameTpa B AO03UMETPUYECKMX MOAENsx
0151 OLLEHKM 103 BHELUHEro 061y4eHns Hacenenus [2-5].

C Havana sgepHoii apbl (1945 r.) ueaunin-137 npogonxaeT
0oCcTaBaTbCs NPeaMETOM Hay4YHOro MHTepeca 1 6ecrnokoicTBa
B obLlecTBe 1U3-3a ero AnnTesbHOro nepuoaa pacnaga (T,
= 30,2 roga) n n3-3a 0THOCUTESIbHO BbICOKOW 3HEPrun ram-
Ma-kBaHTOB (E = 661,6 k3B), ncnyckaemblx ero KOPpOTKOXM-
Bywmm (T, , = 2,55 MuH) govepHuM npoaykTom ¥"mBa [6, 71.
Mpwu saepHbIX aBapusx Ha YepHoObIbCKON 1 Pykycumckoi
A3C Bribpoc ¥Cs conposoxaancs Beibpocom **Cs (T, 2=
2,06 ropga; amanas3oH SHeprun ramma-unanydeHns E = 242-
1365 kaB), koTopbIli Takke CyLLIeCTBEHHO BAMSN Ha MOLL-
HOCTb [103bl raMMa-n3y4eHnst B BO3Ayxe 1 A03Y BHELIHEro
001y4eHNs1 HaceneHusi, NMPOXMBAIOLLEro Ha 3arpsi3HEHHbIX
Tepputopusix [8, 9].

WccneposaHus, NpoBeAeHHbIE B Pa3HbIX CTPaHax nocne
YepHoObINbCKOM aBapun, MNPOAEMOHCTPMPOBaNM  3HAYK-
TesIbHYI0 MPOCTPAHCTBEHHYIO 1 BPEMEHHYI0 BaprabenbHOCTb
BEPTUKAIbHOrO pacnpeneneHvst paamoakTUBHOMO Le3nst B
npodwune no4Ysbl U PE3yNbLTUPYIOLLE MOLLHOCTM 003bl ram-
Ma-n3ny4yeHns B BO34yXe Ha LeNMHHbIX yyacTkax [2, 10-15].
Bnusiowpmmn daktopammu Moryt ObiTb aTMOCHEPHbIE YCI0-
BMS BO BPEMS BbINaAEHWN (BNAXHbIE UM CyXue BbiNageHus),
dun3nKo-xmmmuyeckas Gopma BbiNageHnin, CBONCTBA MOYBbI,
AKTMBHOCTb MOYBEHHON (ayHbl U UCMOJIb30BAHNE 3EMIIN Ye-
10BEKOM. TeM He MeHee, Ha OCHOBE MHOMOYMCIIEHHBIX SMMK-
pUYECKMX JaHHbIX, COOpaHHbIX nocne YepHobbINbCKOM aBa-
pun, yaanocb paspaboTtaTtb 006LLYI MOAEeb, ONMChIBAIOLLYIO
OMHAMUKY MOLLHOCTM KePMbl B BO3AYXE AN OTKPbIThIX LLESNH-
HbIX TEPPUTOPUIA, PACTOJSIOXEHHBIX HA Pa3HbIX PACCTOSHUSX
oT YepHobbinbekon ASC [2, 3, 16, 17]. B kayecTBe Havanb-
HOro pacnpeneneHns PaaMoHyKIMA0B B MOYBE NPY BAAXHbIX
BbiNageHusx Obin BbiOpaH GECKOHEYHbIN MNOCKMIA N30TPOon-
HblA UCTOYHMK, 3KPAHWPOBAHHBIA CNOEM MOYBbI TOMLMHOM
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0.693 0.693

xt) + p, xexp(—

1 2

r(t) = p, xexp(- xt). (1)

where p,, p,, T, and T, are empirically-derived constants
and tis the time (years) elapsed after the deposition.

For the aerosol form of caesium in fallout in Japan after
the accident at the Fukushima-1 NPP, the following parameter
values were proposed for Eq. (1): p, = 0.5, p,=0.5,T,=1.5
years, and T, =50 years [8, 18].

The model of the reduction of the gamma dose rate in air
due to radiocaesium vertical migration in undisturbed soils
has remained unchanged in the UNSCEAR 2016 report [5].

The main objective of this study was to test the applicabil-
ity of the UNSCEAR model [8, 18] to describe the dynamics of
gamma-radiation dose rate in air from the radioactive caesium
deposition in virgin soils outside Japan, in the southern part of
Sakhalin Region (Russia), after the Fukushima accident. For
this purpose, we calculated kerma rates in air using experi-
mental data obtained by Ramzaev et al. [19-21] on the verti-
cal distribution of radiocaesium in grassland soils on the is-
lands of Kunashir, Shikotan and Iturup in 2011 and 2012. The
same method was used to estimate the air kerma rate from
the '¥’Cs deposited in these soils before the Fukushima acci-
dent. Finally, we estimated the influence of grassy vegetation
cover on the kerma rate in air.

Materials and methods

Study area

The surveyed grasslands are located in the southern
part of Kunashir Island, on the western and eastern sides of
Shikotan Island, and on the eastern side of lturup Island (see
Fig. 1in [20]) at a distance of 800—1050 km to the north—east
from the Fukushima-1 NPP. Geographical coordinates and a
brief characteristic of the sites surveyed by three expeditions
of the Federal Service for Surveillance on Consumer Rights
Protection and Human Well-Being (Rospotrebnadzor) on the
Kuril Islands in 2011-2012 were provided in [19, 20].

This region has a moderate monsoon climate. In the
2011-2012 period, the average annual temperature for indi-
vidual islands varied from 5.3 °C to 6.0 °C and the annual pre-
cipitation ranged from 1050 mm to 1570 mm. Detailed data
on the main climatic characteristics of the region are given in
[20].The meadow-turf soils and black humus soils are com-
mon under meadows on the southern Kuril [22].

Overview of the source data for calculation of air kerma

Radionuclides from Fukushima fallout were first detected
ontheisland of Kunashirat 14—-17 March 2011 [23]. Therefore,
the 15 March 2011 was selected as a reference date for the
onset of the radioactive contamination of the southern Kuril
Islands after the Fukushima accident [19, 20].

Soil sampling was conducted [19, 20] during the three time
periods: in mid-May 2011 (10 plots), in September—October
2011 (12 plots) and in September 2012 (6 plots). In May 2011,
a solid grass-soil block with an area of 20 x 20 cm and a thick-
ness of 4 cm was cut from the wall a hole at each of 10 plots.
The block was fractionated into horizontal layers of 0-1 cm
(including the covering vegetation), 1-2 cm and 2-4 cm. In
September-October 2011 and in September 2012, a 20-cm
long dismountable sampler was used to obtained cores from

0,5 r/cm? [3, 11, 16]. Ona Takoro MUCTOYHMKA pacyeTHoe
3Ha4yeHne HOPMann30BaHHOW MOLLHOCTU KEPMbl B BO3OYXE
cocTtaenseT 1,72 n 4,68 (HIp/4)/(kBk/M?) ana '¥’Cs+3"mBa 1
134Cs cooTBeTCTBEHHO (cM. Tabnuuy 1 B [18]). NMocnenywoliee
YMEHbLUEHNE MOLLHOCTM A03bl B BO34yXe CO BPEMEHEM 13-
3a BEPTUKAIbHOW MUrpaumy paguoHykIvaoB B noyse (6e3
yyeTa pafMoakTMBHOrO pacnaza) MoXeT ObiTb NpeacTasne-
HO PyHKLMeN ocnabneHns MOLWHOCTY KEPMbI B BO3yXe, 1(t),

I3, 16]: 0.693 0.693
r(t) = p, xexp(————xt)+ p, xexp(——

x1), (1)

raep,, p, T, n T, - 3MNUPUYECKM NOJTYHEHHbIE KOHCTaHTbI,
at - Bpems (roabl), npoLeallee Nocsne BbinageHni.

[ns aspo305bHON GOPMbI LLE3KS B BbINaAEHUSAX B ANOHUM
nocne asapum Ha ASC «Dykycrma-1» GblIM NPensioXeHsbI
crefylowme 3Ha4yeHns napameTpos B ypasHeHun (1) p, =
0,5,p,=0,5T,=1,5ronan T,=50 et [8, 18]. Moaenb cHu-
XEHUs1 MOLLHOCTU [03bl FraMMa-u3nyyeHnss B BO3ayxe, 00-
YCIOBIEHHOIrO BEPTUKANBbHOM MUrpauven pagnoakTMBHOIO
Le3nsi B LEINHHBIX MOYBaX, OCTanacb HEM3MEHHOW B OTHETE
HKOAP OOH 3a 2016 ropg, [5].

OcHoBHas Lieflb 4aHHOro UccnefoBaHnsa COCTosIa B TOM,
4yTO6LI MPOBEPUTL NPUMeHUMOCTb Moaenu HKAAP OOH [8,
18] ona onvcaHus AMHAMMUKM MOLLHOCTM A03bl FaMMa-mn3ny-
YeHust B BO3AyXe OT BbIMaOEHUI PAANOAKTUBHOMO Le3ns Ha
LennHHoM noyse nocne Mykycumckor asapun 3a npegenamm
TeppuTOpUN ANOHMM, B I0XHOM YacTn CaxannHckon obnactu
(Poccua). Ing 3TOro Mbl paccymMtany MOLLIHOCTb KEPMbl B
BO3/yX€, UCMOJb3ys SKCMNEPUMEHTASIbHbIE AAHHbIE, MOJTyYEH-
Hble Ramzaev et al. [19-21] B 2011 n 2012 rogax no Beptu-
KanbHOMY pacnpegeneHunio PaanoakTUBHOMO LIe31s B MO4BaX
Ha nyrax octposoB KyHawwwmp, LLnkoTan n Utypyn. Tem xe me-
TOA0M Oblna oLeHeHa MOLLIHOCTb BO3AYLLHOM kKepMbl 0T '¥7Cs,
HaKOMMBLLErocs B 3TMX noysax Ao Pykycumckoin aBapuu.
HakoHeL, Mbl OLLeHUIN BNUSIHUE TPABAHOIO PACTUTENILHOMO
NMOKPOBA HAa MOLLIHOCTb KEPMbI B BO3AYyXeE.

Marepuanbi 1 meTogbl

O6nacTb uccnenoBaHus

O6cnefoBaHHbIE Jlyra PacrosioXeHbl B HOXHOW 4acTu
ocTpoBa KyHawmp, Ha 3anagHOM M BOCTOYHOM CTOPOHax
ocTtpoBa LUukoTaH, a Takke Ha BOCTOYHOIN CTOPOHE OCTPOBA
Ntypyn (cMm. pucyHok 1 B [20]) Ha paccTosiHum 800—-1050 km
k ceBepo-BocToky oT ASC «Pykycuma-1». leorpaduyeckme
KOOpAMHATLI 1 XapakTepucTmka y4acTKoB, 06CnefOoBaHHbIX
Tpems akcnegnunsmm depepansbHol cnyx6bl No HAA30pPY B
chepe 3aWmThl NpaB nNoTpedbutenen n Gnarononyyns 4eno-
Beka (PocnoTpebHansop) Ha Kypunbckux octpoBax B 2011-
2012 rr., npuBeaeHsbl B [19, 20].

JaHHbIA PErnMoH UMEET YMEPEHHbI MYCCOHHbIA Kin-
mart. B nepmog 2011-2012 rr. cpegHerogoBas Temnepartypa
ONs OTOeNbHbIX OCTPOBOB Konebanack o1 5,3 °C oo 6,0 °C,
a rogosoe konmyectso ocankoB — oT 1050 mm go 1570 mm.
MoppobHble JaHHble 06 OCHOBHBLIX KAMMATUYECKUX Xapak-
TepucTukax pervoHa npveegeHsl B [20]. Ha nyrax KOxHbix
Kypun pacnpoctpaHeHue MMeIoT NyroBo-AEePHOBbLIE U TyMy-
COBble NMoYBbI [22].
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the topsoil after cutting off the grassy vegetation. Ten cores
were collected at each plot. The soil core taken was cut into
slices of 1 cm thick for the top 5 cm and of 5 cm thick for a
depth of 5-20 cm. Wet and dry mass was determined for each
soil sample. Activities of '*’Cs and '3*Cs in the soil samples
were determined by gamma-ray spectrometry using high-
purity germanium (HPGe) detectors. Activity concentrations
of '¥”Cs and "*Cs were also determined in vegetation (mixed
grass crop) collected at each plot in autumn 2011 and 2012
[19, 21].

The ratio of 1:1 between activities of *’Cs and **Cs in
Fukushima fallout (as of 15 March 2011) was used to calcu-
late the contribution of '¥’Cs fallout after the accident at the
Fukushima-1 NPP to the total inventory of '*’Cs accumulated
as a result of atmospheric nuclear tests (global fallout), the
Chernobyl accident (Chernobyl fallout) and the Fukushima
accident (Fukushima fallout) [19]. The maximum intensity
of global fallout from nuclear weapon tests was observed in
1963 [6].

The term “pre-Fukushima '¥’Cs” is used below to refer
to '¥’Cs accumulated in the environment as a result of glob-
al and Chernobyl fallout that preceded the accident at the
Fukushima-1 NPP. Chernobyl-derived '¥’Cs accounts for ap-
proximately 4% of the total activity of pre-Fukushima "*"Cs in
the grassland soils in the Sakhalin region [19].

The summary statistics on sampling depth, water content
in soil and current (as of the date of sampling) inventory of
187Cs and "**Cs in soil are provided in Table 1.

0O630p MCXO[HbIX AaHHbIX 715 pACHETa BO3AYLLIHON KEPMb]

PapuoHyknuapl dykycUMCKUX BbinafeHuin Gbinn Bnep-
Bble 3aperncTpmpoBaHbl Ha ocTpoBe KyHawmnp 14-17 map-
Ta 2011 . [23]. NMostomy 15 mapTta 2011 r. 6610 BbIGPAHO
HaMKn B Ka4yecTBe AaTbl Ha4Yana paaMoakTUBHOIO 3arpsiaHe-
HUS 0XXHBbIX KypunbCknx OCTPOBOB nocne aBapum Ha ASC
«Pykycuma-1» [19, 20].

OT160p Npob nousbl [19, 20] NpoBOAUNN B TEYEHNE TPEX
neproaoB BpeMeHn: B cepeante mast 2011 r. (10 yyactkos),
B CeHTsbpe — okTabpe 2011 . (12 yyacTkoB) 1 B ceHTAOpe
2012 r. (6 yyacTkoB). B mae 2011 r. Ha kaxaom n3 10 yyacT-
KOB Oblfl Bblpe3aH TPaBAHO-MOYBEHHbLIN 670K MIOWaA6o
20x20 cm n TonwmHOM 4 cm. Bnok pasgensnu Ha ropusoH-
TanbHble cnon 0—1 cMm (BKIKOYASA MOKPLIBAIOLLYIO PACTUTENb-
HOCTb), 1-2 cm 1 2-4 cm. B ceHTabpe — okTsi6pe 2011 . 1
B ceHTs6pe 2012 . ans otbopa KEPHOB M3 BEPXHEro Cnos
MoYBbI MOC/E CPe3aHnst TPaBsSHOW PaCTUTENBHOCTU UCMOJb-
30Bann Pa3bopHbI NPOOOOTOOPHUK AnnHoM 20 cm. Ha kax-
[.OM yyacTke 0T6mpanock Nno AecsTb KEPHOB. 3BneyeHHble
KEPHbI paspesanu Ha CAov TOALWMHOM 1 CM AN19 BEPXHUX 5 CM
W TONLWMHON 5 cm ansa rmy6uHbl 5-20 cm. s kaxaoro obpas-
L2 NoYBbl ONPEAENANN BAAXHYIO 1 CYXyto Maccy. AKTUBHOCTb
87Cs 1 '**Cs B npobax no4yBbl ONpeaesnsam raMmma-crnekTpo-
METPUYECKMM METOLOM C WCMOJIb30BaHWEM TMOJyrnpoBo-
OHVKOBbIX AETEKTOPOB U3 0c060 unctoro repmanus (HPGe).
YpenbHble akTuBHOCTU ¥7Cs 1 '3*Cs 6blIn Takxe U3MepeHbl
B PacTUTENbHOCTU (Pa3HOTpaBbe), COOPAHHON Ha KaxaoMm
yyacTtke oceHbto 201112012 rr. [19, 21].

Table 1

Sampling depth, moisture content and inventory of radiocaesium for soil samples from grassland plots surveyed on the islands
of Kunashir, Shikotan and Iturup in May and September—October 2011, and in September 2012 (derived from [19, 20])

[Tabnmua 1

Tny6uHa npo6ooT6opa, coaepxaHue Baru v 3anac paguouesus asd npos No4Bbl, 0TOGPaHHbIX HA JTYrOBbIX y4aCTKax OCTPOBOB
KyHawwmp, lLivkotaH u UTypyn B mae u ceHTa6pe — okTa6pe 2011 r. u B ceHTs6pe 2012 r. (no gaHHbim [19, 20])]

Sampling depth (g cm)

Inventory in soil (Bq m2)* [3anac B no4se (bk/m?)*]

[y6uHa npo6ooT6opa Moisture
Parameter (r/om?)] content (%) ¥Cs
[MapameTp] [ConepxaHune 1340g - -
w.w. [5.5] dw. [C.5.] gnaru (%)] Total Fukushima Pre-Fukushima
R TR [Cymma] [Dykycumcknin] [Lodykycumeknii]
May 2011 (n =10) [Main 2011 r. (n =10]
Minimum 2.02 1.22 40 50.1 126 52.6 55.8
[MyuHUMyM]
Maximum 7.42 3.82 57 147 1160 155 1090
[Makcumym]
Median 3.94 2.09 47 67.0 399 70.5 270
[Menwnana]
Mean [CpeaHsisi] 4.25 2.25 47 77.4 453 81.5 371
SD[C.0.] 1.55 0.82 5 28.9 296 30.4 297
September—October 2011 (n = 12) [CeHT6pb — 0kTAOPL 2011 1. (n = 12)]
Minimum 20.08 7.20 21 53.0 428 62.8 289
[MyuHUMyM]
Maximum 31.96 25.31 66 119 3150 141 3050
[Makcumym]
Median 25.81 14.82 40 86.9 2310 103 2230
[MeaonaHa]
Mean [CpeaHsisi] 25.91 15.07 43 89.6 2140 106 2040
SD[C.0.] 4.00 5.20 13 19.2 889 22.9 895
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OkoH4aHve Tabnubl 1

Sampling depth (g cm™)

Inventory in soil (Bq m2)* [3anac B nou4se (bk/m?)*]

[My6uHa npoGooT6opa Moisture
Parameter (r/cm?)] content (%) 187Cs
[MapameTp] [ConepxaHune 1340g - -
w.w. [5.5] dw. [C.B.] Bnarv (%)] Total Fukushima Pre-Fukushima
R TR [Cymma] [®ykycumcknii] [Aodykycrmcknin]
September 2012 (n = 6) [ceHT0pb 2012 . (n = 6)]
Minimum 19.20 9.31 29 55.1 1020 89.0 904
[MyuHUMyM]
Maximum 29.10 20.26 52 69.6 3280 113 3180
[Makcumym]
Median 24.55 15.30 34 60.3 2570 97.0 2480
[Meguana]
Mean [CpegnHsisi] 24.39 15.27 38 61.2 2370 98.7 2270
SD[C.0.] 4.16 4.51 10 5.0 889 8.1 896

* — the inventory of radionuclide in soil is given on the date of sampling;

w.w. — wet weight;

d.w. — dry weight;

n — number of plots sampled;

SD - standard deviation.

[ * — 3anac paguoHyknuaa B noyBe NpuMBEAEH Ha AaTy oTbopa nNpoob;
B.B. — BNTaXHbIli BEC;

C.B. — CyXOW BEC;

N — 4yncno onpobOBaHHLIX YHACTKOB;

C.0. — cTaHZapTHOE OTK/IOHEHME. ]

In May 2011, the sampling depth was very shallow and it did
not exceed 7.5 g cm2 (wet weight, w.w.). However, based on the
vertical distributions of '**Cs given in [19], one might reasonably
assume that the upper 4 cm of soil contained almost 100% of
the total Fukushima-derived radiocaesium deposit within the
ground; 90% of this inventory was contained in the upper 1 cm
layer. At the same time, the sampling depth of 4 cm was clearly
insufficient for obtaining information on the actual inventory of
pre-Fukushima '*"Cs in the areas surveyed in spring 2011 [19].

The average sampling depth in autumn 2011 and 2012
was about 25 g cm= (w.w.), which corresponded to a soil
density of approximately 1.25 g cm= (w.w.). This was lower
by 22% compared to the value of 1.6 g cm (w.w.), which was
adopted in the 2000 UNSCEAR report [6] as a representative
value of soil density in situ. The moisture content in the soils
from Kuril Islands was rather high: on average about 40%. This
value was two times higher than the representative worldwide
value of ~19% for soil moisture content [6].

For all plots surveyed in fall 2011-2012, the upper 5-cm layer
of soil contained the entire inventory of Fukushima-derived radio-
caesium. On average, 87% and 67% of the inventory was asso-
ciated with the upper 1-cm layer in 2011 and 2012, respectively
[19, 20]. Two examples of the vertical distribution of Fukushima-
derived "*"Cs in soil sampled in 2011 are presented in Fig.1.

The sites sampled in the autumn months of 2011-2012
can be divided into two categories based on the vertical distri-
bution and value of pre-Fukushima '*’Cs inventory [19, 20]: 1)
uncultivated pastures and virgin lands (reference group) and
2) cultivated pastures and meadows exposed to other anthro-
pogenic and natural factors (non-reference group). Examples
of the vertical distribution of pre-Fukushima '¥’Cs in soil for
the two groups are presented in Fig.1.

For quantitative comparison of the vertical distributions
of pre-Fukushima and Fukushima-derived radiocaesium in
soil, the mean migration depth of the radionuclides in soil (for

CooTHoweHre 1:1 mexay aktuBHocTaMmu '¥Cs u '#Cs
B (PYKYCMMCKMX BbINaZEHUsAX (N0 COCTOsSHMIO Ha 15 mapTta
2011 r.) ncnonb3oBanocb 4S9 pacyeTa BKiada BbinageHui
8’Cs nocne aBapum Ha ASC «Pykycuma-1» B obwmii 3a-
nac '¥’Cs, HaKOMMBLUErocsl B pesynbtate sOepHbIX UCMbl-
TaHui B atMocdepe (rnobanbHble BbiNaaeHUs), aBapum Ha
YepHoObinbekolt ASC (4epHOObIIbCKME BbINaaeHus) 1 aBa-
pun Ha ASC «Pykycuma-1» (Pykycumckue Boinagenus) [19].

MakcumanbHasi UHTEHCMBHOCTb M06GasibHbIX BbiNafeHuin
Habnopanace B 1963 . [6].

TepMuH «godbykycumckuii ¥7Cs» 1Crnonb3yeTcs Huxe
ons 0603HaveHus '¥’Cs, nonasLLEro B OKPYyXatoLlylo cpeay
B CaxanunHckoi o6nactu B pedynbrare rnobanbHbIX 1 YePHO-
ObINbCKMX BbiNaAeHui, NpeaLecTeoBaBLUNX aBapun Ha ASC
«Pykycuma-1». [onsa yepHobbuibckoro '¥’Cs cocrtaBnsieT
npubananTensHo 4% oT obLen akTMBHOCTY 00DYKYCUMCKO-
ro '¥’Cs B nyroBbix no4sax B CaxanmHckoit obnactu [19].

CBopHas ctatucTmka no rnybuHe otbopa npob, copepxa-
HWUIO BOAbI B MOYBE M TEKYLUMM (Ha AaTy otbopa npob) 3ana-
caM "¥’Cs 1 '**Cs B no4se npeacTassieHa B Tabnuue 1.

B mae 2011 roga rmybuHa otbopa npob Obina O4eHb He-
6onbLUOl 1 He npeBblwana 7,5 r/cm? [BnaxHblin Bec (B.B.)].
OpHako, OCHOBbLIBasICb Ha BEPTMKAsIbHbIX PacnpeneneHnsx
134Cs, npuBeneHHbIx B [19], MOXHO 060CHOBAHHO MPEAnoso-
XWTb, 4TO BEPXHME 4 CM NoyBbl cogepxanu noytn 100% ot 06-
Liero 3anaca gpykycmMmckoro paauoLeaus B rpyHte; 90% atoro
3anaca coaepXxanock B BepxHeM 1-cm cnoe. B To xe Bpemsi
rny6uHbl 0T60pa B 4 CM ObINO IBHO HEAOCTATOYHO AJ1s MOSy-
YyeHus nidopmaumm 0 dakTnyeckom 3anace 4ODYKYyCMMCKOro
37Cs Ha yyacTkax, o6cnenoBaHHbIx BecHon 2011 1. [19].

CpepHsisi rnybuHa otbopa npob oceHbio 2011 n 2012 .
cocTaBnana okono 25 r/cm? (B.B.), 4TO COOTBETCTBOBA-
710 NJIOTHOCTM MOYBbI, paBHol nNpubnusutensHo 1,25 r/cm?
(B.B.). OTO HMXE Ha 22% NO CPaBHEHMIO CO 3HaYeHnem 1,6 r/
cM2 (B.B.), KoTopoe npuHaTo B oT4eTe HKAAP OOH 3a 2000 .
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Fig. 1. Depth distribution of pre-Fukushima '*’Cs (pre-F) and Fukushima-derived '*’Cs (F) in the upper 20 cm layer of soil sampled at
reference plot Shi-4 (a) and at non-reference plot Shi-2 (b) on Shikotan Island in October 2011. The total inventories of pre-Fukushima '*’Cs
and Fukushima-derived '*’Cs are, respectively: 3020 Bq m=2 and 120 Bq m~2 for plot Shi-4, and 289 Bq m=2 and 139 Bg m~2 for plot Shi-2.
The depth is expressed in the term of mass depth and it is presented on wet (fresh) weight basis. BDL — below detection limit. The figure is
constructed based on data from the publication [19]

[Puc. 1. BepTukanbHoe pacnpegeneHue godpykycmumckoro '*’Cs (pre-F) n dpykycumckoro *’Cs (F) B BepxHeM 20 CM CO€e MoyBbI,
oTobpaHHol Ha pedepeHTHOM yyacTke Shi-4 (a) n Ha HepedepeHTHOM ydacTke Shi-2 (b) Ha ocTpoBe LUnkoTaH B okTa6pe 2011 1
CymmapHblie 3anacsl foodykycumckoro ¥’Cs u ¢pykycumckoro ¥’Cs coctasnsaot 3020 Bk/m? n 120 Bk/m? Ha yyacTke Shi-4 1 289 Bk/m? and
139 Bk/M? Ha yuyacTtke Shi-2 cOOTBETCTBEHHO. [MyOMHA BbIPAXaAETCS B TEPMUHAX MACCOBOW MMyOVHbI 1 AEeTCS Ha BIAXHbIN (CBEXUIA) BEC.
BDL - HuXe npeaena oeTekTMpoBaHus. PUCYHOK MOCTPOEH Mo AaHHbIM paboTsl [19]]

a brief review on this quantity see [15]) was calculated. The
mean migration depth of “new” Fukushima-derived *’Cs was
systematically and significantly smaller when compared with
that of “aged” pre-Fukushima '*’Cs [20].

Calculation of air kerma rate

The detailed data on the vertical distribution of radiocaesi-
um in the grassland soils on Kuril Islands [19, 20] have allowed
us to obtain the values of the air kerma using the calculation
results [24] for gamma ray dose in the air due to sources in
the ground. In accordance with the model described in [24], it
was assumed that the radionuclide activity within each layer of
soil (and in the aboveground vegetation layer) was presented
in the form of a flat infinite isotropic source located in the mid-
dle of the layer. A depth of the source is expressed in terms of
wet weight, g cm2. To provide data for possible further com-
parisons with results from other studies, dry mass depth was
also taken into consideration.

Calculation of air kerma rate, nGy h-', from Fukushima-
derived '¥"Cs and pre-Fukushima '*¥’Cs at a height of 1 m
above the ground was carried out for each layer of soil us-
ing tabulated transfer coefficients provided in [24]. The coef-
ficients had been calculated by Saito and Jacob [24] for the
following composition of soil: SiO, - 56%, Al,O, - 16%, Fe,O,-
8%, H,0 - 20%. The air kerma rate from '3*Cs was calculat-
ed by multiplication of the air kerma rate from Fukushima-
derived ¥"Cs by the factor of 2.72 (= 4.68/1.72; see above
and in [18]).

Previously, this model of calculation of the air kerma was
verified by means of comparison with an alternative calcula-
tion method [25] and with the results of direct measurements
of the gamma dose rate in air at grasslands in the Bryansk re-
gion contaminated with '*’Cs as a result of the Chernobyl acci-
dent [13]. In general, the differences between the results ob-
tained by these two methods of calculation were within £3%.

[6] B KayecTBe penpe3eHTaTUBHOrO MMOOANbLHOrO 3Haye-
HUSt MNOTHOCTU NMOYBhI in Situ. CopepxaHve BRarn B NO4Bax
Kypunbckmx 0CTPOBOB 6bl10 LOBOJILHO BLICOKVMM: B CPELHEM
okoso 40%. 3To 3HayeHne ObIIo B ABa pa3a 60sibLue No cpaB-
HEHWIO C NPeLCTaBUTENbHOW rnobanbHON BennymHon ~19%
Ons cogep>xaHns Bnaru B noyse [6].

Ha Bcex y4actkax, obcnemoBaHHbIX oceHblo 2011 u
2012 rr., BEpPXHU 5-CaHTUMETPOBBIN COM NOYBbI COAEPXa
BeCb 3anac dykycumckoro paguouesus. B cpegHem 87% un
67% 3anaca Oblfo CBA3aHO C BepxHUM 1-cm cnoem B 2011
r. n 2012 r. cootBeTcTBeHHO [19, 20]. ABa npumepa BepTU-
KanbHOro pacnpeneneHns pykycumckoro '*’Cs B no4se, 0To-
OpaxHoi B 2011 ., npeacTaBneHbl Ha pucyHke 1.

YuacTku, obcnenoBaHHble B OCeHHME Mecsiubl 2011 un
2012 rr., MOXHO pa3fenvTb Ha OBE KaTeropum Ha OCHOBE
BEPTMKAIbHOIO pacnpeaeneHuns 1 3Ha4eHuns 3anaca fodyky-
cumckoro ¥7Cs [19, 20]: 1) HekynbTUBMPYEMblE NacTouLLa 1
LeNIMHHbIE 3eMnu (pedepeHTHas rpynna) n 2) KynsTuemupye-
Mble nacTouLLLa 1 nyra, NoABEPXXEHHbIE BO3AENCTBUIO APYINX
AHTPOMOreHHbIX 1 NPUPOAHLIX GaKTOPOB (HepedepeHTHas
rpynna). Mpumepsbl BEPTUKaNbHOro pacnpeaeneHns oodyky-
cumckoro '¥7Cs B noyBe A/ 9TvX ABYX Fpynn npuBeaeHsl Ha
pucyHke 1.

[Ons KONM4eCTBEHHOrO CpPaBHEHUS BEPTUKAbHbLIX pac-
npeneneHnin 40pyKyCcMMCKOro n GykycMmMCcKoro pagnouesns
B noyse Oblna paccumTaHa cpegHss rnybuHa mMurpaumm pa-
JVIOHYK/IMZIOB B NOYBE (419 KpaTkoro 063opa aToi BENMYUHDI
cMm. [15]). CpenHsas rnybuHa Murpaumm «HOBOro» yKyCUm-
ckoro '¥’Cs Obina cUcTeMaTUYeckn HaMHOro MeHblle, Yem
«cTaporo» godykycumckoro '3’Cs [20].

Bbiuvcnexne moLyHocT BO3[YLLUHOV KEPMbI

MoapobHble AaHHble O BEPTUKANIbHOM pacnpeneneHum
pPaaroaKTUBHONO Le3us B IyroBbIx No4Bax KypuibCkux 0CTPo-
BOB [19, 20] N03BOANAM HAM MONYYNUTb 3HAYEHUS BO3AYLUHOM
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The calculated air kerma rates correlated with the measured
absorbed dose rates in air very well. For large grassland plots,
the measured dose rates were found to be on average 6% less
than the calculated kerma rates. The calculation method used
in this work is described in more detail in [13, 26].

Statistical analysis

Differences between groups were evaluated using the
non-parametric Kruskal-Wallis and Mann-Whitney tests.
The non-parametric Spearman correlation coefficient, Rsp,
was used to evaluate an association between variables.

Results and discussion

Absolute kerma rate in air

Table 2 provides summary statistics for results of calcu-
lation of absolute air kerma rates from radiocaesium, based
on the radioactivity inventory and its vertical distribution in wet
soil.

KepPMbl, UCNONb3ys pe3ynbTaTbl pacyeToB A03bl ramMma-u3s-
JlyyeHus B BO3Ayxe OT UCTOYHMKA B 3emne [24]. B cooTBeT-
CTBUM C MOJESbIO, U3/TOXEHHOW B paboTe [24], npeanonara-
JIOCb, YTO @KTUBHOCTb PAAVMOHYKINAO0B B K&XA0M CJ10€ MOYBbI
(v B HAI3€MHOM pacTUTENBHOM croe) bbina npeacTaBseHa B
BUAE MI0CKOro 6€CKOHEYHOr0 M30TPOMHOr0 UCTOYHMKA, pac-
NMOMOXEHHOro B cepefiMHe cnos. MmybuHa 3aneraHvs NcTou-
HUKa BblpaXeHa B TEPMUHAX BNaXKHOW Macchl (r/cM?). YToObl
NpefoCTaBUTb AaHHbIE 4151 BO3MOXHbIX AaslbHENLIMX cpaB-
HEHWI C pe3ynbTaTamu APYrux UccnenoBaHui, Obina Takke
yyTeHa rnyburHa B TEpMMUHAX Cyx0i Macchl (r/cm?).

PacyeT MOLHOCTM BO3AYLIHOM KepMbI (HIp/4) OT fody-
KYCMMCKOro 1 ¢ykycmumckoro '*’Cs Ha BbicoTe 1 M Haj, 3eM-
new OblN BbINOMHEH ANS KAXA0r0 Cosi MOYBbI C UCNOJIb30Ba-
HUeM TabnnyHbIX KO3 DULMEHTOB NEPEXOa, BbIYUCIIEHHbIX
Saijto n Jacob [24] anga cnenytouero cocrasa noysbl: SiO,
- 56%, AL,O, - 16%, Fe,0, - 8%, H,0 - 20%. MowHoCTb
BO3/yLLIHOW KEPMbI FraMMa-un3nyyeHus **Cs Oblna paccumTa-
Ha MNyTemM YMHOXEHUS MOLLHOCTY BO34YLLIHOM KEPMbl raMma-

Table 2

Contribution of Fukushima-derived radiocaesium and pre-Fukushima '3’Cs to the total air kerma rate due to the radionuclides
deposit in soil at grassland plots sampled on Kunashir, Shikotan and Iturup Islands in 2011 and 2012

[Tabnvua 2

Bknap, ¢ykycumckoro paguoueaus u aogpykycumMmckoro '*’Cs B 06Lyi0 MOLLHOCTb BO3AYLUHOWM KEPMbl OT 3TUX PaaUOHYK/INLO0B,
3aneraoLux B NoYBe JIYyroBbiX y4aCTKOB, ONpoGoBaHHbIX Ha ocTpoBax KyHawwmp, LLukotaH u UTypyn B 2011 r.n2012r.]

Air kerma rate (nGy h') [MoLuHOCTb BO3ayLLHOM kKepMbl (HIp/4)]*

Parameter Fukushima-derived radiocaesium [®ykycumckuin Pre-Fukushima'®’Cs Fukushima contribution (%)
[MapameTp] paavouesnii] [LlodbyKycumcKnii Total [Bknag dykycumbl (%)]
157 [Cymma]
187Cg 134Cg 134Cg+187Cg Cs]
May 2011 (n=10) [Main 2011 . (n =10]
Minimum 0.09 0.22 0.31 0.08 0.44 23
[MuHnmym]
Maximum 0.25 0.64 0.87 1.45 1.89 85
[Makcumym]
Median 0.12 0.32 0.44 0.34 0.90 60
[Mepnana]
Mean 0.13 0.35 0.48 0.45 0.93 57
[CpenHsis]
SD[C.o0.] 0.05 0.13 0.18 0.40 0.43 18
September-October 2011 (n = 12) [CeHT6pb — 0kT6pb 2011 . (N = 12)]
Minimum 0.11 0.25 0.36 0.16 0.90 14
[MuHuMmym]
Maximum 0.22 0.52 0.74 3.33 3.99 82
[Makcumym]
Median 0.16 0.37 0.54 1.03 1.51 31
[Mepnanal
Mean 0.17 0.38 0.55 1.40 1.95 35
[CpenHsia]
SD[C.0.] 0.04 0.08 0.12 1.00 1.00 20
September 2012 (n = 6) [CeHTa6pb 2012 1. (n = 6)]
Minimum 0.12 0.20 0.31 0.63 0.99 14
[MuHUMyM]
Maximum 0.19 0.32 0.50 2.82 3.27 40
[Makcumym]
Median 0.15 0.25 0.39 1.24 1.56 22
[Mepnana]
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OkoH4aHue TabnuLbl 2

Air kerma rate (nGy h™') [MowHOCTb BO34YLLUHOM KepMbl (HIp/4)]*

Parameter Fukushima-derived radiocaesium [®ykycumckuii Pre-Fukushima'®’Cs Fukushima contribution (%)
[MapameTp] paauoLesunii] [LodbyKyCUMCKHii CTotaI [Bknag dykycumsl (%)]
1970g 1340g 1340g+137Cg ¥7Cs] [Cymmal
Mean 0.15 0.25 0.40 1.40 1.80 25
[CpenHsia]
SD[C.o.] 0.03 0.05 0.08 0.80 0.82 11

* — the kerma rate in air is given for wet weight of soil on the date of sampling;

n — number of plots sampled;
SD - standard deviation.

[* — MOLLHOCTbL BO3AYLLHOM KEPMbI MPUBEAEHA AJ151 BNAXHOK NOYBbI HA AaTy 0TOopa npoob;

N — 4Kcno onpoHOBaHHBIX Y4ACTKOB;
C.0. — cTaH#apTHOE OTKIOHEHME. ]

The air kerma rate from pre-Fukushima *"Cs for individual
plots ranged widely between 0.1 and 3.3 nGy h™'. The lowest
values were determined for sites surveyed in May 2011. It can
be explained by the fact that the depth of 4 cm for soil samples
was not sufficient for assessing the total inventory of pre-Fu-
kushima ®*"Cs in soil and the gamma dose rate in air. The high-
est kerma rates in air were calculated for the virgin grasslands
(the reference group) where the upper 20 cm of soil appeared
to contain almost 100% of the total '*’Cs inventory.

The kerma rates in air from Fukushima-derived '*’Cs
showed a difference with a factor of three between a mini-
mum of 0.09 nGy h~' and a maximum of 0.25 nGy h~', which
reflected the variability of the radionuclide inventory in soil
(a range = 53-155 Bg m=2). On average, Fukushima derived
134Cs+'%7Cs contributed 35% and 25% to the total kerma rate
from radiocaesium in autumn 2011 and in autumn 2012, re-
spectively. The average ambient dose equivalent rate (from
natural radionuclides, radiocaesium and cosmic radiation) at
an open field on Kunashir Island and Shikotan Island in May
2011 was measured as 28 nSv h~'and 35 nSv h™', respectively
[27]. Hence, radiocaesium contributed less than 10% to the
total gamma dose rate in airin 2011-2012.

It is expected that by 2019-2020, the average air kerma
rate from radiocaesium present in the environment due to all
radioactive fallout will decrease to about 1.3 nGy h~" because
of the physical decay of **Cs and *’Cs. The contribution of
radioactive caesium to the total gamma dose rate in air will not
exceed 5%.

Normalised air kerma rate from '3Cs

Normalized air kerma rate from Fukushima-derived '¥’Cs
showed a time-dependent decreasing trend: 1.66 £ 0.17 nGy
h-'perkBgm=2inspring 2011, 1.56 £0.11 nGy h~' per kBq m~2
in autumn 2011, 1.48 £ 0.22 nGy h~' per kBg m2 in autumn
2012 (Table 3). Mean migration depth of Fukushima-derived
¥7Cs had an opposite trend: 0.68 £ 0.26 g cm=2in spring 2011,
0.90 £0.31 gcm=2in autumn 2011, 1.30 £ 0.71 g cm=2in au-
tumn 2012. However, the Kruskal-Wallis and Mann-Whitney
tests showed that the differences between the results cor-
responding to the three periods of soil sampling are not
statistically significant (P > 0.05), both for kerma rate and
mean migration depth. One of the possible reasons could be
large variations in values of the parameters between individ-
ual plots. For example, the mean migration depth was in the

nany4yeHuns ¢ykycumckoro ¥’Cs Ha 2,72 (= 4,68/1,72; cwm.
Bbille 1 B [18]).

PaHee maHHas Mogenb pacyeTa BO3AyLIHOM KepMbl Obina
npoBepeHa MyTeM CpaBHEHWSI C anbTepHaTVBHLIM METO-
OoM pacyeTta [25] U ¢ pesynbrataMy NPsSMbIX U3MEPEHWUI
MOLLHOCTM [,03bl raMma-n3syyeHunsi B BO3Oyxe Hapn, no4vBoi
B BpsaHckoli obnactu, 3arpasHeHHon '¥’Cs B peaynbrate
aBapun Ha YepHobbinbekoit ASC [13]. B uenom, pasnuuns
Mexay pesysibTaTaMu, Nosly4eHHbIMU 3TUMK ABYMS MeToda-
MU pacyeTa, Haxogunuce B npepenax *3%. PaccuntaHHble
MOLLIHOCTM KEPMbI B BO3[yXe O4EHb XOPOLLIO KOPPEINPOoBaIm
C U3MEPEHHbIMU 3HAYEHMSIMU MOMOLWEHHON [03bl B BO3AY-
xe. Bbbino o6HapyXeHo, YTo AJi19 60MbLUMX NYroBbIX Y4aCTKOB
N3MEpPEHHbIE 3HAYEHNS MOLLHOCTI 03kl ObIIN B CPELHEM Ha
6% MeHblUe, YeM pacCHMTaHHble 3Ha4YeHUs1 MOLLHOCTM Kep-
Mbl. Bonee nogpobHO MeTon pacyeTa, MCMOb30BaHHbLIN B
HacToswen paboTte, onncax B [13, 26].

Cratuctnyeckui aHanms

Pasnuuma mexay rpynnaMv OueHMBanuM C MOMOLLbIO
HenapameTpuyecknx kputepmes Kpackena —Yonnuca u
MaHHa — YnTHun. HenapameTtpuyieckunin KoadpuumeHT koppe-
naumm Cnupmexa (Rsp) OblN UICNONBL30BAH 5 OLLEHKU CBSA3M
MexXay NepeMEHHbIMU.

Pe3ynbTratbl n obcyxaeHne

AbcomnoTHas MOLLHOCTbL KepMbl B BO34yXe

B tabnuue 2 npuBeneHbl CBOAHbIE CTATUCTMYECKME OaH-
Hble MO peaynbTatam pacyeta abCoSIOTHLIX MOLLHOCTEN
BO3/YLUHOM KepMbl OT PaaMOakTMBHOIO LIe3Usi Ha OCHOBE
Be/MYMH 3anaca pagnoHyKInOoB U UX BEPTUKaNbHOro pac-
npeaeneHns BO BaXXHOM NoYBe.

MOLHOCTb BO3OYLLHOW KePMbI 0T Aodykycumckoro *’Cs
0191 OTAENbHbIX YHaCTKOB LUMPOKO BapbMpoBana B AnanasoHe
ot 0,1 0o 3,3 HIp/4. Camble HU3KME 3HaYeHKs Oblnn onpeae-
JIeHbl 0191 ydacTkoB, 06cnenoBaHHbix B Mae 2011 r. OcHoBHoOW
NPUYNHOI 3TOro BbINo TO, YTO rMybuHa 4 cM ana obpasuoB
NMoYBbI HE ABNAETCA Penpe3eHTaTUBHOW AN OLEHKM 0bLLero
3anaca nodykycrumMmckoro *’Cs 1 MOLHOCTM [03bl ramMa-n3-
JlyyeHnsa B Bo3ayxe. Camble BbICOKME 3HAYEHUs BO3OYLLHOW
KepMbl Oblfv NONyYeHbl ANS LEeNVHHbIX yroB (pedepeHTHas
rpynna), rae BepxHue 20 CM No4YBbI, NO-BUAMMOMY, COAEPXa-
v noytn 100% obuwero 3anaca '*’Cs.
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Table 3

Mean migration depth of Fukushima-derived '*’Cs in soil and the corresponding normalized (to 1 kBq '*’Cs per 1 m?
of the soil surface) values of kerma rate (KR) in air at a height of 1 m above the ground for grassland plots sampled on Kunashir,
Shikotan and Iturup Islands in 2011 and 2012

[Tabavua 3

CpepHsia rmy6uHa murpaumum ¢pykycumckoro '3’Cs B no4Be u COOTBETCTBYIOLME HOPMaNM30BaHHbIe
(Ha 1 KBk '3’Cs Ha 1 M2 NOBEPXHOCTU NOYBbI) 3Ha4YeHUs MowHocTK kepmbl (MK) B BO3ayxe Ha BbicoTe 1 M Hag, 3emneit
ANS NYroBbIX y4acTKOB, ONpo6oBaHHbIX Ha ocTpoBax KyHawup, LLnkortan u Utypyn B 2011 . 12012 r.]

87Cs mean depth (g cm=) [CpenHsa rmybuHa ans '¥’Cs (r/cm?)]

Normalized KR (nGy h~' per kBg m2)

Parameter [HopmanusosanHaa MK (HIp/4)/(kBk/M?)]
[MapameTp]
w.w. [B.B.] d.w. [c.B.] w.w. [B.B.] d.w. [c.B.]
May 2011 (n=10) [Man 2011 r. (n =10]
Minimum 0.37 0.15 1.43 1.71
[MuHnmym]
Maximum
[Makcumym] 1.05 0.54 1.92 2.14
Median
[Meavanal] 0.68 0.33 1.63 1.90
Mean
[Cpenrssi] 0.68 0.34 1.66 1.93
SD[C.0.] 0.26 0.15 0.17 0.17
September—October 2011 (n = 12) [CeHT6pb — 0kTAGPL 2011 . (n = 12)]
Minimum 0.53 0.21 1.33 1.63
[MuHnmym]
Maximum
[Makcumym] 1.66 0.79 1.74 2.05
Median
[Meavanal] 0.79 0.36 1.58 1.87
Mean
[Cpenrssi] 0.90 0.42 1.56 1.85
SD[C.0.] 0.31 0.18 0.11 0.13
September 2012 (n = 6) [CeHT6pb 2012 T. (n = 6)]
Minimum 0.62 0.31 1.25 1.50
[MuHnmym]
Maximum
[Makcumym] 1.99 1.10 1.69 1.91
Median
[Meavanal 1.28 0.70 1.49 1.72
Mean
[Cpenrssi] 1.30 0.69 1.48 1.71
SD[C.0.] 0.71 0.37 0.22 0.19

w.w. — wet weight;

d.w. — dry weight;

n — number of plots sampled;

SD - standard deviation.

[B.B. — BNaxHbIN BEC;

C.B. — CyXOW BEC;

N — 4Kcno onpoboBaHHBIX y4aCTKOB.
C.0. — CTaHA@PTHOE OTKNOHEHVE. ]

range of 0.37-1.05 g cm™2 in May 2011 and in the range of
0.53-1.66 g cm2in September—October 2011. Additionally,
it is worth noting that in many cases soil samples were not
obtained in the same plots in different time periods. The air
kerma rate for dry soils was 15 percent higher than that for
the same wet soils with natural water content.

MOLLIHOCTb BO3MyLLUHOW KepMbl OT dykycumckoro '¥’Cs
NPOAEMOHCTPMpPOBana MNPUMEPHO TPEXKPATHYIO pasHULy
mexay MuHuMmymom 0,09 HIp/4 n makcumymom 0,25 HIp/y,
4TO OTpaxasno BapnabenbHOCTL 3anaca PagMoHykmaa B no-
yBe (OomanasoH = 53-155 Bk/m?). B cpegHem dykycumckme
134Cs+'¥"Cs BHecnn 35% un 25% B 0O6LLYyI0 MOLIHOCTb BO3-
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Normalized air kerma rates from pre-Fukushima '*’Cs were
calculated separately for the reference and non-reference
groups. Results of the calculations are provided in Table 4 to-
gether with the data on the mean migration depth of the radio-
nuclide in soil. The normalized air kerma rate for the reference
group (mean = 0.79 = 0.25 nGy h~' per kBq m2) was about 1.5
times higher than that for the non-reference group (mean = 0.52
+0.16 nGy h~" per 1 kBg m-2). The reason was a deeper penetra-
tion of '¥’Cs into the soil at plots from the non-reference group
(the mean migration depth = 12.15 + 3.67 g cm2) compared to
that at plots from the non-reference group (the mean migration
depth = 7.10 + 3.58 g cm™). The Mann-Whitney test showed
statistically significant differences between the two groups with
respect to mean migration depth and normalized air kerma rate
(P < 0.01). For dry soils, the normalized air kerma rates were
about 30 percent higher compared to those for wet soils.

The normalized kerma rate in air and the mean migra-
tion depth of "¥"Cs in the grassland soils of Kuril Islands were
strongly negatively correlated with each other (F{sp =-0.995;
P < 0.01, n = 46). This was expected because the values of
these quantities were calculated for the same vertical distri-

[YLIHOW KepMbl, 0OYCNOBNEHHYIO PaAMOaKTVBHbIM LE3VEM,
oceHbto 2011 1. 1 oceHbto 2012 . cOOTBETCTBEHHO. CpeaHsa
MOLLIHOCTb aMBUEHTHOIO 9KBMBasIeHTa [03bl N3Ny4eHus (0T
€CTECTBEHHbIX PafAMOHYK/IMAOB, PaAMOaKTMBHOMO LEe3ns U
KOCMUMYECKOro nanyydexuns) B mae 2011 r. Ha OTKPbITOM MeCcT-
HOCTW Ha ocTpoBax KyHawmp n LLinkotaH coctaBuna 28 H3B/4
n 35 H3B/4 cooTBeTCTBEHHO [27]. Takum obpasom, B 2011-
2012 rr. pagnoakTnBHBI Le3nii BHocun meHee 10% B o6LLyio
MOLLIHOCTb [103bl FaMMa-13/y4eHns B BO3AyXe.

Oxupaetcsl, uyto Kk 2019-2020 rr. cpefHsas MOLLHOCTb
BO3AYLUHON KEPMbI OT PaMOLLE3UNsi, HAKOMMBLLErOCS B OKPY-
Xalowen cpene 3a CYeT BCEX PaamMOakTUBHbLIX BbiIMaAeHWN,
CHM3UTCA 00 ypoBHSA npumepHo 1,3 HIp/4 n3-3a pusnye-
ckoro pacnaga '**Cs u '¥’Cs. Bknapg, pagmMoakTMBHOMO Le3ns
B CYMMapHYIO MOLLIHOCTb 03bl FaMMa-U3y4eHnst B BO3yXe
He 6yneT npeBbiwaTh 5%.

Hopmanv3oBaHHasi MOLLIHOCTb BO3AYLLHOV KepMbl 0T '%7Cs

Hopmanm3oBaHHas MOLLHOCTb BO3AYLLUHOM KEPMbl OT yKy-
cumckoro ¥'Cs umena TEHAEHUMIO K CHUXKEHMIO CO BPEMEHEM:
1,66 = 0,17 (Hp/4)/(kBk/M?) BECHOM 2011 12, 1,56 £ 0,11 (HIp/4)/

Table 4

Mean migration depth of pre-Fukushima '*’Cs in the top 20 cm of soil and the corresponding normalized (to 1 kBq '*’Cs per 1 m?
of the soil surface) values of kerma rate (KR) in air at a height of 1 m above the ground at reference plots and at non-reference
plots sampled on Kunashir, Shikotan and lturup Islands in September—October 2011 and in September 2012

[Tabnuua 4

CpepHss rmyouHa murpauum nogpykycumckoro '*’Cs B BepxHeM 20 cM crioe No4ebl U COOTBETCTRYIOLLME HOPMaIN30BaHHbIe
(Ha 1 kBk '¥7Cs Ha 1 M? NOBEPXHOCTU MOYBbI) 3HA4YEHUS KEPMbI B BO3AYXe Ha BbicoTe 1 M Hag 3eminei ans pepepeHTHbIX U HepeEHTHbIX
Y4acTKOB, Onpo6oBaHHbIX Ha ocTpoBax KyHawuup, LLvkotaH u UTypyn B ceHTa6pe — okTa6pe 2011 r. n B ceHtsiope 2012r.]

87Cs mean depth (g cm=) [CpenHsia rybuHa ans '¥’Cs (r/cm?)]

Normalized KR (nGy h~' per kBg m=)

Parameter [HopmanuzosanHas MK (HIp/4)/(kBk/m?)]
[MapameTp]
w.w. [B.B.] d.w. [c.B.] w.w. [B.B.] d.w. [c.B.]
Reference plots (n = 8) [PedepeHTHbIE y4acTku (n = 8)]

Minimum 2.97 1.04 0.50 0.69
[MuHUMyM]

Maximum 12.02 7.23 1.10 1.55
[Makcrumym]

Median [Meaunanal 6.19 3.41 0.82 1.08

Mean [CpenHss] 7.10 4.03 0.79 1.08

SD[C.0.] 3.58 2.64 0.25 0.35

Non-reference plots (n = 10) [HepedepeHTHble yyacTku (n = 10)]

Minimum 5.88 2.83 0.38 0.51
[MuHnmym]

Maximum 16.31 11.89 0.82 1.14
[Makcumym]

Median [Megnana] 13.10 8.03 0.47 0.68

Mean [CpepnHsisi] 12.15 7.53 0.52 0.74

SD[C.0.] 3.67 3.04 0.16 0.22

w.w. — wet weight;

d.w. — dry weight;

n - number of plots sampled;

SD - standard deviation.

[B.B. — BNaXHbI BEC;

C.B. — CyXOW BEC;

N — 4Kcno onpoHOBaHHBIX YHACTKOB;
C.0. - cTaHpapTHOE OTKIIOHEHNE. ]
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butions of radionuclides in the soil. However, the relationship
between the mean migration depth and the air kerma rate
cannot be described by a simple linear regression; instead,
a more complex (bi-exponential) relationship between these
two parameters is apparent (Fig. 2).

Table 5 provides the ratios of the normalized air kerma rate
values determined in this study (Tables 3 and 4) to the refer-
ence value of air kerma rate (1.72 nGy h' per kBg m2) used
in the UNSCEAR 2013 model [8]. The ratios calculated with
the model [Eq. (1)] for the same time points are also given in
Table 5. Our experimental results for Fukushima-derived '¥"Cs
are highly consistent with the model’s predictions, especially
for the 0.2 y and 0.55 y time points. For pre-Fukushima '¥’Cs
(48 y after the peak fallout in 1963; the reference group), the
model underestimates normalized kerma rate by approxi-
mately 40%. The significant discrepancy between the model
prediction and the actual kerma rate in the latter case can be
explained by the fact that the UNSCEAR 2013 model [8] is
based on experimental data obtained during a relatively short
time interval after the Chernobyl accident. Another reason
could be differences in the radionuclide deposition modes: a
single ‘pulse’ contamination event in the case of Chernobyl
187Cs [28] and long-term fallout (from 1945 to ~1990 [6]) in
the case of global '¥"Cs.

(kBk/M?) oceHbio 2011 1, 1,48 £ 0,22 (HIp/4)/(KBk/M?) 0CeHbIO
2012 r. (Tabn. 3). CpegHsaAa rmybuHa murpaumm ana '®’Cs
OEMOHCTpMpOBana MNPOTMBOMOMIOXHYIO TeHaeHumo: 0,68
+0,26 r/cm?BecHoin 20111.,0,90+0,31r/cm?oceHbio 2011 T,
1,30 £ 0,71 r/cm? oceHbio 2012 1. TecTsl Kpackena — Yonnuca
1 MaHHa — YUTHU nokasanu, 4To pasnmymsa Mexay pesynbra-
Tamu, COOTBETCTBYIOLLMMY TPEM Neproaam oTbopa npob no-
YBbl, HE FIBNAIOTCS CTAaTUCTUYECKM 3Ha4YMMbIMK (P > 0,05) kak
[ MOLLIHOCTY KepMbl, TaK 1 Ans cpenHeit rybuHbl Murpa-
ummn. OQHOM N3 BO3MOXHbIX MPUYMH 3TOr0 MOTryT ObITb O0Mb-
LIME pas3nnuuns B 3HAYEHUSX NapamMeTpoB MeXay OTAeSbHbI-
MU yqacTkamun otbopa npob. Hanpumep, cpenHss rnybuHa
Murpauumn Haxogunace B amanasoHe 0,37-1,05 r/cm? B mae
2011 r. n B guanasoxe 0,53-1,66 r/cm? B ceHTAOpe — OKTA0-
pe 2011 r. Kpome TOro, CTOUT OTMETUTb, YTO BO MHOIMX Chy-
yasx 06pasLibl MoYBbI HE Oblv NMOJYYEHbl HA OHUX U TEeX Xe
yyacTkax B pasdHble nepuoabl BpemeHu. Hopmanvu3oBaHHas
MOLLHOCTb BO3AYLLUHON KEPMbI ANt CyXux Noys Obina Ha 15%
BbILLE, YEM 151 TEX XE BMIAXHbIX NMOYB C ECTECTBEHHbLIM CO-
OepXaHvem BoApl.

HopMann3oBaHHasi MOLLHOCTb BO3AYLIHON KepMbl OT
nogykycumckoro '¥'Cs 6Obina paccuyMtaHa OoTAenbHO [sis
pedepeHTHON 1 HepedepeHTHOM rpynn. PedynbtaTbl pac-
4yeToB npencTaBieHbl B Tabnvue 4 BMECTE C [AaHHbIMU
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Fig. 2. Relationship between the mean migration depth for '*’Cs in soil and the corresponding normalized (to 1 kBq '*’Cs per 1 m? of the soil
surface) kerma rate in air at 1 m above the ground at grasslands sampled on Kunashir, Shikotan and Iturup Islands in 2011 and 2012. The
scatter plot is constructed based on the vertical distributions of Fukushima-derived '*’Cs (n = 28) and pre-Fukushima *’Cs (n = 18) in the soil
[Puc. 2. CooTHOLLEHME MexXAy cpeaHel mybuHon murpaumm ¥’Cs B no4Be 1 COOTBETCTBYIOLLMM HOPMann3oBaHHbIM (Ha 1 KBk '¥7Cs Ha
1 M2 MOBEPXHOCTU MOYBbI) 3HAYEHNEM MOLLHOCTU KEPMbI B BO3[lyXe Ha BbICOTE 1 M Haf 3emneli A IyroB, 06Cne0BaHHbIX HA OCTPOBAXx
KyHawmp, LLnkotan n Utypyn 8 2011 1. 1 2012 . PUCYHOK MOCTPOEH, OCHOBLIBAsICh Ha BEPTUKAJIbHBIX pacnpeaeneHusx dpykycumckoro ¥'Cs
(n =28) n nodykycumckoro *’Cs (n = 18) B nouse]
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Table 5
Kerma rates in air from radiocaesium in soil at undisturbed open grasslands relative to that from an infinite plane source
of radiocaesium located below a soil slab of the mass thickness of 0.5 g cm~2 (the reference distribution of the radioactivity)
[Tabnvya 5
MoLWHOCTb KEPMbI B BO3AYXE OT PaAMoLe3uUs B NOYBE Ha LIeJIMHHbIX Jyrax rno OTHOLUEHMUIO K TaKOBOW OT 6eCKOHe4YHOoro
NJ0CKOro UCTOYHUKA PaAnoL,e3us, PacrnosioXXeHHOro NoA, CNoem noysbl TonwmHoi 0,5 r/cm? (pedepeHTHoe pacnpepenenme
paanoaKkTMBHOCTH)]

Relative value of air kerma [OTHOCKMTeNbHOE 3Ha4YEHNE BO3OYLLIHON KEPMbI]

Time after deposition (y)
[Bpems nocne Bbinage-

Sakhalin Region (Russia) [CaxanuHckas obnactb (Poccus)]

The UNSCEAR model [8, 18]**

HWiA (roa)] 20% water contentin soil* [20%  40% water content in soil [40% conep-  [Mopens HKZAP OOH [8, 18] ]**
copepxaHve BoAbl B noyse*] XaHve BoAbl B NouBe]
0.2 0.97+0.10 0.95+0.10 0.95
0.55 0.91+0.07 0.89+0.07 0.88
1.55 0.86+0.13 0.84+0.13 0.73
48 0.46£0.15 0.45+0.15 0.26

* — the relative values of air kerma for the time points of 0.2, 0.55 and 1.55 y after deposition have been calculated for Fukushima-derived
¥7Cs in wet soil using data in column 4 in Table 3, and for pre-Fukushima '*’Cs (48 y) using data in column 4 in Table 4. The reference normal-
ized value of kerma rate in air at a height of 1 m above the ground is 1.72 nGy h™' per 1 kBq m2 for an isotropic plane source of '*’Cs located

below a soil slab with a mass depth of 0.5 gcm™[18].

** — the relative values of air kerma have been calculated using Eq. (1) and numeric values given in [18], see text.

[* — OTHOCUTE bHbIE 3HAYEHNS BO3AYLLHOM KepMbl 419 BpeMeHHbIx Touek 0,2, 0,55 n 1,55 roga nocne BbinaaeHnii Obiin paccunTaHbl

nns dykycumckoro '*’Cs, 0CHOBbIBasICb Ha JaHHbIX B KOJTOHKe 4 Tabnuupl 3, n ana nodykycumckoro '*’Cs (48 net) Ha OCHOBE A@HHbIX,
npeacTaBNeHHbIX B KOSIOHKE 4 Tabnuubl 4. PedepeHTHOe HopManM30BaHHOE 3HAYEHNE BO3AYLLIHOM KEPMbI Ha BbICOTE 1 M Haj, 3eMiieit paBHO
1,72 (Hp/4)/(xBK/M?) BN M30TPOMHOI0 NMIOCKOro UCTo4YHUKA '¥7Cs, pacnonoXeHHOro Moz cioem nousbl TonwyHon 0,5 r/cm? [18].

** — OTHOCUTESIbHbIE 3HAYEHUS BO3MYLLHON KEPMbI Oblv pacCyMTaHbl C UCMONb30BAHNEM YPaBHEHUS (1) 1 YACTEHHbBIX 3HAYEHNIA,

npuBeaeHHbIX B [18], cM. TekcT.]

The soil-to-air conversion coefficients for air kerma rate
were calculated by Saito and Jacob [24] for the 20% content
of moisture in soil. The average water content in soils from
Kuril Islands exceeds the reference value by a factor of 2
(Table 1). In this case, our calculations slightly overestimate
(by ~2%) actual air kerma rates for the wet soils (Tables 2-4)
because water attenuates gamma radiation 1.11 times more
effectively compared to dry soil [29].

Assuming that the water content in the soils is equal to
40%, the mean normalized kerma rate from Fukushima-
derived ¥"Cs can be estimated at a level of 1.63 nGy h™' per
kBg m=2in spring 2011, 1.53 nGy h™" per kBq m=2 in autumn
2011 and 1.45 nGy h™' per kBg m=2 in autumn 2012. The air
kerma rate from pre-Fukushima '*’Cs at the reference sites
can be calculated as 0.77 nGy h-' per kBg m=2. Hence, the
mean relative values of air kerma rate (column 2 in Table 5)
should be also corrected (column 3 in Table 5). The correc-
tion for the water content improves the consistency between
the predictions of the 2013 UNSCEAR model [8] and the nor-
malized kerma rates calculated for the grassland soils on Kuril
Islands.

Influence of the aboveground vegetation
biomass on air kerma rate

The presence of radiocaesium in the vegetation cover of
the grasslands on Kuril Islands [19, 21], which was not con-
sidered in the above calculations for the autumn period 2011-
2012, could make a definite contribution to the gamma dose
rate in air. At the same time, the aboveground biomass, as
such, can absorb and scatter gamma radiation coming from
the soil. In order to determine the net effect of these oppo-
site influences, we calculated air kerma rate for the case of
the presence of the radioactively contaminated plant biomass

0 cpefHel rmybuHe MWrpaumMv paguoHyknuaa B MOYBE.
Hopmanu3aoBaHHas MOLLHOCTb BO3AYLLUHOM KepMbl A pede-
peHTHOW rpynnbl [cpeaHee 3HadeHne = 0,79 = 0,25 (Hlp/4)/
(kBk/m?)] Gbina npumepHo B 1,5 pasa Bbille, YeM ONs He-
pedepeHTHOM rpynnbl [cpeaHee 3HadeHme = 0,52 = 0,16
(HMp/u)/(kBk/M?)]. MpuunHoi aTOro GbI0 Gonee rnybokoe
NpoHnKkHOBeHWME '¥’Cs B NoYBY Ha y4acTkax 13 HepedepeHTHOM
rpynnbl (CpeaHss rmybuHa murpauum = 12,15 + 3,67 r/cm?) no
CPaBHEHWIO C TAaKOBbIM Ha y4acTkax 13 pedepeHTHOM rpynnbi
(cpenHas rmybuHa murpaumm = 7,10 £ 3,58 r/cm?). Pasnununsg
Mexzay OBYMS rpynnamu rno cpefHei rybvHe Murpaummn
1N HOPMann30BaHHON MOLLHOCTU BO3AYLUHOW KepMbl Oblin
CTaTUCTUYECKN 3Ha4YMMbIMU (TeCcT MaHHa-YutHu, P < 0,01).
[na cyxux noyB HOPMaNM30BaHHbLIE 3HAYEHWS MOLLHOCTU
BO3AYLLUHON KepMbl 6binn npumepHo Ha 30% Bbille, YeM s
BNAXHbIX MOYB.

HopmanuaoBaHHasi MOLLHOCTb BO3AYLUHON KEPMbI CUJIb-
HO OTpULATENIbLHO KOppenupoBana Co CpeaHen rmyouHom
murpaummn ¥’Cs B nouse Ha nyrax KypunbCkux OCTPOBOB
(RSp =-0,995; P < 0,01, n =46). 3T0 0OXNOAnocb NOTOMY, YTO
3HAYeHUs 3TUX BENNYUNH OblIM paccynTaHbl AS OLHUX U Tex
Xe BepTUKasibHbIX pacnpeneneHnii paamoHyKnnMaoB B NMOYBE.
TeM He MeHee, CBSI3b MEXAY CpeaHen rmyobuHor Murpaumm
1 HOPMann30BaHHOW MOLLHOCTbIO BO3AYLUHOM KePMbl HE MO-
XeT ObITb OnrcaHa NPoCTO NIMHEHOW perpeccueli; BMecTo
3TOro ouyeBmaHa Gonee cnoxHas (6u-akcrnoHeHumanbHas)
3aBUCUMOCTb MEXAY 3TUMU ABYMS MapameTpamm (puc. 2).

B Tabnuue 5 nprBeageHbl OTHOLLIEHMS HOPMaM30BaHHbIX
3HAYeHWIN MOLLHOCTM BO3[YLUHOW KepMbl, OnpeneneHHbIX
B JaHHOM uccnemoBaHuy (cMm. Tabn. 3 n 4), Kk pedepeHTHo-
My 3HAQYEHWUI0 MOLLHOCTM BO3AyLIHOW Kepmebl [1,72 (HIp/4)/
(kBk/M?)], ucnonb3dyemomy B Momenu HKOAP OOH [8].
OTHOLUEHMS, pacCYnTaHHbIe C NMOMOLLbIO Mogenu [ypaBHe-

PagmauvionHasa rurvieHa  Tom 12 Ne 1, 2019

47



Research articles

above the soil surface. We used experimental data on the ac-
tivity concentration of radionuclides in the herbaceous plants
which were collected at each of the surveyed plots [19, 21].
The calculations were performed for the biomass density in
the range from 0.5 to 2.0 kg m=2 (0.05-0.2 g cm2, w.w.). This
range generally corresponds to variations in the biomass den-
sity between individual sites [19, 21]. The results are provided
in Table 6 as the ratio of kerma rates for the pair: (bare soil)/
(soil with biomass). Despite the presence of pre-Fukushima
87Cs in the plants, the terrestrial biomass slightly attenuated
the kerma rate in air: by about 1% for the vegetation density of
1 kg m=2. For gamma radiation from Fukushima-derived "*"Cs,
the total effect was on average close to zero in autumn 2011.
In autumn 2012, after a significant decrease of the transfer of
Fukushima-derived radiocaesium from soil to plants [21], the
aboveground plant biomass in all cases attenuated (by 1-7%)
gamma radiation from Fukushima-derived radiocaesium ac-
cumulated in the soil.

Conclusions

1. We have calculated kerma rates in air using experimen-
tal data obtained by Ramzaev et al. [19-21] on the vertical
distribution of radiocaesium in the soil in grasslands on the is-
lands of Kunashir, Shikotan and lturupin 2011 and 2012. In the
period from May 2011 to September 2012, the air kerma rate
due to fresh fallout of radioactive caesium from the Fukushima
accident varied from 0.31 to 0.84 nGy h~". The fallout of **Cs
and '*"Cs did not lead to a significant increase in gamma dose
rate in air on the meadows of Kuril Islands.

Hue (1)] Ana Tex e BPEMEHHbIX TOYEK, TaKXKe NPUBEOEHbI B
Tabnuue 5. Hawm akcnepyMeHTanbHble peaynbTaThl 4 Qy-
KycuMckoro '¥’Cs xopoLlo COrnacyloTcs ¢ npeackasaHnuamMm
MOJEenun, 0cOOeHHO anst BpeMeHHbIx Todek 0,2 . 1 0,55 . Ana
nodykycumckoro ¥’Cs (48 net nocne nuKoBbIX BbiNMaaeHuin
B 1963 r; pedepeHTHas rpynna) Mogesb HemoOLEeHMBa-
€T HOPMann30BaHHbIN YPOBEHb KEPMbI MPUMEPHO Ha 40%.
3HauMTENbHOE pacxoXaeHne Mexzay NPorHo3oM rno Moaenv
1 GaKTNHECKON MOLLIHOCTbIO KEPMbl B NOCNEOHEM Clly4ae MO-
XeT ObITb 00bACHEHO TeM ¢pakTom, 4To moaens HKOAP OOH
[8] ocHOBaHa Ha akCNEPUMEHTANbHBIX AAHHbIX, MOMYYEHHbIX
B TEYEHNE OTHOCUTENBbHO KOPOTKOrO MHTEPBAAa BPEMEHM Mo-
cne YepHoOblnbCkoi aBapun. Jpyroit NpuynHON MoryT ObiTb
pasnuumsl B pexmuMax BbinaaeHnin pagvoHyKIMA0B: eanHNY-
HOE «MMIMYJIbCHOE» 3arpsi3HEHNE B Cly4yae YepHOObIILCKOro
87Cs [28] 1 OONroBpeMEeHHbIe BbINaAeHNs C MeHsoLWeics
MHTEHCMBHOCTLIO (¢ 1945 no 1990 r. [6]) B cnyyae rmobanb-
Horo '¥"Cs.

Saito n Jacob [24] Bblumncnnnm KoadduULMEHTbI Nepexoaa
OT 3arpsiI3HEHUSI MOYBbI K MOLLHOCTN BO3AYLUHOW KePMbl NS
20% copepxaHusa Bnarum B noyse. CpeaHee coaepxxaHune BOAb!
B noyBax KypuibCkrnx OCTPOBOB MPEBLILLAET 3TO pedepeHT-
Hoe 3HayeHve B 2 pasa (cM. Tabn. 1). B aTom cnydvae Hawm
pacuyeTbl crnerka nepeoueHnBatoT (Ha ~2%) dakTnyeckyto
MOLLHOCTb BO3JYLUHON KEPMbI A5 BAAXHbIX MOYB (CM. Tabn.
2-4), nockonbky Boga ocnabnset ramma-uanyyexve B 1,11
pa3za 6onee apPEeKTMBHO NO CPABHEHWIO C CYXOM No4Boii [29].

Mpegnonarasi, 4TO cofepxaHve BoAbl B MoYBe ObiNo
paBHO 40%, CpeHIo HOPMANIM30BAHHYIO MOLLHOCTb BO3-

Table 6

Air kerma rate attenuation by the aboveground vegetation (mixed grass crop). The estimations are valid for specific conditions of
radioactive contamination of grassland plots sampled on Kunashir, Shikotan and lturup Islands in 2011 and 2012 [19-21]. For the
calculations, activity concentrations of radionuclides in wet (fresh) samples of the vegetation and soil were considered

[Tabnvua 6

Ocna6neHune MOLLHOCTY BO3AYLIHOM KepMbl GMoMaccoii (TpaBsiHbie pacTeHUs), PacnoJIOXXEeHHOW HaZ MOBEePXHOCTbIO 3eMJIN.
OueHKM nosny4eHbl Ans cneunduyeckmnx yCroBuii paauoakTUBHOIO 3arpsa3HEeHUs IYroBbiX MJIOWA[0K, 06cNnef0BaHHbIX HA
ocTtpoBax KyHawmp, lLukotan u UTypyn B 2011 1. 12012 r. [19-21]. PacuyeTbl npoBeAeHbI AJ1Sl BIAXHOr0 (CBeXero) Beca npo6
pPacTUTENbHOCTYU U NMO4BbI]

Mass of vegetation
per unit area of the

Ratio of kerma rates: (bare ground)/(ground with biomass) [OTHoLLEHNE MOLLHOCTEN KepMbl: (ronas no4ysa)/(noysa

¢ buomaccoii)]

ground (kg m-?)
[Macca pactutens-

Pre-Fukushima'¥’Cs [Jodykycumckuii ¥’Cs]

Fukushima ¥’Cs [®ykycumckuit ¥Cs]

HOCTU Ha eauHNLLY

Mean Minimum Maximum Mean S.d. Minimum Maximum
nOBED)zHKS/C“:Z]] semm [CpenHss] Sd.[Co] [MuHmnmym] [Makcumym]  [CpepHsis] [C.0.] [MuHnmym]  [Makcumym]
September—October 2011 (n = 12) [CeHT6pb — 0kTA6PL 2011 1. (n = 12)]
0.5 1.007 0.004 0.999 1.014 1.001 0.016 0.958 1.016
1.0 1.013 0.006 0.998 1.020 1.001 0.032 0.921 1.032
1.5 1.019 0.008 0.997 1.030 1.002 0.047 0.888 1.047
2.0 1.026 0.011 0.996 1.039 1.003 0.061 0.860 1.063
September 2012 (n = 6) [CeHTa6pb 2012 . (N = 6)]
0.5 1.005 0.003 1.000 1.009 1.013 0.005 1.006 1.018
1.0 1.010 0.006 1.001 1.018 1.025 0.009 1.012 1.036
1.5 1.015 0.008 1.001 1.027 1.037 0.013 1.018 1.054
2.0 1.029 0.010 1.021 1.036 1.069 0.003 1.066 1.071

S.d. - standard deviation.
[C.0. - cTaHOapTHOE OTKNIOHEHME. ]
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2. The normalized air kerma rate from Fukushima-derived
87Cs demonstrated a time-dependent decreasing trend: 1.63
nGy h-' per kBg m=2in spring 2011, 1.53 nGy h~' per kBg m2
in autumn 2011, 1.45 nGy h™' per kBg m=2 in autumn 2012.
However, this trend was not statistically significant.

3. The normalized air kerma rate from pre-Fukushima
87Cs on uncultivated pastures and virgin lands (a mean = 0.77
nGy h-' per kBg m=2) was about 1.5 times higher than that on
cultivated pastures and lands disturbed by other anthropo-
genic and natural factors.

4. Results of our calculations for the air kerma rate from
Fukushima-derived *"Cs are consistent with the predictions
of the 2013 UNSCEAR model [8, 18] which has been used for
evaluation of doses from external radiation to the population
of Japan after the Fukushima accident. For pre-Fukushima
87Cs, this model underestimates the calculated normalized
air kerma rate by approximately 40%.

5. The aboveground biomass of herbaceous plants had
practically no effect on the air kerma rate from radioactive
caesium contained in the grassland soils.

OYLIHOW KepMbl 0T dykycumckoro '*’Cs cnegyeT OLUeHUTb Ha
ypoBHe 1,63 (HIp/4)/(kBk/Mm?) BecHoit 2011 1., 1,53 (HIp/4)/
(kBk/M?) oceHbto 2011 . u 1,45 (Hp/4)/(KBK/M?) OCEHbIO
2012 r. HopmannaoBaHHas MOLLHOCTb BO34YLUHOM KEPMbl OT
nodykycumckoro '¥’Cs Ha pedepeHTHbIX Jlyrax OLeHMBAETCS
BenuuuHoin 0,77 (HMp/4)/(kBk/m?). CnepgoBaTensHo, cpeaHue
OTHOCUTESIbHbIE 3HaYeHus BO3aYyLIHOW KepMbl (cTonbey, 2 B
Tabnuue 5) Takke O0MKHbI ObITb CKOPPEKTUPOBAHbI (CTON-
Oey, 3 B Tabnuue 5). MonpaBka Ha cofepkaHne Boabl yy4lia-
€T COrMacoBaHHOCTb MeXAy HOPMaNN30BaHHbIMU 3HAYEHUS -
MU KEPMbI, PACCYUTAHHBLIMU 1S IYroBbiX MNOYB Kypunbckmx
OCTPOBOB, U NporHo3amu mogenn HKAAP OOH [8].

BnusiHve Hap3eMHow pactuTensHon 61MoMacchbl
Ha MOLUHOCTb BO3AYLLHOM KEPMbI

Hannuve pagnoakTMBHOMO LIe3Vst B PACTUTENBHOM MOKPOBE
nyroB Ha Kypunbckmx octpoBax [19, 21], koTopoe He 6bl10 yu-
TEHO B MPVBEAEHHBIX BbILLE pacyeTax AJis OCEHHEro nepvoaa
2011-2012 rr., MOrno AaTb ONPeaeneHHbI BKIaa B MOLLUHOCTb
[03bl raMMa-n3nyyeHns B Bo3ayxe. B 1o xe Bpemsi Haa3emHast
Bromacca kak TakoBasi Jo/KHa noryoLaTth U paccensarts raMma-
N3ny4eHne, nayLiee ot noyBbl. YToObl ONpeaennTs CyMMapHbIi
3 dEKT 3TMX NPOTUBOMNONOXHbLIX BO3LENCTBUIA, Mbl paccynTanu
MOLLHOCTb KEPMbI A1 CIly4ast MPUCYTCTBUS PaaMOaKTUBHO 3a-
rPSIBHEHHON GMOMACChl PACTEHWIA HAL, MOBEPXHOCTLIO MOYBbI.
B pacuetax MCNONbL30BaIN SKCMEPUMEHTASIbHBIE AAHHbIE MO
YOENbHOW aKTVBHOCTV PAAMOHYKIMAOB B TPABSHUCTLIX pacTe-
HUsIX, KOTOpble Oblnv cobpaHbl Ha KakaoM M3 06CneaoBaHHbIX
yyactkoB [19, 21]. PacueTbl npoBoaunu oist nioTHOCTM Gu1o-
macchl B amanasoHe ot 0,5 go 2,0 kr/m? (0,05-0,2 r/cm?, B.B.).
OTOT AMana3oH B LIeSIOM COOTBETCTBYET KONIeGaHMsIM MIOTHOCTU
Bromacchl Mexay oTaesbHbIMKU ydacTkamu [19, 21]. PeaynbraTthl
npencTas/eHbl B Tabnuue 6 Kak OTHOLLEHWE MOLLIHOCTEN kep-
Mbl /19 Napbl: rofas noysa/noysa ¢ Gromaccoi. HecmoTpsi Ha
npucyTcTere Aodykycumckoro '*Cs B pacTeHusix, Haa3eMHas
6Gromacca HeMHOro ocnabnsina MOLLHOCTb KEPMbl B BO3YXE:
NpUMEpPHO Ha 1% Npu NIOTHOCTU pacTuUTenbHoCT 1 kr/M?. [Ans
ramMmma-uanydeHnst ot dykycumckoro '¥’Cs obLmin apdekT 6bin
B cpeaHem 65130k K Hynto oceHbto 2011 1. OceHbto 2012 1 nocne
3HAYUTENBHOMO YMEHbLLIEHUS nepeHoca GyKyCUMCKOro paamno-
L,e3us 13 NnoyBbl B pacTeHus [21] npucyTcTBre Haa3eMHol 6r1o-
MacChl BO BCeX Ciy4asix ocnabnsino (Ha 1-7%) ramma-usnydeHve
OT paamoLEe3nsl, HaKOMMBLLErOCs! B MOYBE.

BbiBoAabl

1. Mbl paccumTan MOLWHOCTb KEPMbI B BO3AYyXE, UCMOJIb-
3ya 9KCNepuMeHTasbHble OaHHble, NnoJjlyyeHHble Ramzaev et
al. [19-21] 8 2011 1 2012 rr. no BepTMKaNbLHOMY pacnpeae-
JIEHVNIO PaaMOaKTMBHOIO LEe3ns B MoYBe Ha Jjlyrax OCTPOBOB
Kyrnawwmp, LWukotaH n Utypyn. B nepuog ¢ masa 2011 r. no
ceHTs6pb 2012 . MOLWHOCTb BO3AYLUHOM KepMbl, CBA3aH-
HOW C HOBbIMW BbINAAEHUAMU PAONOAKTUBHOIO LIE3Us Mo-
cne aBapum Ha ASC «Dykycuma-1», Bapbuposana ot 0,31
00 0,84 Hl'p/4. BeinageHus #*Cs 1 '¥’Cs He npuBenu K CKOJib-
NGO 3HAYMMOMY YBESIMHEHMIO MOLLIHOCTU [4,03bl raMMa-n3ny-
YyeHusi B BO3ayxe Ha Jiyrax KypuibCknx oCTpOBOB.

2. HopmannsoBaHHasi MOLWHOCTb BO3AYLLUHOW KEpPMbl OT
dykycumckoro '¥’Cs nmena TeHAEHUMIO K CHUXEHUIO CO Bpe-
meHem: 1,63 (Hp/4)/(kBk/m?) BecHoit 2011 1, 1,53 (HIp/4)/
(kBx/M?) ocenblo 2011 roma, 1,45 (HIp/4)/(kBk/M?) oce-
Hbio 2012 . OpHako aTa TeHAeHUus Oblna CTaTUCTUYECKM
HE3HAYUMON.
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3. HopmannsoBaHHas MOLLHOCTb BO3AYLUHON KEPMbI OT

nodykycumckoro '¥’Cs Ha HeKyNbTUBMPYEMbIX MacTouMLLax 1
LeMHHBIX 3eMnsix (B cpeaHem = 0,77 (Hp/4)/(kBk/M?) 6bina
npumMepHo B 1,5 pasa Bbllle, YeM TakoBas Ha KynbTUBUpPYe-
MbIX NacToULLAX v nyrax, NoABEPXKEHHbIX BO3AENCTBUIO OpY-
rMX @HTPOMOreHHbIX U NPUPOAHbLIX HGaKTOPOB.

4. PeaynbraTbl HalKMX Pac4yeTOB MOLLHOCTM BO34yLU-

HOI kepMbl OT dykycumckoro '¥’Cs XopoLLo cornacyloTcs ¢
nporHodamu mogenu HKOAP OOH 2013 r. [8, 18], koTopas
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