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Osaj 360opHuk je 36upxa paoosa caonwmenux na XXXII Cumnoszujymy /lpywmea 3a
sawmumy 00 3paderva Cpouje u Ilpne ['ope xoju je oopacan y Byosu, Llpna Iopa,
04-06.10.2023. 200une. Padosu cy npema obpahenoj npobremamuyu epynucanu y
jeoanaecm cexyuja. Ceu paoosu y 300pHUKy cy peyeH3upaHu o0 cmpane Hayunoe
00bopa, a 3a cee npukasame pe3yaimame u meporbe 002080PHU CY CAMU AYMOPU.

Jyeocnosencko Opywmeo 3a sauimumy 00 3paudera ocHogano je 1963. zodume y
Ilopmopoacy, a 00 2005. nocu ume "Ipywmeo 3a 3awmumy 00 spauverna Cpouje u
Llpue Iope". Ha XXXII Cumnosujymy, ose 2oldune obenexicasamo 6eoma 3HAYAJaH
Jjyounej - 60 zoouna opzanuzosane 3auimume 00 3paverd HA HAUWUM RPOCMOPUMA.

00 ocnusarwa, Cumnosujymu [pywmea 3a 3awmumy 00 3pauerba Npeocmasbajy
NPUIUKY 04 ce Kpo3 CMPYYHU HPOSPAM NPUKAXCY Pe3YImamu UCMPAXCUBArbd Y
obnacmu 3awimume 00 3payerba, npeocmase pasiuyume o6lacCmMuU npumMeHe u3eopa u
2eHepamopa 3paversd, AHAIUUPA]Y AKMYelHd Oeulaéared, pa3meHe UCKYCMmed ca
Kone2ama u3 pecuoHa, Oeuuuuly npodiemu u npasyu odamee yHanpehueara Haue
npogecuonante 3ajeonuye.

Ilopeo moea, Cumnosujymu Opywmea npeocmassajy u nNpuiuxy oa y marve
GopmanHom Mauwupy cpemHeMo cmape U YNO3HAMO HOGe npujamesme U Kojeze,
00HOBUMO cmape U 3ano4YHeMO HOBe NPOPECUOHATHE CAPadrbe.

Aymopuma u Koaymopuma HAyYyHux u cCmpyyHux paooga caonwmenum Ha XXXII
Cumnosujymy ce 3ax6a/byjeMo HA YIOHCEHOM Mpyoy U HACMOjary O0a KEAIUmemHum
paoosuma 3ajeOHo OONpUHeceMO OCMBapusary yumesa u 3aoamaxa [pywmea u
HACMasumo mpaouyujy oyey umnosaumuux 60 2oouna.

Ilocebno ce 3axsamyjemo ceuma Koju cy noopacanu oopxcasarse 06oe Cumnosujyma.

Ceum unanosuma /[pywimea, capaoHuyuma u Koie2ama yYecmumamo 06dj 3Hauajam
Jyounej!

Opeanusayuonu 0060p XXXII Cumnosujyma /[33CLI"
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ABSTRACT

In this study, we investigated the soil-to-plant transfer of Cs-137, Sr-90, Ra-226, Pb-210 and
K-40 in different types of vegetables and fruits collected on family farms in Croatia. The
difference in radionuclide distribution between different plant compartments was also
investigated. Our results suggest that, in general, the transfer of selected radionuclides within
studied soil/plant agricultural ecosystems is on the lower part of ranges reported by IAEA for
the temperate environments. Nevertheless, for all studied radionuclides, the transfer to the
fruits and vegetables peels was higher than to the pulp. Overall, observed differences in the
transfer of radionuclides indicate other additional exposure pathways and mechanisms that
affect radionuclide content in plants besides soil activity concentrations.

Introduction

The deposition of radionuclides on vegetation and soil represents the starting point of their
transfer into the terrestrial environment and consequently food chains. For many
radionuclides with medium and long half-lives, this initial deposition is the beginning of the
long-term management and monitoring in the decades following nuclear and radiological
accidents and incidents. Knowledge of radionuclide transfer pathways, their distribution in
the environment and uptake by different plants and animals enable us to predict radionuclide
fate, estimate potential exposure to humans and apply appropriate protective measures within
the radiation protection system.

This study aimed to investigate differences in the soil-to-plant transfer of Cs-137, Sr-90,
Ra-226, Pb-210 and K-40, as one of the key anthropogenic and naturally occurring
radionuclides, to different crops (vegetables and fruits) collected on family farms located in
different geographic Croatian regions. This research is conducted as a part of the Croatian
Science Foundation project RIChFALL (Radioactivity in children food and novel methods
for low-level activity determination, 2020. — 2024.).

Materials and Methods
Samples

In Table 1 are presented the types of fruits and vegetables analyzed in the study and their
categorization according to the plant groups and plant compartment division used by IAEA
[1]. When appropriate, fruits and vegetables pulp and peel were analyzed separately.
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Table 1: Type of fruits and vegetables analyzed in this study

Plant compartment Plant Plant compartment
Plant group Plant type studied aroup Plant type studied
Chard
Spinach Potato
Leafy vegetables Kale Leaves Tubers Sweet potato Tuber, tuber peel
Cabbage
Zucchini Fruit without peel App le‘ Fruit, fruit peel
Non-leafy . S . Mandarin . .
coetablos Paprika Fruit with peel Fruits orange Fruit, fruit peel
veg Cauliflower Flowers, leaves Seed
Hazelnut
Root crops Carrot Root, root peel Herbs Rosemary Leaves and stems
p ’ P Immortelle Leaves and stems

Sampling and sample preparation

Soil samples were taken by auger at the same agricultural fields from which the crops were
collected. Each soil sample consisted of 3-5 subsamples. The weight of collected crops
ranged from several up to 10 kg (fresh mass). Crop samples were washed and where
appropriate (e.g.fruit and tubers) were peeled off and cut into smaller pieces. Peeled material
was kept for separate analysis. All samples were oven-dried at 80°C, milled, sieved and
homogenized.

For gamma spectrometry samples were packed into cylindrical beakers (125 cm’), sealed
with PVC tape and left for 3 weeks to achieve radiochemical equilibrium between **°Ra and
its progenies. For the *’Sr determination, approximately 50 g of soil and 1 kg (fresh weight)
of crop samples were dried. Dried crop samples were ashed at 600°C to remove the organic
matter.

Measurements

Activity concentrations of gamma emitters in soils were determined by gamma spectrometry,
using the High Purity Germanium (HPGe) detector systems within a low background lead
shield. For the measurements of activity concentrations in crops, the system was upgraded
with active shielding (cosmic veto) to reach lower detection limits. Broad energy Germanium
detector (BEGe) with a resolution of 1.95 keV at 1332 keV, and relative efficiency of 48%
was used for the crop measurements. The spectra were analyzed using Genie 2000 software.
Concentration activities were calculated from the 661.6 keV line for Cs-137, 1460.6 keV line
for K-40, 46.5 keV for Pb-210 while Ra-226 is calculated from the lines of its progenies
(Bi-214 and Pb-214). The counting time ranged from 80,000 s for soils, up to 250,000 s for
crops. Efficiency calibrations were performed mathematically using Canberra’s LabSOCS
tool, and they were checked using gamma mix standards.

For the Sr-90 determination, Sr from soil samples was isolated by an ion exchanger, eluted
with nitric acid and evaporated to dryness. The ashed residues of crops were dissolved in
nitric acid, filtered and then evaporated to dryness. For both sample types, the precipitate was
dissolved in 5SM HNOs; followed by strontium separation on Sr resin. After reaching
radiochemical equilibrium with Y-90, Sr-90 was determined by Cherenkov counting on
Quantulus GCT 6220 liquid scintillation counter (LSC) [2].

Transfer factor calculations

Transfer factors (TF) were calculated using the approach described in IAEA [1] for
soil-to-plant transfer of radionuclides in temperate environments. Soil activity concentrations
used for TF calculations were averages of the results for the first three upper soil layers
(0-5 cm, 5-10 cm, 10-20 cm).

154




XXXII Cumnozujym A33CHI PAAMOEKOJIOTUJA N U3JIATABE CTAHOBHUIIITBA

Results

Activity concentration was above the detection limits in 53 %, 32 %, 21 % and 100 %
analysed vegetable and fruit samples, for Cs-137, Ra-226, Pb-210 and K-40, respectively.
Sr-90 was above the limits of detection in all analysed samples. Differences in the transfer of
radionuclides between pulp and peel fractions are shown in Figure 1 and Figure 2. In Table 2
are presented transfer factors calculated for 23 radionuclide/plant group (pulp fractions only)
combinations. Where possible, calculated TF values were compared to those from different

literature sources on radionuclide transfer to plants in temperate environments compiled by
IAEA[1].
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Figure 1: Comparison of Cs-137 transfer factors for pulp and peel parts of fruits and vegetables
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Figure 2: Comparison of K-40 transfer factors for pulp and peel parts of fruits and vegetables
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Table 2: Transfer factors (TFs) of the fruits and vegetables (pulp fractions only) analysed in this
study. TF values with a number of data (N) > 1 are presented by mean, minimum (Min) and
maximum (Max) values. For comparison purposes mean values of TFs compiled by IAEA [1]

for the radionuclide transfer to plants in temperate environments are also presentedb
(soil type: all soils)

Our study IAEA TRS 472
Element Plant group N Mean Min Max N Mean
Cs ve;:;zes 2 1.09E-01 1.00E-01 1.ISE-01 290  6.00E-02
Non-leafy vegetables 2 1.75E-01 5.36E-02 2.96E-01 38 2.10E-02
Root crops 1 5.11E-02 81 4.20E-02
Tubers 4 1.78E-02 1.356-02  2.17B-02 138  5.60E-02
Fruit 1 4.26E-03 6 5.80E-03
Ra velg:;ges 3 230E-02  945E-03  4.58E-02 77  9.10E-02
Root crops 3 8.85E-02 1.99E-02  9.77E-01 60  7.00E-02
Tubers 5  134B-02  7.92E-03  248B-02 45  1.10E-02
Herbs 1 1.56E-02 n.d.
Fruit 3 2.02E-03 8.38E-04  6.32E-03 n.d.
Pb Ve§:t2;i}ies 3 147E-01 346E-02  4.16E-01 31  8.00E-02
Herbs 2 2.17E-01 5.65E-02  3.78E-01 n.d.
K Velg:tzges 5 336E+00  1.76E+00  8.89E+00 2 1.30E+00
Non-leafy vegetables 3 2.06E+00 1.94E+00 2.30E+00 n.d.
Root crops 3 1.43E+00 4.52E-01 3.43E+00 n.d.
Tubers 8  9.75E-01 427E-01  1.37E+00 n.d.
Herbs 2 9.57E-01 8.78E-01  1.03E+00 n.d.
Fruit 4 1.46E-01 776E-02  4.02E-01 n.d.
Sr Ve;‘:;iyles 3 8.44E-01 3.05E-01  1.77E+00 217  7.60E-01
Non-leafy vegetables 3 1.46E-01 1.77E-02 5.02E-01 19 3.60E-01
Root crops 2 6.86E-01 6.52E-01 720E-01 56  7.20E-01
Tubers 4 7.0E-02  4.00E-02 1.93E-01 106  1.60E-01
Fruit 2 1.23E-02 1.02E-02 1.49E-02 18  1.70E-02
n.d. no data

Discussion and conclusions

K-40 was the only radionuclide detected in all measured samples and also the radionuclide
with the highest TFs, some of them being higher than unity. However, considering that
potassium is a biogenic element, high TFs of K-40 are most likely a reflection of plant
homeostasis and not bioaccumulation [3]. On the other hand, Pb-210 was below the limits of
detection in the majority of samples. Therefore, for this radionuclide, it was possible to
calculate TFs for only seven samples: three of them being characterized by larger surface
leaves (chard, spinach and kale), two with "waxy" type of leaves (rosemary and immortelle),
mandarin orange peel and sweet potato peel. These results are in line with the previous
studies that indicated atmospheric deposition as the primary source of Pb-210 in plants which
is usually the most pronounced in plants with significant aboveground green biomass [4,5].
However, this exposure pathway might not be significant only for Pb-210, but also for
Cs-137 and Ra-226. In the cauliflower sample, these two radionuclides were below the limit
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of detection in its flowers, but not in cauliflower leaves that were shadowing flowers.
Another exposure pathway that might have been a cause of differences in radionuclide
content in cauliflower leaves and fruits is the resuspension of soil particles.

Comparison of TF values between pulp and peels of fruits and vegetables indicated uneven
radionuclide distribution between these plant compartments. These differences were observed
for all studied radionuclides, except for Pb-210 due to the above-mentioned low number of
available data. TF values of Cs-137, Ra-226, K-40 and Sr-90 for peels were up to 12 times
higher than those for the pulp fraction (on average three times). Moreover, while the activity
of Cs-137 and Ra-226 was detected in approximately 20 and 50 % of pulp samples, in peel
samples they were detected in 60 and 80 % of samples, respectively (Figure 1). Discrepancies
in the number of data between peel and pulp TFs were not observed for K-40 and Sr-90
(Figure 2). Causes of these differences in the radionuclide content of different plant
compartments might be due to the different metabolism of these radionuclides (e.g. root
epidermis might serve as a barrier for some radionuclides [6] or residual soil trapped in the
peel pores which usually remains even in the case of vigorous washing after sampling (and
can be also related to the size and type of soil particles) [7].

The majority of TF values obtained by our study were in the same order of magnitude as
mean values reported by IAEA (Table 2). On the other hand, calculated TFs for Cs in leafy
and non-leafy vegetables and Pb in leafy vegetables were approximately an order of
magnitude higher than the related IAEA's mean values while TF for Sr in tubers was
approximately an order of magnitude lower. Overall, calculated TF values were on the lower
edge of ranges reported by IAEA [1] for studied radionuclide/plant group combinations.
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SAZETAK

U ovom smo radu istrazili prijenos Cs-137, Sr-90, Ra-226, Pb-210 te K-40 iz tla u razlicite
vrste povréa 1 voca sakupljenih na obiteljskim poljoprivrednim imanjima u Hrvatskoj.
Istovremeno su istrazene 1 razlike u prijenosu radionuklida u razli¢ite dijelove plodova.
Rezultati ovog istrazivanja ukazuju da je generalno prijenos radionuklida obuhvaéenih ovom
studijom unutar raspona transfer faktora sugeriranih od strane IAEA za umjerena podrucja, ali
na njihovom niZzem dijelu. Unato¢ niZzem transferu, uocen je poviseni prijenos svih istrazivanih
radionuklida u kore plodova u odnosu na pulpu. Sveukupno, primjecene razlike u prijenosu
radionuklida sugeriraju, osim sadrzaja radionuklida u tlu, i druge mehanizme i puteve izlaganja
radionuklidima, a koje utjecu na njihove koli¢ine u biljkama.
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