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Abstract. The measurement of the *Sr content in the components of forest ecosystems using radiochemical
methods requires considerable time and effort to obtain output results. A less precise, albeit quick,
assessment of this radionuclide at the stage of field work can considerably accelerate the decision-making
on the possibility of involving a certain forest plot in experimental work or using it for economic purposes.
Ukrainian and foreign scientific groups often devote publications to similar express methods for determining
the content of biologically mobile radionuclides (**’Cs and °Sr): specific activity, pollution density, etc.,
since they allow considerably reducing the amount of field and laboratory work. Proceeding from collected
field materials from 13 experimental plots of pure pine stands, close (r=0.85-0.94) statistically significant
relationships at p=0.05 were found between the specific activity of **Sr in stem wood and the results of
measuring the density of beta flow with a radiometer from the surface of the bark of Scots pine tree trunks
at breast height (1.3 m) within a 10 km zone around the Chornobyl NPP. Direct, linear relationships were
established between the average content of °Sr in the anatomical parts of tree trunks of pine stands (sap, core,
and all wood) and the surface density of the flow of beta particles from the bark of trees, which were used to
create regression equations suitable for preliminary assessment of the specific activity of the radioisotope
under studyin timber in the field conditions (R?=0.90-0.96). A close correlation (r=0.93) was found between the
average stand diameter and the concentration ratio of *°Sr in sapwood to the specific activity of radionuclide
in the core wood of trunks. The dependence of the *°Sr content on the density of the flow of beta particles
from the surface of the bark of tree trunks was established, and the ratio of the specific activity of this
radionuclide between the sapwood and the core can be recommended as a method for rapid measurement of
%8r in Scots pine wood. However, given the small sample size and the importance of the issue under study,
it is necessary to continue working in this area with an increase in the number of empirical data for pine
stands, as well as attracting observations of other major forest-forming tree species in the exclusion zone
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Introduction

The heterogeneity of radioactive contamination lies
not only in considerable spatial variability, but also
in the heterogeneity of the radionuclide composi-
tion and various physical and chemical features of
its redistribution in ecosystems (Khomutinin et al.,
2020). At the same time, the root availability of bio-
logically mobile radionuclides (**’Cs and *°Sr) for the
biomass of forest communities can vary by orders of
magnitude, which is most often expressed as corre-
sponding transition coefficients (Bilous et al., 2020).
With this in mind, there is always a possibility of ob-
taining tree stand elements with considerably high-
er levels of radiological contamination in a “rela-
tively clean” stand area, or vice versa. The results
of such a phenomenon can be the exceeding of the
levels of hygienic standards for the content of '3’Cs
and *°Sr for wood and wood products in the places
of wood harvesting (Bilous et al., 2020). Another
reason may be the need to considerably increase
the sampling volume at the experimental plots for
studying the migration of radionuclides, even with-
in the 10-kilometre zone around the Chornobyl Nu-
clear Power Plant. This is because the small values
of the specific activities of these radionuclides in
the components of forest ecosystems often do not
allow establishing indicators of their distribution
with sufficient statistical significance (Khomutinin
et al., 2020). Therefore, a preliminary clarifying field
assessment of the radionuclide content, with the
possibility of obtaining initial results within a few
hours, will help start forestry or scientific work on
forest areas affected by radiation pollution, without
fear of obtaining contaminated forest products or
unsatisfactory empirical research data.
Non-destructive methods for measuring the
content of radionuclides in components of forest
ecosystems are crucial for lifetime radiodosimetric
studies of woody plants. With their help, the val-
ues of internal exposure of reference organisms are
determined. This value usually reaches over 50%
of the total exposure in the near zone around the
Chornobyl NPP, mainly due to the decay of **Sr and
its daughter radionuclide *°Y (Beresford et al., 2020).
Important criteria for the possibility of spreading
such express methods are the cost of the equipment
and the necessary qualification of the personnel to
operate it. The development of these approaches and
confirmation of their reliability are often covered
in publications by Ukrainian and foreign scientists

(Aramrun et al., 2018; Keisuke et al., 2018; Yoschen-
ko et al., 2011; Yoshihara et al., 2019). Improvement
and testing of methods of radiation control of en-
vironmental components is an extremely urgent
task for states that have a developed infrastructure
of nuclear industry and nuclear power facilities or
have experienced local radioactive contamination
with technogenic radionuclides. In this aspect, spe-
cial attention should be paid to forest ecosystems,
since components of woody biomass can deposit up
to 50% of the gross activity of '3’Cs and *°Sr localized
in forest areas (Holiaka et al., 2020a).

The relevance of this study is conditioned upon
the possibility of using its results for an express es-
timation by indirect measurement of the content of
%8r in Scots pine wood, using one of the most com-
mon radiometers-dosimeters in Ukraine STORA-TU
RKS-01 (EKOTEST, Ukraine).

The purpose of the study is to characterize the
dependence of the specific activity of *Sr of stem
wood on the flow density of beta particles from
the surface of the bark of Scots pine trees at breast
height (1.3 m) in the exclusion zone.

To achieve the specified purpose, the main re-
search tasks were set as follows: to identify and sta-
tistically evaluate the probable correlations and de-
pendences of the specific activity of *Sr in the stem
wood and its anatomical parts on the flow density
of beta particles from the surface of the bark of
Scots pine trees; to characterize the impact of for-
est inventory indicators on the ratio of *°Sr content
between the sapwood and the core of the trunks;
propose an algorithm for rapid measurement of *°Sr
concentration in timber for forestry purposes and
during radiological research.

This study was the first to confirm the statistical
validity of using the surface density of the flow of
beta particles for the separate assessment of the *°Sr
content in the anatomical parts of the trunk wood
(sap, core) of Scots pine trees.

The practical significance of the results lies in
the possibility of estimating the *Sr content in trunk
wood in field conditions in forest plots of pine stands
in a brief period of time (from 2 to 3 min). This will
enable a more effective radiation monitoring of the
forest ecosystems of the Chornobyl Exclusion Zone.

The development of methods for detecting and
measuring radiation contamination levels is closely
related to the technological advance of devices and
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equipment used in this area. In fact, this is a sepa-
rate area of research that is currently experiencing
a “boom” thanks to modern advances in informa-
tion technology and automation of most processes
primarily for medical purposes, namely medical ra-
diology and radiation medicine. However, improve-
ments in this field are quickly finding practical ap-
plication in other areas of radiology (Ewert, 2016;
Volterrani et al., 2019). For instance, conventional
personal dosimeters are used in coniferous forests
in Japan affected by the Fukushima Nuclear Power
Plant accident to assess the dynamics of *’Cs con-
tent in forest floor throughout the year (Yoshihara
et al., 2019). Approaches to mapping radionuclide
pollution using robotic complexes and unmanned
aerial vehicles are being developed and modified,
where the content and composition of radioisotopes
are estimated based on the measurement of their
beta and gamma radiation (Briechle et al., 2018;
Zabulonov et al., 2015). However, the mathemati-
cal apparatus used to implement the specified “ide-
as” was developed as early as the 1960s and 1970s
(Khomutinin et al., 2018).

In radioecological monitoring of forest eco-
systems, the rapid determination of radiation
pollution of forest components without sampling
allows solving two principal tasks simultaneous-
ly: the time spent by personnel in areas with in-
creased levels of ionizing radiation is reduced; the
barrier function of forests in contaminated areas
is more fully ensured (samples are not transport-
ed to laboratories for measurements). With this in
mind, Ukrainian and foreign scientists have devel-
oped several approaches for predicting the surface
density of soil contamination by technogenic ra-
dionuclides and gamma emitters (IAEA, 2003), in-
cluding aerial surveys (Pradeep Kumar et al., 2020),
which later became the basis for creating pollution
maps by radioisotopes characterized by alpha and
beta decay (Kashparov et al., 2018; Kashparov et
al., 2020). The establishment of restrictions on the
removal of samples in case of exceeding the reg-
ulated levels of radiation pollution outside the
Chornobyl Exclusion Zone contributed to the de-
velopment of methods for assessing the content
of radionuclides in the biomass of woody plant
communities in situ and in vivo (Ministry of Health
of Ukraine & State Emergency Service of Ukraine,
2008). This was successfully used to establish the
lifetime internal exposure doses of pine and birch

trees within temporary radioactive waste contain-
ment sites (TRWCS) (Yoschenko et al., 2011). The
constant redistribution of biologically mobile ra-
dionuclides in forest biogeocenoses requires vali-
dation and verification of the listed methods every
time in case of their application, especially for *Sr,
which migrates 7-10 times faster in soil and bio-
mass elements compared to *’Cs.

Materials and Methods

During 2017, at 13 experimental sites in the form of
circular test plots, represented by pure pine stands,
at a distance of 5-10 km from the Chornobyl NPP,
the surface density of the flux of beta particles from
the bark was measured, and wood samples were
taken from 78 trees at breast height, according to
the method of proportional-step representation.
Average tax indicators of stands were in the follow-
ing range: age — 27-97 years, diameter — 12-36 cm,
height — 12-28 m, relative density — 0.62-1.19, stock
of trunks - 129-409 m3ha’l. As of January 2020,
soil pollution densities (in conversion) were in the
following ranges: for *Cs — 170-1700 kBq-m2, for
%8r - 50-750 kBg-m2. The *°Sr content in the stem
wood was 0.9-23.1 kBqg-kg!. Wood samples were
taken using a Haglof increment borer (d=5.5 mm,
[=500 mm) and mechanically divided into sapwood
and heartwood anatomical parts.

The specific activity of *°Sr in wood was meas-
ured using the radiochemical release of the ra-
dionuclide after drying the samples at 70°C, their
mechanical homogenization, followed by ashing in
muffle furnaces at temperatures up to 550°C (Cen-
tral Research Institute of Agrochemical Service,
1985). The surface density of beta radiation par-
ticles of the trunk bark (¢,) was determined using
the STORA-TU RKS-01 dosimeter radiometer in two
stages: with the closed and open metal cover of the
beta filter up to four Geiger—Miiller counters, which
corresponds to the values of estimates created only
by gamma background (9,) and gamma and beta pol-
lution (¢, ), respectively, after which the indicator
was calculated as follows:

Pp= Ppy= Py 1)

The analysis of the obtained initial field and lab-
oratory data was performed by Microsoft Excel 365
and RStudio 1.2 software products (R 3.6 program-
ming language).
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Results and Discussion

Correlation analysis revealed close relationships
between the arithmetic mean values of the flux den-
sity of beta particles from the surface of the bark
and the specific activity of **Sr in the trunk wood
(r=0.94) of Scots pine trees at the experimental sites
(critical value r=0.58 for p=0.05), as well as its ana-
tomical parts: sapwood (r=0.85) and core (r=0.94).
A strong relationship was identified between the
average diameter of the stand and the ratio of the
content of *°Sr in the sapwood to the specific ac-
tivity of this radionuclide in the core (r=0.93). The
concentration of *°Sr in the stem wood and its parts
was characterized by significantly lower values of
the correlation coefficient (=0.02-0.49) with other
inventory indicators.

Graphical interpretation of the dependences of
the specific activity of *°Sr (Ay ) and elements of
the wood of the trunk on the flux density of beta
particles from the surface of the tree bark (p,) in-
dicates the possibility of its description by a simple
linear function with only one angular coefficient

(Fig. 1). Predicted values of the angular coefficient
of linear regressions were (* standard deviation) for
sapwood — 23.1%£8.5 Bq-cm?min-(kg-fr.)"!, for heart-
wood - 42.3+10.8 Bq-cm?min-(kg-fr.) !, and the aver-
age value for the entire trunk wood (when combining
anatomical parts) — 26.8%6.8 Bq-cm?min-(kg-fr.) .
The obtained results turned out to be comparable
with the output data of a scientific study conduct-
ed 15 years ago in pine stands of 15-16 years of age
within the boundaries of the TRWCS “Rudy lis” (Yo-
schenko et al., 2011), where the same coefficient
for sapwood trunks was estimated at 26+8 Bq-c-
m?min-(kg-fr.)!. However, the mentioned studies
were conducted at such an age of the trees, when
the core part of the wood of the trunk was not yet
formed, so the conditionally pointed indicator rep-
resents the entire wood of the trunk radially, which
makes the compared results of the two experimen-
tal studies almost identical (Holiaka et al., 2020b).
These studies, unlike the previous ones, allow using
this method to estimate the content of the specific
activity of °°Sr in heartwood.

Figure 1. Dependence of the average specific activity of Sr in the wood of the trunk
(1 - sapwood, 2 — core, 3 — whole wood) on the surface density of the flux of beta particles at breast height
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The increase in the ratio of the °*Sr content in
the sapwood to the specific activity of the radi-
oisotope in the core (Ay,) with an increase in the
average diameter of the stand (D) in the pine plots
(Fig. 2) is explained by the specific features of the
deposition of this radionuclide in the stem wood.
Presently, in the radial direction, *°Sr accumulat-
ed most at the probable sapwood-core bounda-
ry of Scots pine trees in 1986-1992 (Holiaka et al.,
2020b). From the indicated maximum of the specific
activity of the radionuclide towards the bark of the
trunk, the °°Sr content in the wood gradually de-
creases several times. However, in trees older than
70 years (corresponding to an average stand diam-
eter of more than 30 cm in this study), due to the
low mobility of the radioisotope in heartwood after
its formation, a site with a very low concentration
of *Sr is formed in the centre of the trunk. This
“dilutes” the average specific activity of the radio-
nuclide in the core of the trunk, and accordingly, an
increase in the values of the ratio of the **Sr content
in sapwood to its specific activity in the core (Ay,)
is observed. This regularity contradicts the applica-
tion of constructed linear regression equations (Fig.
1) and/or their predicted slope coefficients for esti-

mating the content of **Sr in stem wood elements
depending on the flux density of beta particles from
the surface of the bark, since they do not reproduce
the relationship between °°Sr concentrations in the
anatomical parts of the tree trunk, considering the
average diameter of the stand. Therefore, it is nec-
essary to apply different algorithms to estimate the
total specific activity of all wood and for individu-
al anatomical components of the trunk wood. The
most appropriate way to conservatively estimate
the °°Sr content in the trunk wood without isolating
anatomical parts is to use the linear dependence of
the specific activity of the radionuclide on the flow
density of beta particles from the surface of the tree
bark at breast height (Fig. 1). However, if it is nec-
essary to estimate the radionuclide content in the
sapwood and the core separately (which is usually
necessary during radiological research of forests), it
is better to first calculate the concentration of *Sr
in the sapwood using the appropriate linear regres-
sion (Fig. 1) and then calculate the probable specif-
ic activity of the radionuclide for the core based on
the change in the ratio of °*Sr concentrations in the
sapwood to its content in the core depending on the
average diameter of the stand (Fig. 2).

Figure 2. The dependence of the ratio of the specific activity
of °Sr in the sapwood to the core on the average diameter of the stand
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The obtained regularities for the express as-
sessment of the *°Sr content in the trunk wood of
Scots pine stands by the developed method are
not static. Since the release of the radionuclide
into the environment in 1986, gradual transfor-
mation and redistribution of *°Sr has been tak-
ing place in forest ecosystems, specifically in the
trunks of woody plants. This requires periodic
confirmation of the original quantitative indica-
tors of this study in case of practical implemen-
tation of the method of indirect measurement of
the specific activity of °°Sr in stem wood based on
the surface density of the flow of beta particles
from the bark. It is also necessary to consider the
“small” volume of observations obtained for re-
liable interpretation of the identified patterns to
better understand the limiting factors for apply-
ing the presented approach.

Conclusions
According to the results of this study, the ability to
use the beta-particle flux density indicator obtained

by measurements with the STORA-TU RKS-01 radi-
ometer-dosimeter from the surface of the bark of
the tree trunk of Scots pine trees for the preliminary
assessment of the *°Sr content in the trunk wood in
field conditions was confirmed. The relationship be-
tween the above-listed features is characterized by
a direct linear dependence, which was used to con-
struct regression equations and find their parame-
ters. The express method of measuring the specific
activity of a radionuclide described in this paper is
suitable for use when the specific activity of the trunk
wood exceeds 1 kBq-kg!. Therefore, this method
can be practically implemented within the 30-kilo-
metre exclusion zone around the Chornobyl NPP.
This °°Sr estimation approach can be recommend-
ed for preliminary assessment of the radionuclide
content during radioecological and lifetime radio-
dosimetry studies of pine phytocenoses. However, it
is desirable to verify the method on the “own” array
of observations, since the sample obtained in this
and previous studies and their representativeness
provide an insignificant amount of empirical data.
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OniiHoBaHHs BMicTy 90Sr y IepeBMHi COCHM 3BMUYAifHOI Ha OCHOBi BUMipIOBaHHS
II[iJIbHOCTIi IIOTOKY 0€Ta-4aCTUHOK i3 MOBepPXHi KOpU CTOBOYpa

Ovutpiii Mukonaiiosuu l'onsika!, CBsiTociaB €BioririoBuy JleBuyk!,
Slna AprypiBHa CaBumnbka', Onekcauap Mukosnaiiosnu JIecHik!,
Bacuiab Bomogumuposuu I'ymeH1ok!, Banepist CepriiBua Mopo3sosal,
IOnis CepriiBHa IIpokoImyk?

'HanioHaibHMIA YHiBepCUTET 6iopecypciB i MPUPOSOKOPUCTYBAHHS YKpaiHu
03041, Byn. 'epoiB O6oponu, 15, m. Kuis, Ykpaina
JHCTUTYT eBOMIOLIIHOI eKkonorii HAH Ykpainu
03143, Byn. Akamemika JlebeneBa, 37, M. Kuis, Ykpaina

AHoranisa. IIpouec BuMipioBaHHs BMicTy °Sr y KOMIOHEHTax JiCOBUX €KOCUCTEM i3 3aCTOCYBaHHSIM
pamioXiMiuHMX MeTOAiB MOTpedye 3HaUHMX 3aTpaT yacy Ta Ipalli AJs OTPMMaHHS BUXiTHMUX pe3y/abTaTiB.
MeHII TOYHA, OAHAK IIBUJKE OI[iHIOBAHHS IILOTO PajliOHYKIIi/la Ha eTalli MOJIbOBUX POBIT MOKE 3HAUHO
NPUIIBUAIIMTY MPOLEeC NPUIMHATTS pillleHHS PO MOK/IMBICTb 3adyyeHHS MeBHOI JIiCOBOI AiISIHKU 10
eKCIIePUMEHTAbHUX POOIT UM BUKOPUCTAHHS i1 Y rOCIIOfapChbKMUX IiISX. BiTunsHsHI i iHO3eMHi HayKoBi
KOJIEKTMBY YacTO IMPUCBAYYIOTH ITyOImikaiii cXoXuM eKcIpec-MeTofaM BM3HAUEHHSI BMiCTy 6iolOrigHO
MOGiTbHMX pamioHykmigiB (*’Cs i °Sr): mMTOMOI aKTMBHOCTI, IIILHOCTI 3a0PyIHEHHS i T. 1., TOMY IO
BOHMU [IAI0Th 3MOTY 3HAYHO 3MEHIIUTU OOCSITY MOMbOBUX i JIabopaTopHMUx pobiT. Crimparouuch Ha 3i6paHi
Mo/IbOBi MaTepiaiu 3 13 ekciepuMeHTAIbHUX MalifaHUMKiB, UMCTUX 38 CKIAZOM COCHOBUX JIepPeBOCTaHIB,
BUSIBJIeHO TicHi (r=0,85-0,94), craTucTuuyHo 3Hauymli 3a p=0,05, 3B’I3KM MiX MMTOMOIO aKTMBHiCcTIO 90ST Yy
CTOBOYPHIiii JepeBUHi Ta pe3yabTaTaMy BUMipIOBAHHS IIiJIBHOCTI 6€Ta-IMOTOKY PajioMeTpoOM i3 ITOBEPXHi
KOpM IepeBHUX CTOBOYPiB COCHY 3BMUaiiHO1 Ha BMCcOTi 1,3 My Mmexkax 10 KM 30HM HaBK0I0 YOpHOOMIBCHKOT
AEC. BcTraHoBJ/IeHO TIpSIMi, JiHiliHiI 3a71eXHOCTi MiX ycepegHeHUM BMicTOM °Sr y aHAaTOMiUHMX YacTMHAX
CTOBOYPiB JepeB COCHOBUX JAepeBOCTaHiB (3a60JOHI, SIApi i1 yCiil mepeBuHi) Ta MTOBEPXHEBOK HIIIbHICTIO
MTOTOKY 6eTa-4acTMHOK 3 KOPY JepeB, 0 BUKOPUCTAHI AJISI CTBOPEHHS perpeciiiHux piBHSIHb, IKi MpUAaTHI
L7 TIONEepefHbOTO OLHIOBAHHS MMTOMOI aKTMBHOCTI JOCIIIKYBaHOrO pafioi3OTONy B [epeBUHi Y
MoJAbOBUX yMOBax (R?=0,90-0,96). ImenTudikoBaHo TicHy Kopessiiio (r=0,93) MixX cepegHiM miameTpom
JIIepPeBOCTAHY Ta BiJHOIIEHHSIM KOHIleHTpalliil °°Sr y 3a060JI0Hi 10 MUTOMOI aKTMBHOCTI pafioOHyKIima B
SIIPOBiii mepeBUHi cTOBOYPiB. BCTaHOBIEHO 3a/1€KHOCTI BMicTy *°Sr BiJl IIiJIBHOCTI ITOTOKY 6eTa-4aCcTUHOK
i3 TMoBepxHi KOpM CTOBOYPIB JepeB Ta CITiBBigHOIIEHHS MMUTOMOI aKTMBHOCTI IIbOTO PAaAiOHYKIima Mik
3a60JIOHHIO i AIPOM IIiIIKOM MOKHA PEKOMEHIYBATH SIK CITOCi6 JIJIsT eKcIipec-BMUMipioBaHHS *°St y mepeBuHi
CcoCcHM 3BMYaiiHOi. OmHaK, BPaXOBYIOUM He3HAUHMT 06CAT BUGIPKYM Ta BasKIUBIiCTh PO3IITHYTOTO MUTAHHS,
HeOOXiTHO MPOMOBXUTU POOOTM Y BKa3aHOMY HampsMi 3i 301/IbIIEHHSIM KiTbKOCTi eMITipUYHUX JaHUX
IJIsI COCHOBMX [€PEBOCTaHIB, & TAKOX 3aJyUeHHSIM CIIOCTepeXeHb 3a iHIIMMM OCHOBHUMM JIiCOTBipHUMU
JepeBHUMMU BUIAMU 30HU BiJUy>KeHHS
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YopHOOMIbChKA 30HA BiTUysKeHHST
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