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This is the very nice and welritten manuscript which will definitely help to increase awareness on

the publicly available data about radioactive contamination distribution in the vicinity of Chernobyl

NPP. | have only few editorial remarks to it anchlsure that it can be accepted for publication after

minor revision. General comments | suggest rearranging the abstract a bit. After the first sentence

please place rationale of the paper and the value of the described datasets which are currently in

the end. Then you may describe types of data available. It would be also great if in the abstract the
authors could have the finalizing sentence elaborating, for whom and for which purposes the

presented datasets could be valuable. It would be great if irfitted section on data use could be

extended to accommodate vision of the authors on how and who could use the data. Indeed, there

is no doubt among professional radiologists and radioecologists on the value of these datasets, but

after introducing such angsis it may attract interest from the broader audience. For example, these
datasets are truly priceless for the environmental risk assessments associated with the currently

ongoing illegal amber extraction to the west from the CEZ and even within iisT@specially

important as mainly this amber is further smuggled to the EU and China thus creating not only local

risks but also risks of illegal transboundary transfer of radioactive materials. Finally, there is

obviously some technical error in the siet tittes numbering starting from L157. | also suggest if

the journal format allows that to include sections with the particular datasets description as

subsections of Section 2 (Data).

{LISOATAO O2YYSyiaod [mn NBY2P8NRBRAOSES ( KISR&/ 0I#8 f &k (
L17 .. .insoil (... L20.. .that would provide. . . L42 . . .to a smaller extent43. L42re a

consequence. . . L56 . . .mobilization. . . (?) L79 . . .radionuclide deposition.-156I88hove

numbers, they areedundant as you use color as well. L157 and below see general comment on

section numbering. L168 Please provide the name of the device producer to keep it consistent with

the descriptions of other devices. L171 . . . to what is now officially adopte@lds.S What is SOU,

by the way? L226 Maybe here you need to explain whether this was done in accordance with the

USSR standards abbreviated as GOSTs. | am not sure that many people remember this immediately.
[HoH A1AL) aO2dzy i NR Bri £ L2pSHAdditiond 1XsandpledS. ardzt. An addiflonad 2 t dzil
a80 2F MH &l YL Sa® &® ® [HTH 2KAOK aTFdzNIKSNI aA(S¢
predominantly deposited at the distance of5km from the. . . L316 An additional set o#29 .

L382 could you maybe present these formulas using the special fotmiuting plugin? the will be

much nicer then. L413 and further. | presume this is lvankov municipal district which you are talking
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about. Please use this term consistently asrtse text. L414 . . .The geographic coordinates. . .

Figure 3. | think it is important to show the readers where C2 ESSDD Interactive comment Printer
friendly version Discussion paper lvankov municipal district is located relative to ChNPP and maybe
Kyiv.Please introduce a small map in the upper left corner of the figure showing the location of the

district within NE Ukraine. L431 Do you mean lids? Were they 10 cm in diameter or 10 cm thick?

Author response

We welcome the positive comments and suggestions for improvement whiatheatewith in the
F2ff26Ay3 6l & yR FINB WiNI} O1 OKIFIy3aISRQ Ay GKS

General comments | suggest rearranging the abstract a bit. After the first sentence please place
rationake of the paper and the value of the described datasets which are currently in the end. Then
you may describe types of data available. It would be also great if in the abstract the authors could
have the finalizing sentence elaborating, for whom and forcWigiurposes the presented datasets
could be valuable. It would be great if in the final section on data use could be extended to

accommodate vision of the authors on how and who could use the data.

Abstract rearranged and improved with a section on ragienof the paper, value of the described

datasets and for which purposes the data could be valuable.

Finally, there is obviously some technical error in the section titles numbering starting from L157.

Yes you are right, numbering was incorre¢ction Xtarting at L157 renumbered.

| also suggest if the journal format allows that to include sections with the particular datasets

description as subsections of Section 2 (Da&aktion Zenumbered

Ly NB i ISgevific Sommend W

[ Mn NBY2@ES aldd2o oASO fywve féelhatitHislc@mimént should stay
IMc LYyGNRRdzOS (& GEX adiohydwbiiten out@ . y & Y

L17 .. .in soi corrected

(...L20 .. .that would provide.-.corrected

L42 .. .to asmaller extent. cwe prefeNd Wi 2 | fSaasSNJ SEGSYd.Q yR KI

L4243 . . .are a consequence.text updated
L56 . . .mobilization. . . ()we prefer the English version so have not changed the text

L79 .. .radionuclide deposition.text updated

LJF
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L153156 remove numbers, they are redundant as you use color as welichanged but text
dzLJRIF G SR G2 &ar@& WeKS | 020S ydzyofSNEG2 NEBREZAGERTA yi K $
L157 and below see general comment on section numberiigction numberinghdeed incorrect

sochecked and updated.

L168 Please provide the name of the device producer to keep it consistent with the descriptions of

other devices: device name added
L171 ... to whatis now officially adopted as SOU. . . What is SOU, by theS@ly3ully explained

L226 Maybe here you need to explain whether this was done in accordance with the USSR standards
abbreviated as GOSTs. | am not sure that many people remember this immedi&eig.T

explained
[ HOH &1 A L} @20 /dmeissd 55k ¢
L261 . . .resulting solution. ¢ we prefer resultant so text has not been changed

L265 Additional 12 samples.. or . . .An additional set of 12 sampl®.K y 3SR (G2 W! y | RRA
2T MH al YLX SaQ

[ HTH 2 KAOK datidiibidl KiGmNdtich ha$s Beérikadded to identify this additional site
L277 .. large amount of uranium.-OK Il y 3SR (2 Wi I NBS | Y2dzyd 27F dzNI y

L280 . . .were predominantly deposited at the distance-6fkin from the. . - text updated to say
Wg SNBE LINBdepoditadyatthedistahceofg (Y FTNRY (KSQ

L316 An additional setof 294 .-¢ SEG OKI y3ISR (2 W'y FRRAGA2YIE &S

L382 could you maybe present these formulas using the special fotmilting plugin? the will be

much nicer then: equations updated using online tool

L413 and further. | presume this is Ivankov municipal district which you are talking about. Please use
this term consistently across the textreferences to Ivankov consistently changed to Ivankov

district and explained in te:x

L414 . . .The geographic coordinates. . . Figure 3. | think it is imptotahow the readers where
Ivankov municipal district is located relative to ChNPP and maybe Kyiv. Please introduce a small map
in the upper left corner of the figure showing thexation of the district within NE UkraineMap

figures updated with addition of Ivankov district or addition of Chernobyl exclusion zone.
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L431 Do you mean lids? Were they 10 cm in diameter or 10cmthigk?> ¢S R2y Qi YSI y
Measurements were caigd out in a lead shielded aregext has been altered to hopefully clarify

this to the reader.

Updatedpaperbelow.

Spatial datasets of radionuclide contamination in the Ukrainian Chernobyl Exclusion Zone
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Abstract ¢ K S R I Spatial dagasets aadionuclide contamination in the Ukrainian Chernobyl

ExclusionZorie ¢ & RS@St 2 LISR ( BetwBeyi May f1 6 (RimédlateOstdr £ SO0 SR
Chernobyl) and 201y the Ukrainian Institute of Agricultural RadiologyAR)after the Chernobyl

accident to be made publicly availabléhe data set idudes results from comprehensive soll

sampling across th€hernobyExclusion ZonéCEZ)Analyses includeadiocaesium‘Cs and3‘C9

%Sy, 5 uand soil property dat, Plutoniumisotope activity concentrations in soil (including
RAAUONAOdDzAARZ2Y AY (GKS az2aAf LINPFAESOUS FylLfeaasSa 27

and across Europe are also included) and results of monitoring in the Ivankov disempma

adjacent to the Exclusion Zone.

The purpose of this paper is to describe the available data and methodology used to obtain them.

The data will be valuable to those conducting studies within the CEZ in a number of ways, for

instance: (i) helping pérm robust exposure estimates to wildlifBeaugelirSeiller submitted)(ii)

predicting comparative activity concentrations of different key radionuclides; (iii) providing a

baseline against which future survey in the CEZ can be compared; (iv) aseacgfonfarmation on

f


mailto:jgar@ceh.ac.uk
http://uiar.org.ua/

123
124

125
126
127
128
129
130
131

132
133
134

135

136

137
138
139
140
141
142
143
144
145
146
147

the behaviour of fuel particles; (v) performing retrospective dose assessments; (vi) assessing natural

background dose rates in the CEZ.

wSOSyutes GKS /9% gl & &dza3Sa&E6.SRadibadtively Wwlk RA2S02¢€ 2
contaminated site that will provide a focus for joint, leteggm, radioecological research which will

help address challenges identified for the field of radioecal&gy this to be successfuklevant

data for the CEZ need to be made openly availdbtieed the deficiency of open data has been

highlighted as one of the causes for the lack of scientific consensus with regard to published studies

from within the CEZ and more recently areas affedigdhe 2011 Fukushima accideftie data

presented here ge a first step in this process.

The data and supporting documentation are freely available from the Environmental Information
Data Centre under the terms and conditions of the Open Government Licence:
https://doi.org/10.5285/782ec845213546988881-h38823e533hf

1 Background

The accidenin reactor number four athe Chernobyl nuclear power pla@&hNNP)Ukraine on the
26" April 1986 remains the worst in the history of nualgpower generation. Starting on the'27

April the human population and farm animals were evacuated from an area of circa 3500 km
create what has become known as the Chernobyl Exclusion Zone (CEZ). Subsequendg, the
administered as th€EZ as increasedb approximately4760 knt The area of the CEZ in the Ukraine
is approximately 298km?, the remainder being in Belaruthe deposition of radionuclides over the
CEZ is known to be highly spatially heterogeneous. Releases from the Chernotoy oecurred

over a period of about ten days. There is a narrow band of high radioactivity to the west of the
reactor (often referred to as the western trace) which represents deposition from the initial
explosion (Figure 1). Higher levels of contamorato the north and to a lesser extent the south are

asa consequence of releases over the days following the accident.


https://doi.org/10.5285/782ec845-2135-4698-8881-b38823e533bf

148
149

150

151

152
153
154

155
156
157
158
159
160
161
162
163

164
165

kBg/sq.m

51930

51925'

51°20°

5145

51°10°

29°40 2950 20°00 30°10 3020
s 20000
7500
s
< 14000
¢ ¥ ot 2000
] 2 L
N 5125'
57 g — 750
ANy {400
—— 200
= 75
) He (] T .
\ ( N 51°20
40
20
% / Q
ila ik
195"
= 0 km 5
Ry E———
Fi
* U s51410° L meberder
N
c—— - roads
% Q «toans and vilsges
-y, - tivers and lakes
S ] n ‘ o + axclushon 200 border
29°40" 290" 30°00° 010 3020

Figure 1. Spatial pattern 81Sr contamination (kBg ®) estimated for 199TUIAR 1998

The CEZ has many features making ingportant radioecological study site:

1 Contamination levels are such that the behaviour/transfer/mobility of a number of

radionuclides can be studie¢{Cs,°Sr,2Am, Puisotopes, Usotopes,*?9, 1“C, Cl
and®°Tc)

The presence of radioactive patés means that their behaviour in the environment can be
studied Kashparov et al1999, Beresford et al2016. Fuel particles are weathered with
time such that mobilisation dfSr has been observed to leads toreased contamination of
plants (Salbet al, 1994,0ughton et al., 1993ashparov et al., 199%uel particles were
released in two different forms (Kashparov et al., 1996): -Nxidized fuel parti@s of the
initial release (28 April 1986), formed by the mechanical destruction of nuclesl. These
first particles formed a 100 km long and up to 1 km wide patthe west of the plant, and
oxidized fuel particles which were formed during the subsequent reactor fire (frdhApéil

to 5" May 1986) and deposited to the north and souththé plant.

Dose rates remain sufficiently high that we may expect to observe effects on wildlife in some

areas.Furthermore, mblished results on radiation effects from the CEZ are contentious with
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a lack of agreement on interpretation amongst scientetd a high public profiléBeresford

and Copplestong20117).

1 A wide range oferrestrial and aquatispecies and habitats are presefte Ukrainian area,
the focus of this paper, contains forests, abandoned farmlands, wetlands, flowing and

standing watersgeserted villages and urban areas.

wSOSyiates GKS /9% ¢l a adz3s alitsS/Rwh.adiokcoldBwl RA 2 S02 f 2

exchange.org/content/radioecologicabservatories Staner et al, 2013) i.e., a radioactively

contaminated site that will provide a focus for joint, lereggm, radioecological research which will

help address challenges identified for the field of radioecoldtigton et al, 2013). For this to be
successfylrelevant data for the CEZ need to be made openly avajlaldeed the deficiency of

open data has been highlighted as one of the causes for the lack of scientific consensus with regard
to published studies from within the CEZdamore recently areas affected by the 2011 Fukushima
accident Beresford et a).2012 Barnett & Welch2016).

In this paper we describeseries ofdatasets focussed on radionuclide depositiamd radioactive
particleswithin and around theCEZredomirantly from studies conducted by thékranian

Institute of Agricultural Radiology (UIARPw part of theNational University of Life and

Environmental Sciences of Ukraine (NUBTPe accompanying data are freely available

(https://doi.org/10.5285/782ec845213546988881-b38823e533hfunderthe terms ofthe open

Government LicencéVith respect to radioaive particles, data are also presented fra@mples

collectedin Poland in986.

The purpose of this paper is to describe the available data and methodology used tothbtain

The data will be valuable to those conducting studies within the CEZ imlaenwf ways, for

instance: (i) helping performobust exposure estimates to wildlif@eaugelirSeiller submitted)(ii)
predicting comparative activity concentrations of different key radionuclides; (iii) providing a
baseline against which future survieythe CEZ can be compared; (iv) as a source of information on
the behaviour of fuel particlegv) performing retrospective dose assessme(ud assessing natural

background dose rates in the CEZ.

Whilstmany ofthe results of the studies described have previously been medarious purposes
within refereedor other publications é.g Kasparov et al, 2001, 2003 2004 2006 Zhurba et al.
2009 the complete underlying datsets have not previously been puliied.
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2 Data

Thee aresixdata sets availablen Kashparov et al., 2@1and an overview of the contents of each is

presentedbelow and in Tablé:

1. Spatial dataset of radiocaesiun?’Sr and soil chemistry parameters resulting from a soil
sampling exercise conducted during the summer of 1997. The data set comprises results from
1200 soil sampleseporting*4Cs, ¥'Cs *°Sr andsome®®Eu activities in soil (kBg#) some
chemical parmeters for soils (e.g. pH, exchangeable Cs, percentage husuilsype at the
sampling site and latitudongitude ceordinates.The data set also contains information for
additional samples from some of the datats below (e.g., this datet containgadionuclide
activity in soil for all sampling though for some of these there are no corresponding soll
chemistry data).

2. Puisotope measurements bulk soil sampleseporting results for the analyses $fPu and
239.24Ppy on a subset of 82 of tlemmples from the above data set and an additional twelve
samples collected from withthe CEZ and outsidt to a distance of 200 km between 2000 and
2001

3. Puisotope measurements in sectioned soil samples reporting results from cores sectioned at
different depths collected at nine of the 12 sites sampbetween 2000 and 2001

4. Y| @ (2 Nartkldafataset presentingadionuclideactivity and some physal characteristics
of: () 1380WK2 G LJ NI A Of SaQ ¢ Linddetadvirdny doil€diléciedinthezSEZ LI NI A
(largely from in the inner 10 km zone) over the period 198ZG0Q (ii) 206 particles collected
from north-east and Warsaw area (Poland) in September 1986 (data courtesy of Warsaw
University (Dabrowska et al., 1988, Osuch et al.9);.98i) 294 particles collected from within
0KS W{KSt SN o2 Ndatafriddputldhéd Atdmiture o partickegapliedied mA 3 0
different European countries between 1986 and 1987.

5. Fuel particle dissolution datset presents results frorstudies on 115 soil samples, collected
within the CEZ between 1995 and 1997, to determine the proportion of undissolved fuel
particles.

6. Ivankowegiendistrict datapresents unreported data of a survey of thenkiv Raioptvankeva
districtin the KievOblastegion immediately to the south of the CEzbnducted in 2014The

lvankov district borders th€EZ and Ivankothe administraitve centreis situated~80

kilometresfrom Kievand~50 kilometres fromChernobyNPP The dataset contains dose rates

measured at approximately 3400 sites across the Ivanégwndistrict and activity
concentrations of°Sr,**’Cs and natural series gamraanitting radionuclides in 547 soil samples

sampled in 2014




232 The above numbers are usedlinble 1 and subsequently to identify the data sets

233 Tabe 1. A description of the data presented in this paper and available from Kashparov et al., 2017.

Data Datesampled Sample Radionuclides Other parameters
set ID description | reported reported
1 1995 1999, 2000, | Soil 134Gs, 1¥7Cs 20Sr,>Eu | Soil chemistry and soil
2002 238p ) 23924, type
2 1997, 2000, 20D Soil 238p, 23924y None
3 2000,2001 Soil 187Cs 205y, 28y, Depth andmassof soil
239.24py layers
4 Gamma: 1986, WotQor %Z7r,%Nb, 1%Ru, Particle description (type
1987, 1988, 1989, | fuel) 1255, 134Cs 1¥"Cs, size, view, colour,
1991, 1992, 1995, | particles in | 1*Ce™Eu,™>EuU, structure), burn-up value
1997, 1998, 1999, | soil 54Mn, 8°Co,24?Am
2000
Alpha: 1986, 1988,
1990, 1991 Total alpha
Beta: 1988, 1994,
1995 05y
5 1995, 1996, 1997 | Svil and 85Gr,90Sy None
WK203Q
fuel)
particles
6 2014 Soil and 187Cs 905r,49K ,22%Ra, | Samplemass
background| 2%2Th
dose rate

234

235 Locations of samplinfpr studiesl, 2, 3, and Bire presented in Figure 2 and those for the lvankov
236 regiendistrictare shown in Figure 3 (belowReported activity concentrations for all degats

237 discussed are presented for the date of measurement which is provided in the accompanying data
238  sets.

239
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241

radiocaesium?’Sr and soil chemistry parametersjark blueg 2.Pu isotope measurements in bulk
10

Figure 2. Sampling locations for the different studies in the CEZ (r&thatial dataet of
soil samples; yellow3.Pu isotope measurens in sectionedoil samplesgreen- 5. Fuel particle

dissolution dataset, 6. Ilvankov distric(sampling locations see Figurg 3.
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246  2.1. Overview of studies and available data

247  2.1.1 Spatial dataset of radiocaesiuntSr and soil chemistry parameters

248  Soil sampling

249  Soilsamples were collected about 1200sites in the Ukranian CEZ in an area of 36 km radius
250 around ChNPP betweehulyl995and September 1997. Sites were selected using a grid and the
251 approximate distancbetween sampling sitewas about 1.2 km-orthe narrow western (fuel

252 patrticle) trace of the radioactive release, wherentamination is charactermsl by a high gradient,
253 the distance between the sampling siteas reduced td.00to 500 m.Because of the large area of
254  the CEZ, the majority of the mgling was conducted using a helicopter to rapidly move between
255  sites; to sample forest areas motor vehicles were used for transport.

256 At each sampling point, the absorbed dose rate at a height of 1 m above ground surface was
257 measured. Before soil samplitfie homogeneity of the site (100 x 100m) was evaluated by

258 measurement of absorbed dose rate at several points using allR@osimetep ¢ a S| Kl yA OKS a1 ¢

259  zavod(Mechanical Plant), Russia)

260  Acompositesoil samplevas collected thatonsisted of five susamples of cores of 37 mm

261 diameter, taken in the corners and in the centre dbZ n¥ to 30 cm depth(this approach is

262 NXB T S NNIB Renvelgpe ingthod KISy * Aa O2y RdzOG SR A gSOU@LIZNREF yOS
263 37-425:2006)SOU refers to thetandardof the Ministry of Agrarian Policy and Food of Ukraine

264  (industry standard of UkraineThis approach was developed to obtain a representative soil sample

265 (Khomutinin et al 2001).The total mass was not less than 2 kg for the five cdree.sampling

266 depth of 30 cm was chosen because it had been shown that ten years after the aatden®5%
267  of the°°Sr activity is associadewith the upper 1Go 20 cm layeflvanov et al., 199. To test that

268 the sampling depth was adequate the vertidsstribution of*°Srin sandy soiprofiles (up to 1 m

269  depth) was determined and th&Srl*>Euactivity ratio in the samples was measured. Fuel patrticles
270  have a characteristi®®Sr*>*Ey if this ratio deviates from that expected it is indicative’@@rbeing

271 leached down the profildn most of the cores more that 95% of tffiSr was located in the upper 30
272  cm layer. Only in a few sitéless than 0.1% of all sites)th alow organic matter contenivas there
273  asignificant percentage 81Sr (>20%bhat had migrated deeper than 30 c{Bhestopalowet al,

274  2003)

275 The ceordinates of the sampling sites were determined by means of ar€¢e$ser (ScoutMaster)
276  using theWGS84 (World)system In order to estimate the accuracy of the-oalinates and thei

277 correspondence to the topographic basis, GPS measurements were performed at several points with
278 known coeordinates. It was shown that the accuracy of the @&&®iver was about 100 m with a

279 systematic deviation of about 300 m.

11
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The same methodology wased for estimating radionuclide activity concentrations in the other
data described below unless otherwise indicated.

Soil activity measurements

The collected soil samples were dried, sieved through a 1 mm sieve and homogenized. Four sub
samples were tadn from each sample for the determination of the total contents of radionuclides:
three subsamples of 100 cfvolume and one of 1000 ciwolume for the measurement of gamma
emitting radionuclides in a Marinelli container. Measurementgaiihma emittingadionuclide
contents were performed oall four subsampleqG, Bq kd) using gammapectrometry. If the
relative difference of the subsample measurements &xGnin)/(GnaxtGnin) €xceeded 0.15 for the
137Cs activity concentrations, the sislamples were bulked and remixed. The resultant sample was
again divided into replicates which were-aaalysed. Onc€GnaxGnin)/(CraxtGnin) was <0.15a 100

cm® sub-samples with ampproximateaveraget*’Cs activity cocentration was chosen for the
measurement of thé’Sr specific activity. This procedure was followed to ensure that the sub
sample analysed fdfSr was representative of the sample as a whole.

Gamma spectrometry measurements were performed using H&&ectors, of 30% relative
efficiency and 1.90 keV FWHM for 1333 keV (&BIB5,EG&G ORTEC, USAJ a multichannel
analyser (ADCAf00, ORTEC, USAjngGammaVision32 software. The efficiency calibration was
carriedout for the 1L Marinelligeometry using spiked soil sampleontaining?**Am,243Am, 5%,
154£4,13Cs #%K . The areragecountingtime was about 1 hoyrfor samples of lower activity the
counting time was extended to obtain an acceptable error on the measurement (<30 % at 95

percentile confidence interval)

The activity of°Sr was determined using a radiochemical method (Pavlotskaya, 1997) with
treatment of the samples by boiling &M nitric acid for four hoursThis method was usdd
dissolveas much of thduel particlesas possibléKahparov et al, 2003) it has been estimated that
for particles collected from the western trace within 5 to 10 km of the ChNPP this method may
underestimate’®®Sr activity by up to 20 %éshparov et al., 2004After filtration of the solution,
hydroxides of higivalence metals (Fe, Al, Ti, Mn, Th, U) were extracted by adding ammonia into the
solution. After acidificationthe solution was left for three weeks to reach equilibrium betwé&sr
and®Y. Subsequwly, stable Y was added to the solution and Y precipitated by addition of
ammonia. The precipitate was incinerated to yiel:and after one day (to allow the decay or
radium daughters}°Sr wasmeasured using a lowackground betacounter (CANBERRAQD, USA).
The radiochemical procedure remov&tCs from the sample which increased the accuracy of the
subsequent®Eu gammaspectrometric measurements to determine tRSri>*Euratio (gamma

counting to determine thé**Eu activity was conducted aftextraction of highvalence metals)

12
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Determination of the main agrochemical characteristics

Standard methods were used to determihemus content (which equatés organic matter

content) (GOST 262131), phhoo(GOST 264285), phka (GOST 264885), hydrolytic acidity
(determined using the Kappen method (GOST 2é21)2 exchangeable Ca (GOST 2688y,
exchangeabl& and P contentarere determined using a method appropriate to the specific soil type
(GOST 262091, GOST262041). GOSTefers tothe National Standard d§SSR andkraineprior to

the breakup of the Soviet Union ih991

Mechanical compoditn (i.e. percent clay, percent silt, sand) were determined on the soils but not
reported in the data. Instead, they have been used to attribswils to the USSR classification
system.Table2 presents soil types in the CEZ described usi8§Reuntriesclassificatiorandin
accordance witlthe FAO/UNESCO systé8tolbovoi, 2000 The soil type at each sampling site was
attributed to one ofthese codesand this is presented within the data

Codes 116 to 143 in the data were sampled from around the villagelmerwhich was not within

the CEZ but at which high deposition values were found. No agrochemical measurements were

made at these site except pH.

13
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344

Table 2 Soil classifications appropriate to the CEZ

Code
used in
data

ExUSSR (including Ukraine)

FAGUNESC(

1

Soddy underdeveloped

Soddy slightlyand midpodzolicsandy and consolidated
sandy

Soddy slighthpodzolic sandyoam and loamy

Soddy migpodzolic sandyoam and loamy

Soddy slighthpodzolic gleyic sandy and consolidated sa

Soddy slighthpodzolic gleyic sandy loam and loamy

Soddy midand heavypodzolic gleyic sandy loamy

©| 0 N| O & W N

Soddy slighthpodzolic gleyic sandy and consolidated sa

Soddy midand heavypodzolic gleyic sandy loam and
loamy

Soddypodzolic

Podzoluvisol

18

Grey forest

19

Darkgrey forest

Grey forest

Greyzems

121

Meadow gleyic

Gleyic

Gleysols

122

Meadow and soddy gleyic carbonate

124

Meadow pseudopodzolic and meadow pseudopodzolic
gleyic

131

Meadowboggy

Meadow

Phaeozems

133

Boggy

135

Peatyboggy

136

Peatboggy

138

Low moor peat

Peat, boggy

Histosols

159

Soddy gleyic sandy and consolidated sandy

Soddy

Arenozols

160

Slightlysoddy lowhumus and norhumus sand

Alluvial

Fluvisols

161

Soddy sandy loam and loamy

162

Soddy gleyic sandy loam and loamy

167

Soddysolod

168

Soddy pseudopodzolic gleyic

Soddy

Arenozols

14
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2.12 Pu isotope measurements

From the dataset described above 82 samples from sites along the main traces of the release were
selected for analysis of Asotopes.For determination oplutonium radioisotopes at a given site, one

of the homogenized 100 cfrsamplesvasused After heating at 450 °C overnight,eglsamples were
boiledfor 4 hours in 6M HN@PIutonium radioisotopes were extracted hytandard radiochemical
method (Pavlotskayal997). Chemicayield was calculated usirfg®Pu or?*Pu as tracersPlutonium

was extracted from the resultant solution usingriexchange resi(VR1AP Russia). After elution and
evaporation plutonium was extracted by electrical depositiotomstainless steeplates. Activitieon

the plates were measured usiagsoloistalphaspectrometer equipped witla SoloistU0300detector
(EG&G ORTEC, USA).

An additionaket of 12 samples were collected @#utumn 2000and analysed to determine Hsotopes
using the same methodology. These samples were collected at distances of up to 200 kmafutside

the CEZ in westerly, southerly and easterly directions.

2.1.3 Pu isotope measurements at different depths

Apart from haing total Pu isotopes determined as above for the bulked soil sample, cores from eight
of these sampling sites were sectioned into layer® (D, 2to 4, 4to 6, 6to 8, 8to 10, 10to 15, 15to

20, 20to 25 and 250 30 cm)and analysed for Risotopes,'*'Cs and’Sr.

A further siteclose to Pripyatvas sampledn 2001to a depth 0of110 cm and the core was sectioned
into 10 cm slicegthese are identified as 1 _J w in the accompanying data.det&h of these depth

samples was analysed to determifféPu, 23°2Py, 1¥3’Cs and®Sras described above.
2.14WotQ 2 NhartieldsS f

The initial explosion in the Chernobyl reactor releagddrge rumbersamount of uranium dioxide

fuel particles with a median radius of2um which were deposited in a narrow band up to 100 km to
the west of the ChNPP (Kashprov et 4P99). The explosion also released relatively large fuel
FNF IAYSY(da NI y3IAyY 3inJiddPTNeseMangerdraginéhts wémegeeredaminantly
depositedwithin-at a distance 02-5 kmeffrom the reactor (Kashparov et al999). The deposition

of particles was a distinguishing feature of radioactive contamination of the Chernobyl accident and
the behaviour of radionuclides associated with such particles in the environment had nabysigv

been consideredLoschilov et al., 1991, Beresford et al., 2016).

In 1987, the State Committee of Hydrometeorology of the USSR and the Scientific Centre of the
Defence Ministry of the USSR created a regular sampling network in the@sBzh(lov et al., 1991

Fifteen points were chgen on each of 36 transects defined at 10° interwathin 60km ofthe
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399
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ChNPPSoil samples were collectetliring 1987 and 1989 at each point, except for those located in

woods, rivers and lakes; the majority of sampling sites were located within the 1@nan of the

CEZ. The samples (15 cm in diameter and 5 cm deep) were measured in Marinelli beakers using a
high-purity Ge detector. From a subset of these samples, all collected withiBOtlken zone, more

GKFY mMZunn NBf (A JS ttides (attingg>800 B@) wdreSderfified ancbisolatedk 2 (G LIt
by scanning thin soil layers with a dosimeter (Kuriny et al., 1#30ome instances more than one

particle was extracted from the same soil samfitethe data the identifier code starts with the

same number).

About 500 additionalHotQ 2 NhartElds®dre collected in a similar manner from soils sampled

using the same approach in the CEZ during the period 1985 (Kashparov, 2003).

In the inner zone of the CEZ, where these samples were callagpeto 97% of particles comprised

finely-RA 8 LISNBE SR y dzOf SI NJ FdzSt LI NIAOft Sad ¢KS 20KSNJ o
condensed particles, a matrix of iron group elements with a high conte¥{¢:8fRu (Kashparov et

al., 1996) Condensed particles were formed when highly volatile radionuclides released from the

fuel matrix were condensed onto particles of dust, construction materialgl€tshparov et al.,

1996) 2 AGKAY GKS RIFIGFolFasS (KS (®dlSft aF2R8) O&2 YRV A ORE

The specific activity of the fuel particles corresponded to the activity of the fuel at the moment of the
accident, excluding the volatile and highly mobile radionuclides suét-8&s and°Ru (Kuriny

et al., 1993, Kashparp2003). The presence of fissionable material in the particles was demonstrated
using neutroractivation analysis, electron probe microanalysis, and laser-s@sstrometry. Particle
enrichment with?®*U was found to be about 1 to 2% (Kashparov etl8i%); natural uranium consists

of approximately 0.7%*°U (USNRC, 2017). Particle size and radionuclide activity were measured by
2LJGAOFE YA ONP ZiGgect®dmelryréspedtigely."Gamma spectrometry was conducted
using high purity germanium det®r (GEM30185, EG&G ORTEC, USA) of about 30% efficiency and

A ¥ 4 A x

1.85 keV energy resolution (ffiCo, 1332 keyNJ @ a0 O2yy SOGSR G2 | YdzZ (A OKI

MCA 350, EG&G ORTEC, USpha spectrometry was conducted using a ggiltton detector (DKP

1251A) linked to a SER3 spectrometer. Following radiochemical separation using the methodology

AN LA

described abov&{ NJ | QG A GA (& 61 & - R RSTINNOGy204a58). D wwy!  h

An additionalset 0f 294 particles were obtained from inside of tie{ K St G SNE o Bk & NO2 L

reactor hall of the Chernobyl No4 umiarly in 1992 and analysed as described above.

Using the'*’Cs and®Sr results for the particles, Kashparov (2003) estimated the effective duration

and temperature for fuel particlannealing to be ~3.5 seconds at 2400 K respectively for particles of
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409 BHmn >Y FNRY 2 Said S Nlanexdobidblkebmeeh&nisia of @il yartialeNidfrBaiton
410 during the accident (Kashparov, 2003).

411  For particles collected in the CEZ the dsg¢apreéi Sy (i 4-dzWQ dzRJ/ f -alzSsiused to debklibe

412  the fraction of fuel atoms having undergone fissidrhe burrup distribution of fuel particles larger

413 G K|l y moflected¥rom the CEinhdicated that, at the moment ofhe accident, particles were

414 relessed fromi KS f Saa A NNIpa&tiof thie $actorcdbe Budryp YSudniere lower in

415 these particle€9.8 to 11 MW dakg?) in comparison with thestimated most probabléuel burnup

416 value of 14MW day kd in the 4" unit of the ChNPP (Kuringt al., 1993, Kashparov et al., 1996

417 Begichev et al.,, 1990; Kashparet al., 1997. Table 3presents estimated radionuclide activity

418 concentrations at the time of the accident in fuel with different bunm valuesThe lower burrup of

419 fuel contributingto particles within the CEZ resulted in particles with less radioactivity than if

420 RSLI2aA0GSR LI NGAOfSa KIR 0SSy I NASt& F2NX¥SR FTNRY

421  The dataset also contains information on 206 particles collediean five areasn the north east of

422  Poland Particles were collecteith autumn 1986from wasteland andorest clearings the total area

423  sampled was approximately 6000 square metthe data are supplied courtesy of Warsaw University;
424  seeDabrowska et a]1988and Osuch et 311989 for methodology). In contrast to the CEZ, >40% of
425 the particles collected in Poland were of the condensed form; the results for the Polish particles were
426  decay corrected to the day of the accidemhe Polish particles were divided into three form&And

427 C. Goup A contaied mostly 1Ruand °®Ru isotopesgroup Bparticles wee rich in other nuclides

428 from the fission producspectrumand group Gesemblal group B particlesin isotopecontents but

429  with ahigher abundance of ruthenium.

430 For complet@ess and comparison, we have augmented the data with values from the published

431 literature which present information on particles frorBialystok inthe Masurian Lakes regioof

432 northeast Poland (nine particles collected Movember 198y (Schubert andBehend, 1987);

433 Budapest, Hungary (15 particles collected in July 18&pshazy et al., 1988tockholm, Gotland

434 and Gavle in Sweden (41 particles collected in 19B@rekes et al., 1991 Sofia, Bulgaria (five

435 particles) Mandjoukov et al., 1992Most of the particlesf N2 Y (KS&aS &aGdzZRASA 6 SNB
436 condensatiorparticles Particles were selected in 1986dactivities were decay corrected to the time

437  of the accident.
438  2.15Fuel particle dissolution datset

439  Soil Sampling and preparation
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BetweenJuly1995and May1997, 115 soil samplegere collected from sites within the CE4satying
directionsand distancefrom the ChNPIh order to reflecthe variability of the physical and chemical
characteristics of the fuel particles deposité¢hshparov et g11996, 1999, 2004Y.he sampling was
carried out along the narrow western trace of fallout of the rmrdized fuel particles of the first
release(Chernobyl releases occurred over a period of 10 days (Smith & Beresford, 200%k) the
southern and northern fuel traces of fallout of oxidiziek| particles EB. At all sample sites, soddy
podzolic sandy sail type 2 from Table 2) were sampled. Where possilileach site additional
samples were collected fromn area of peat soilithin a radius of 300 m. It was assumed that within
this area the deposited particles would be relatively similar, allowing the effect of soil type on particle
behaviour to be studiedDensity of contamination b3Sr varie at the sampling sites from 12 kB[
2to 60 MBgm™2.

Two soil cores were collected at each sampling point: one sample was collected to a depth of 5 cm
and 14 cmdiameter, the second was taken to a depth of 30 cm with a 6 cm diameter. Théd@m
sampleg(containing the fuel particlesyere used to determine soflH+«o using the same method as

above

Strontium:85 and®Sractivity concentrationsvere determined onlie Oto 30 cm samplewhich were
also used to estimatthe fraction of remaining undissolved fuel particles. Soil sampére airdried

(approximately 25 °C), passed through mrh mesh sieve andomogenisedrior to analysis.
Estimation of remaining fraction of fuel particles

The fuel particle component in the soil samples was estimated from the fraction of exchan¥f&able
determined using M NHAc extraction withf®Sr yield monitor (Kashparov et al., 1999). Three or
four subsamples of 100 chrwere taken from each @ 30 cm soil sample, and 5 ml $6r solution
(activity of about 100 Bqg) and 25 ml of water were addedeach. After &o 48 days, the soil was
subjected to extraction usinggM NHAc (solid: liquid ratio 1:10). The seitract solution was shaken

for 1 hour and left for 1 day. Extractants and soil residues were separated by filtration, and the fraction
of radiostrontium was determined in both the solutionsgfAand the residue (&). The gamma
emitting radionuclides®'Cs **Eu,?*!Am and®®Sr were measured using gamma spectrometry 88d

by beta counting after radiochemical separatiassing the appoach outlined above

Thepercentags of 8Sr and®Sr leached from so{D*°Sr andD?®Srrespectively)were calculated as
follows:

0 30
0 300 30

prmb
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These percentages were uséal calculate the fraction of undissolved fuel particl&=P),

estimated as:

For samples with a low’Sr'®Euratio, it had previously been shown thdached®°Sr had been

removed from the Qo 30 cm layer (Kashparov et,dl999). This migration was particularly significant

for sandy soils with very low humus conteHtere, fo suchsamplesthe total estimated®°Sr content

wasusedto assess the fraction of undissolved fuel particither thanA.(°*°Sr) The totaP’Sr ontent

was derived from the vertical distribution 8Sr and*>*Eu activityFrom estimates of initial activity

concentrations in the fuel th&°Sri%¥Eu ratioin 1996 of 56would be expected (see discussion of

predicted activity levels in fuel presented below).

The data contains a limited number of negative values waielthe consequence of a low percentage

of ®°Sr in the exchangeable form and a high associated errorsgehe data should assume these

values to be zero.

Table 3 The activityconcentrations of radionuclides in the ChNPP 4th unit nucleanfitieldifferent

burn-up, Bag™.

Burnup

(MW d kg

1) QOSr 952r 106Ru 134cs 137CS 144Ce 1255b 154Eu 155Eu
15.20 1.54E+09| 3.43E+10| 9.66E+09| 1.33E+09 | 1.91E+09| 2.73E+10| 2.64E+08| 5.52E+07| 6.48E+07
14.30 1.46E+09| 3.46E+10| 8.85E+09| 1.16E+09 | 1.80E+09| 2.69E+10| 2.38E+08| 4.91E+07| 6.01E+07
13.40 1.38E+09| 3.48E+10| 8.09E+09| 1.01E+09 | 1.69E+09| 2.65E+10| 2.13E+08| 4.33E+07| 5.54E+07
12.50 1.30E+09| 3.50E+10| 7.36E+09| 8.74E+08 | 1.58E+09| 2.59E+10| 1.89E+08| 3.81E+07| 5.12E+07
11.60 1.22E+09| 3.51E+10| 6.67E+09| 7.49E+08 | 1.47E+09| 2.53E+10| 1.68E+08| 3.32E+07| 4.69E+07
10.70 1.14E+09| 3.53E+10| 6.01E+09| 6.35E+08 | 1.36E+09| 2.46E+10| 1.47E+08| 2.87E+07| 4.27E+07
9.84 1.05E+09| 3.54E+10| 5.38E+09| 5.33E+08 | 1.24E+09| 2.37E+10| 1.29E+08| 2.46E+07| 3.86E+07
8.94 9.61E+08| 3.55E+10| 4.78E+09| 4.41E+08 | 1.13E+09| 2.27E+10| 1.11E+08| 2.09E+07| 3.47E+07
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493

494
495
496
497

498
499
500
501
502
503

504
505
506
507
508
509
510
511
512
513

514

8.05 8.72E+08| 3.56E+10| 4.21E+09| 3.60E+08 | 1.02E+09| 2.16E+10| 9.48E+07| 1.76E+07| 3.09E+07
7.15 7.80E+08| 3.55E+10| 3.66E+09| 2.87E+08 | 9.09E+08| 2.03E+10| 7.98E+07| 1.45E+07| 2.72E+07
6.26 6.88E+08| 3.53E+10| 3.14E+09| 2.24E+08 | 7.96E+08| 1.88E+10| 6.60E+07| 1.17E+07| 2.36E+07
5.36 5.93E+08| 3.48E+10| 2.63E+09| 1.69E+08 | 6.83E+08| 1.70E+10| 5.34E+07| 9.22E+06| 2.01E+07
4.47 4.98E+08| 3.39E+10| 2.15E+09| 1.22E+08 | 5.70E+08| 1.50E+10| 4.18E+07| 7.08E+06| 1.66E+07
3.58 4.01E+08| 3.23E+10| 1.68E+09| 8.32E+07 | 4.57E+08| 1.27E+10| 3.14E+07| 5.15E+06| 1.32E+07
2.68 3.03E+08| 2.93E+10| 1.24E+09| 5.17E+07 | 3.43E+08| 1.01E+10| 2.20E+07| 3.49E+06| 9.86E+06
1.79 2.03E+08| 2.42E+10| 8.07E+08| 2.74E+07 | 2.29E+08| 7.19E+09| 1.36E+07| 2.09E+06| 6.53E+06
0.89 1.02E+08| 1.53E+10| 3.95E+08| 1.03E+07 | 1.15E+08| 3.82E+09| 6.30E+06| 9.27E+05| 3.24E+06

2.16 Survey othe Ivankowvdistrict

Three thousandhree hundred and eightgine sampling points were identifiebr survey in 2014,

using al kmgrid placed over the Ivankeegiendistrict and surrounding 3 kr{Figure 3 (Kashparov

et al, 2014) The ceordinates of the sampling sites wedetermined by means of a Gle&eiver

(Garmin GPSmap 78%8sing the WG84 (World) systemwvith the accuracyf 10 mor less

Measurementof ambient equivalent doseate (hereafterreferred to as dose rajavere carried out

at heighsof 1 m and0.1 m aboveground surfacet 1 km intervalaising this gridEquivalent dose

was measuredssingcertified gammabeta-irradiation dosimeters(RK1, StoralU, Ukraing The

measurement rangef the dosimeters was approximately @dl 1000nSvhr! and the tme takento

obtain a statistically reliableestimate wasapproximately 20 sSeven of the sites selected for survey

were inaccessible however the locations have been left in the data for completeness.

ly SadAaYlidAazy 2F Wi SNE wasimade ByN&idgymeaQuremanislovieraS R2 & A Y

frozen water body in the centre of the lvankagiendistrict. The contribution of gamma irradiation

from natural and anthropogenic radionuclides was seen to be negligible and hence the readings

were the sum of cosmi@diation and the detectors own background (Kashparov et al., 2014). The

background dose rate of the devices themselves were determined in the laboratory by taking

measurements within a lead shielded (10 cm thick) area. Background dose rate of the ceteaso

6F Ol aANRdzy RQ RSGSNNAYSR

estimated to be 0.0%8v h*I Yy R

0KS Wi SNe

nBv ht. Therefore, the contribution of cosmic radiation in the study area can be estimated to be

approximately 0.03r8v ht. Contributions from cosmicna instrument background were subtracted

from measured values reported in the data set.
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515

516  Figure 3Map of the soil samplintpcationsin the lvankovdistrict which borders the CEZoil

517 sampling and gamma survey (rsthrg; gamma survey only (greyrcles.

518 Five hundred and fortgevensoil samplesvere collected Sampling locations weevery third dose

519 rate measurement point apart from withigettlementswhere soils were sampled at every

520 measurement pointSample sites were selected that wenedisturbed,relativelyflat, with consistent

521 vegetationcover,and wheredoserate estimates did not vary by more th&9% Samples were

522 taken at a distance from the nearest buildings or trees which equated to two times the height of the
523  buildings or treesThe exception was for samples collected from forest or scrubland where the

524  sample site was positioned equidistantly from the nearest trees or sh&diapling points were

525 located no closer thaB0 mto roadsor places where accumulation or waslf of radoactive

526  contamination was possible.

527 The envelope method was used to collect soil samples @s¥Tgnm corer down to a depth of not

528 less than 20 cm. The mass was not less Bilag for the composite sample.

529 il samplesvere ovendried at 105°C to cortant weight homogenized andeved through a 1 mm
530 sieve Subsamplesof 100to 150 g weretakenfor *°Sr analysis anfibr gamma analysis BL

531 Marinellicontainerwasfilled.
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The approach used to determif€Sractivity concentratiorin soil samplesvasbased on the
standardISO 1858%:2009 (1SO2009). StrontiuB0 activity wa estimated through measurement of
its daughter product?®Y. The radiochemical preparation involved digestion of the ashed sample in
8M HNQ followed by oxalate precipitation. Strtom was purified using ammonia and saturated
sodium carbonate solution. The resultant strontium carbonate was dissolved in 2.5 MN@rrier
was added and stored for 2 weeks such t¥atreached equilibrium. Yttrium was then precipitated
as oxalate ad*°Y was measured usingbata-spectrometer (SEBO, AKPUkraine).The
radiochemical separation yield watalculated using carriers such as stable Sr andasured using
atomic absorption spectroscopy (Varia@amma analyses werconducted as describeabove.
Quality assurancef radioanalytical procedures wassedon ISO/IEC 17025 standar@he &boratory
regularlyparticipatedin international and national proficiency tegesg. International Atomic Energy

Agency).

The data set reportactivity concentrations for the natural radionuclid®&,??®Ra and®?Th in

addition to**’Cs and°Sr.The mean activity concentrations for these radionuclides were 140 8q kg
40K, at 12 Bq ky??°Raand 10 Bq k¢22Th.Natural background radionuclides are sometimes cited as
being relatively low in the CEMgller & Mousseap2011) though there are few data in the
International literature. On the basis of soil types we could expect the CEZ to have similar natural
radionwclide activity concentrations in soils as the Ivankayiordistrict. These activity

concentrations do appear to be relatively low compared to average values fotheedJK Beresford

et al, 2008.

Caesiuml 37 activity concentrations in the Ivankeagien-district soils range from 6 to 390 Bg kg
dry matter. Strontiura90 concentrations range fromtb 160 Bq kg dry matter. These compare to
anticipated global fallout values of approximately 4 Bg R¢{Cs and 1 Bq Kg°Sr.Activity
concentrations of both*'Cs and°Sr were highest in the east of the Ivankov distfi&igure 4. On an
aerial basis®*'Cs ranged from 2 to 140 kBg?rand®°Sr <1 to 60 kBq  The®*'Cs?Srratio
increased to the west and south of the lvankegiendistrict with distance fronthe ChNPRFigure
5)

Dose rates at 1 m across the Ivankegiondistrict ranged from 0.1 to 0.248v ht. From
measurements of natural radionuclides in soil and using conversion coefficiebfN®EEAR (1977),
a dose rate of 0.01 to 0.0Y5Bv ht was estimated. There was a tendency for dose rates to increase
with increasing?®'Cs activity concentration in soils although correlation was po&rQ(R1 for

measurements at 1 m).
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567  HFgure 4 Spatial variation if®’Cs(top) and *°Sr(bottom) soil concentrations (kBq#nin the Ivankov
568 district in 2045.
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