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Abstract

During the period from 2019 to 2021, a series of experiments were carried out to study the
uptake of tritium by crops in an area heavily contaminated with atmospheric tritium oxide
(HTO), at the former Semipalatinsk test site in Kazakhstan. A quantitative assessment is
given of the tritium uptake by typical crops (lettuce, tomatoes, peppers and beans) cultivated
all over Kazakhstan in the case of a short-term tritium oxide vapor exposure. The plant sam-
ples were collected during and after exposure and analyzed for the tritium concentration in
two chemical forms: tissue-free water tritium (TFWT) and organically bound tritium (OBT).
During the entire series of experiments, the tritium concentration in free water from leaves
and ambient air was of the same order of magnitude. The tissue water tritium concentrations
of stems and edible parts was 1 to 2 orders of magnitude lower than in the surrounding air.
The average value of the TFWT/HTO 4, ratio in the leaves and the edible part was (0.73
10.2) and (0.04+0.002), respectively. The organically-bound tritium concentration is 1-2
orders of magnitude lower than the tissue water tritium and ambient air concentrations.
Under aerial tritium oxide uptake, the distribution of tritium in non-leafy crops was as follows:
leaf—stem—fruit (in decreasing order). After exposure, a non-significant amount of tritium is
firmly retained in plants for a long time. The tissue water tritium concentrations correlate
closely with atmospheric tritium oxid (r= 0.76), correlate weakly with temperature (r= 0.43)
and relative humidity (r=-0.43), and correlate moderately with solar radiation intensity (r=
0.56). There was no reliable correlation between the concentration of tritium in organic mat-
ter and in ambient air. The concentration of tritium in the free water of leaves is closely corre-
lated with the concentration in the free water of the stems (r=0.95) and fruits (r=0.78). The
organically-bound tritium concentration in leaves is closely correlated with the organically-
bound tritium concentration in stems (r= 0.99) and fruits (r=98). The results of the study
should be considered when evaluating the impact of tritium oxide emissions on the popula-
tion living near nuclear power.

PLOS ONE | https://doi.org/10.1371/journal.pone.0308959 October 10, 2024

1/19


https://orcid.org/0000-0002-4411-5868
https://doi.org/10.1371/journal.pone.0308959
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0308959&domain=pdf&date_stamp=2024-10-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0308959&domain=pdf&date_stamp=2024-10-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0308959&domain=pdf&date_stamp=2024-10-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0308959&domain=pdf&date_stamp=2024-10-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0308959&domain=pdf&date_stamp=2024-10-10
http://crossmark.crossref.org/dialog/?doi=10.1371/journal.pone.0308959&domain=pdf&date_stamp=2024-10-10
https://doi.org/10.1371/journal.pone.0308959
https://doi.org/10.1371/journal.pone.0308959
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.6084/m9.figshare.26172724
https://doi.org/10.6084/m9.figshare.26172724

PLOS ONE

Tritium uptake in crops in the area with a high level of atmospheric tritium oxide

Competing interests: The authors stated that there
are no competing interests.

Introduction

Uptake of tritium (*H) by edible plants is an important pathway in transferring tritium to the
human body [1,2]. Currently, the main source of tritium in the environment is routine release
from nuclear fuel cycle facilities (NFC), in particular nuclear power plants [3,4]. As is known,
the majority of tritium in the environment exists as tritiated water (HTO) [4-7]. This form of
tritium has exceptional migration activity and bioavailability due to the identity of chemical
properties with the ordinary water molecule [1,2,4-7]. As a consequence, HTO easily enters
any biosystem, especially plants. The atmospheric HTO is absorbed by plants through their
leaves, where it is directly converted into organically-bound tritium (this definition will be
used further on in the article as OBT) during photosynthesis [8]. Over the past decades, the
interest in OBT has significantly increased [1,2,9-12] because it has more resistance in biologi-
cal systems compared to HTO [13,14]. The OBT, which forms in agricultural plants, transports
and stores itself in edible parts [15-18]. Thus, the edible parts of crops represent a sink for
OBT in agricultural ecosystems.

According TAEA data, for routine releases, tritium transfer to crops have no consequences on
any health effects but for accidental release the contribution of OBT for the ingestion dose can be
as high as 80% of the tritium dose [19]. It should be noted, a biological half-life of HTO in adults
has approximately 10 days, organically-bound tritium will remain in the organism for up to
around 40 days [20], and some amount of organically-bound form of the isotope can remain in
the fat and collagen tissues even for around 450 days [4]. The studies with administration of D-
labelled glucose, alanine, palmitic acid, or soybean into organism of many volunteers suggested
that OBT in ingested compounds and food, gives higher doses than the current dose coefficient
[21]. Thus, the tritium concentration, especially in OBT crops at harvest, requires attention due
to the possible contribution to the public dose in the NFC adjacent territories in case of accidental
releases. In this context, the prediction of tritium uptake and its incorporation into edible plants
is an important issue. In the opinion of Melintescu & Galeriu [10], it is difficult to clarify which
from existing models will be better predict an accidental situation with tritium emission, based
only on the experimental data sets for a single crop grown in specific environmental conditions.
The consequences of an accidental release of radioactive material will vary significantly depend-
ing on the conditions that occurred at the time of the accident, in particular, on prevailing meteo-
rological conditions, time of year, location and habits of the population. In addition, the
sensitivity of plant HTO and OBT concentrations to changes in meteorological conditions is cur-
rently insufficiently studied [22]. The data available in the literature on the study of air transport
of tritium to agricultural crops and its incorporation into organic matter are primarily obtained
either under laboratory conditions [23-26] or in in mid-latitudes [27-30]. At the same time,
experimental data on the absorption of tritium by crops in the arid climate are practically absent.
Obtaining quantitative parameters for tritium uptake by crops in arid climates is essential for
Central Asian countries with predominantly agrarian economies. Such data are especially impor-
tant for Kazakhstan in connection with the construction of a nuclear power station in the near
future [31]. In this study, we focused on quantifying the evaluation of tritium uptake in crops and
its incorporation into organic matter in the area heavily contaminated by atmospheric tritium
oxide (HTO) at the Semipalatinsk Test Site in Kazakhstan.

Materials and methods
Plants cultivation

Typical crops cultivated all over the Republic of Kazakhstan were selected as experimental
plants: lettuce (Lactuca sativa L.), tomato (Solanum lycopersicum L.), pepper (Capsicum
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Annuum L.) bean and (Phaseolus vulgaris L.). Crops were pre-raised in plastic pots (V = 35L),
with light chestnut loamy soil, in a semi-outdoor condition, until the ripening stage. At this
stage, the most active accumulation of tritium occurs in the reproductive part, which is usually
edible [26,32]. Therefore, trititum contamination of plants during this growth period is the
greatest risk to the public in case of an accidental release. Contamination of plants at earlier
stages is less dangerous due to the dilution of up taken tritium by a pure newly formed sub-
stance until harvest.

During growth crops were watered with distilled water maintaining an optimal humidity of
60% of full soil moisture capacity. Appropriate amounts of the composite fertilizer were sup-
plied as required during the plant growth. Also, disease and insect controls were carried out as
required.

Experiments with atmospheric HTO crop exposure

For a better reproduction of the actual impact of environmental conditions, experiments were
carried out in the territory of the former Semipalatinsk Test Site (STS), namely, at the "Dege-
len" technical site. At the "Degelen" site, underground nuclear tests were conducted in hori-
zontal adits [33-35]. In this regard, most radioactive substances are concentrated in the
cavities of adits. In this regard, most radioactive substances are concentrated in the cavities of
the adits. Nowadays, as a result of precipitation, the cavities are filled with water, which then
flows out as radioactive-contaminated water streams to the surface [34]. Tritium takes a special
place in the radioactive contamination of the natural environment of the "Degelen" site [33-
35]. There are a lot of adits at the "Degelen" site, which from outflow radioactive contaminated
water streams. In all experiments, the pots with plants were placed near the adit number 176, 1
meter away from the radioactive water stream (Fig 1).

This radioactive water stream was characterized by a high level of HTO contamination,
both in the water and in the surface air. The maxima of HTO concentration recorded in the
water [34] in the experimental area and in the air [33] were 341 kBq L™ and 1400 Bq m~, con-
sequently. The level of tritium contamination in the water stream and the surface air near the
tunnel varies depending on the volume of rainfall over a given area [34].

The branch "Institute of Radiation Safety and Ecology" of the National Nuclear Center of
the Republic of Kazakhstan obtained a permission from the State Institution "Committee
for Atomic and Energy Supervision and Control" of the Ministry of Energy of the Republic
of Kazakhstan (License No. 19014222 dated 07/03/2019) to conduct research at the former
STS. Personal protective equipment was used to prevent personnel contamination during
the work.

The exposure experiments were conducted during the middle of the summer in 2019, 2020,
and 2021. The exposures of plants started between 9:30 a.m. and 10:00 a.m. and ended between
16.00 p.m. and 18.00 p.m. Thus, during the exposure in all experiments, the diurnal rhythms
of plants matched. This condition is important, since most physiological processes in plants, in
particular, resistance of stomata and photosynthetic activity, are linked to daily biorhythms
[36]. Plant exposure lasted from 6 to 8 hours. During the exposure, the soil in the pots was cov-
ered with polyethylene film to prevent HTO from being diffused into the soil and, accordingly,
from being absorbed by roots. After exposure, the plants were left to grow naturally in a semi-
outdoor condition for 14 days while being irrigated with distilled water.

During the experiments, temperature, relative humidity, and atmospheric pressure were
recorded at 1 h interval using a thermal hygrometer (IVA-6, Russia). The light intensity was
measured using a spectrometer (TEK, Russia). The values of each parameter were calculated as
an average of three measurements taken every hour.
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Fig 1. The location of the crop exposure place at the former technical test site "Degelen" (on the photo is lettuce exposure).

https://doi.org/10.1371/journal.pone.0308959.9001

Sampling method

Plant sampling. Plant sampling was carried out during the exposure at 2 h intervals (2, 4,
6, and 8 hours after initiation of exposure), and then at 1, 24 and 336 h (14 day) after the end
of exposure. Plant shoots in quantity of 5-7 were randomly collected and divided into parts:
leaves, stems and fruits. In the case of lettuce, the above-ground part was collected. All plant
samples were collected in 3-4 replicates. Therefore, small plant samples can be considered rep-
resentative. To prevent the loss of tritium in the field, plant samples were immediately packed
in zip bags and stored in a portable freezer at -20°C. The tritium concentration was measured
in free water and organic matter of plants.

Air sampling. Air samples were collected at 2 h intervals using a tritium collector "OS
1700" (AMETEK, USA). The average sampling duration for the tritium collector "OS 1700" is
2 hours. The tritium collector was placed next to the pots with plants. The size of the site
where the plants and collector were located was 3x3 meters on average, which eliminated sig-
nificant variation in the concentration of TO values in surface air due to wind, turbulence, and
solar energy flow. The volume activity of tritium in each air sample was calculated as the aver-
age of the measurement results from 3 counting samples made from the initial sample.
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SN ETERY,

Fig 2. Scheme [37] and photo of a device for extracting tritium from plants’ tissue free water (1 —organic glass container; 2 -lid; 3 -
cone-shaped refrigerator; 4 -receiving tank holder; 5 -receiving tank; 6 ~sample container; 7 -sealer; 8 —plant sample; 9 -
condensate containing plants’ free-water tritium).

https://doi.org/10.1371/journal.pone.0308959.g002

Analytical methods

The measurement of tissue-free-water tritium in plant samples. The tissue-free-water
tritium (TFWT, or HTO) extracted from plant samples using a special device [37] (Fig 2).

Samples of plant were put into transparent box, which had a cover in the form of a cooling
vessel. In this device cold water was used as a cooling agent. By natural evaporation of the
plant sample, free water condensate was obtained from the plant tissues. The obtained conden-
sate corresponded to tritium as a tritiated water named "tissue-free-water tritium" (this defini-
tion will be used further on in the article as TFWT). The extracted TFWT was transferred to a
counting polyethylene vial. The volume of condensate varied from 10 to 15 ml. The TFWT
activity concentration was measured by liquid scintillation spectrometry.

The measurement of organically-bound tritium in plant samples. For the determina-
tion of OBT in plant samples, the combustion method was used. After tissue-free water was
extracted, the plant samples were dried in a laboratory drying oven (BINDER ED 53, Ger-
many) at a temperature of 70-80°. The dried samples of plant parts were powdered using a lab-
oratory mill (GRINDOMIX GM 200, Germany). About 1.0 to 2.0 g of the dry powder was
weighed and combusted with a "Sample Oxidizer" (PerkinElmer Model No. 307, USA). Water
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obtained after combustion was collected in a tritium counting vial. The activity concentration
was measured by liquid scintillation spectrometry.

Liquid scintillation counting. Tritium activity concentration was measured by liquid
scintillation spectrometry using a "QUANTULUS 1220" spectrometer (Perkin Elmer, USA)
[38]. Prior to the measurement, samples were filtered to remove mechanical impurities, then a
3 ml aliquot was collected into a 20 ml plastic vial and an Ultima Gold LLT scintillation cock-
tail for natural samples (the registration efficiency for tritium in the 0-18 keV range of about
60%) was added at a ratio of 1:4 ("sample-scintillator" ratio). The measurement time was at
least 120 minutes, the beta spectra were processed and the activity concentration of tritium
was calculated using the program "Quanta Smart". The minimum detectable activity (MDA)
for HTO is approximately 4-5 Bq1"'. The minimum detectable activity (MDA) for OBT is
approximately 8-10 Bq kg™

The volumetric activity of tritium in each air sample was determined as the arithmetic
mean from measurements of 3 counting samples prepared from the initial sample.

Calibration of the "QUANTULUS 1220" beta spectrometer. The calibration of the
"QUANTULUS 1220" spectrometer was carried out using reference tritium sources with vary-
ing degrees of quenching to determine the efficiency of registration. The exposure time of the
reference samples was 10 minutes. The calculation of the registration efficiency was performed
using the following formula:

g= x o 1)
ACul

N-the count rate in the registration window, minus random coincidences, CPM (count per
minute);

Acg—the activity of the source at the time of certification;

t-the year at the time of calibration;

T-the year of certification of the source.

Based on the data obtained, SQP quenching parameters were determined for each standard,
and a graphical dependence of registration efficiency on quenching parameter was con-
structed. The frequency of updating the quenching curve is at least once a year.

Mapping. The maps presented in this article were created using ArcGIS software based
on digitized maps of Kazakhstan purchased from the National Cartographic and Geodetic
Fund of the Ministry of Digital Development, Innovation and Aerospace Industry of
Kazakhstan.

Quality control. The stability of analytical results was overseen in the form of a random
statistical control (by an alternative sign) within the laboratory accuracy of analytical results.

The reproducibility of analytical results for each series of samples was overseen by 2 parallel
tests of one working sample including sample preparation and analysis. After the analysis, the
deviation from the mean was calculated by the formula:

A —A
A =|—"— 2
e @)
A; 1 A2—activities of the first and second samples;
A-arithmetic mean.
The maximum permissible deviation from the mean is assumed to be 0.5. If this condition
is fulfilled, the reproducibility of parallel determinations is considered satisfactory.
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Table 1. Meteorological conditions during exposures.

Exposure cod n Temperature, °C Relative humidity, % PPDF, pmol m?s™

mean+SD min-max mean+SD min-max mean+SD min-max
L 24 30+7 21-35 85+3 81-88 1489+172 1275-1695
L+T+B 24 24+4 20-28 5249 41-63 875+209 345-1590
P 24 28+5 23-37 63+9 55-80 555+201 219-1506

® error bar shows S.D. of six values.

P L-lettuce exposure, T-tomato exposure, B-bean exposure, P-pepper exposure.

https://doi.org/10.1371/journal.pone.0308959.t001

Each series of working samples was followed by a blank sample. The results of the analysis
of blank samples were considered acceptable if the activity concentration of the radionuclide
was below the detection limit.

Results and discussion
Exposure conditions

Table 1 provides data on the meteorological conditions during each exposure. The light inten-
sity is presented in PPFD (density of the photosynthetic photon flux).

As shown by Table 1, the mean values of air temperature ranged from 24 to 30°C. The
mean values of relative air humidity varied from 52 to 85%. The density of the photosynthetic
photon flux significantly changed during exposures from hundreds to thousands pumol s m™.,
The highest value of PPFD were observed for lettuce exposure in 2020 year.

At the former test site during research HTO concentration of in the surface air for the var-
ied over a wide range. The results of measuring the concentration of HTO vapors at each expo-
sure are shown in Fig 3.

In 2019, when pepper plants were exposed HTO concentration was minimal and averaged
(762+86) Bq LY. In 2020, when experiment with lettuce was conducted the concentration of
HTO in the atmospheric air was maximum and averaged (4580+560) Bq L. In 2021, during
exposure of tomatoes, beans and lettuce the average concentration of HTO vapors was (903
+110) Bq L™

TFWT in plants

Fig 4 shows the average values of TFWT activity concentrations in crops during experiments.
As shown in Fig 4, 2 hours after the start of each exposure, the concentrations of TFWT in
plant leaves and HTO in ambient air were in the same order. This fact is undoubtedly due to
the direct entry of HTO through the leaves as a result of vapor exchange [1,2,5]. The TEFWT
concentration in the stems and edible parts of the plant was 1 to 2 orders of magnitude lower
than in the leaves and in ambient air. This is because these plant parts have a lower rate of
water exchange with the atmosphere compared to leaves. Mainly, HTO is transported to the
stems and the edible parts through the phloem [29]. In most cases the distribution of concen-
tration TFWT was as follows: leaf-stem—fruit (the descending series). The obtained data is in
agreement with the results of rice exposed to atmospheric HTO vapor exposed to atmospheric
HTO vapor in semi-outdoor conditions [26], and wheat exposed in a box [24]. In the field
experiments conducted by Kline and Stewart [27], the TFW'T activity concentration in crop
leaves was also an order of magnitude higher than in other plant parts during exposure to
atmospheric HTO. The results of the experiments by Koranda et al. [39] with sunflower and
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Fig 3. Variation in HTO concentration in air moisture during each exposure (L-symbolizes lettuce exposure, T-symbolizes tomato
exposure, B-symbolizes bean exposure, P-symbolizes pepper exposure; error bar shows S.D. of three replicates).

https://doi.org/10.1371/journal.pone.0308959.9003

red oat, Guenot and Below [28] with potato and grape, Choi et al. [26] with rice, and Polivkina
et al. [32] with pepper and eggplant observed a similar pattern.

For comparison, the concentration ratio TFWT/HTO,,,, was calculated during exposure
which reflects the relative content of tritium in the free water of plants to atmospheric HTO
(Table 2).

As can be seen from Table 2, the TFWT/HTO,, ratio for crop leaves in the experiments in
2019, 2020, and 2021, varied widely from 0.3 to 1.2. The ratio of leaves TFWT to atmospheric
HTO averaged within all experiments over the 3 years is (0.73£0.2). The obtained values agree
well with literature data. So, in experiments with wheat, Diabate and Strack [24] reported that
the concentration of TFWT in the leaves relative to the concentration of HTO in air moisture
at the end of exposure was 0.75-0.86. The TFWT/HTO, ratio in Chinese cabbage and rice
leaf after short-term exposure was 0.24 and 0.35, respectively [40]. The wide range of variabil-
ity in the ratio in this study is clearly due to differences in meteorological conditions between
different years (Table 1). It is the meteorological conditions that determine the conductance of
the stomata and, accordingly, the intensity of aerial absorption of tritium by plants. On the
other hand, HT'O absorption certainly depends on the morphophysiological characteristics of
the plant, such as leaf plate structure and average number of stomata. The obtained TFWT/
HTO,, ratios for beans, tomatoes, and lettuces, simultaneously exposed to atmospheric HTO
under the same meteorological conditions, confirm this (Table 2). So, the results of the
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Fig 4. Time courses of TFWT activity concentration in plants during exposures.

https://doi.org/10.1371/journal.pone.0308959.9004

experiments by Belot et al. [41] with wine grape showed that the diffusion of tritium through
the stomata is actually a limiting factor in the movement of tritium from the air into the leaves
of plants, even when the stomata are wide open. In experiments using deuterium oxide as a
substitute for tritium oxide [42], different uptake rate of isotope was also observed in radish,
cherry tomato, komatsuna, and orange due to differences in stomatal resistance.

The values of TFWT/HTO,,, ratio averaged over all experiments for 3 years were (0.09
+0.003) for crop stems and (0.04+0.002) edible parts. This may be due to the fact that the sur-
face-to-mass ratio is much lower in stems and the edible part than in leaves, leading to a lower
content of TFWT. Similar pattern has been reported by other authors during short-term expo-
sure [24-26].

Fig 5 shown the dynamic of TFWT loss in plant parts after exposures.

After the end of each exposure, the concentration of TFWT in leaves decreased rapidly dur-
ing the first few hours, and then at a much slower rate over the next 336 hours (14 days). The
sharp decrease in the concentration of TFWT leaves in the first hour and day was not particu-
larly unexpected, due to the rapid exchange of this compound between leaves and the atmo-
sphere. In experiments with cabbage plants and lettuce [29], Chinese cabbage and rice [40] a
rapid decrease in the TFW'T concentration of leaves was also observed after atmospheric expo-
sure to HTO. The TFWT concentration at harvest was 3 to 90 times lower than it was at the
end of the exposure period. In the rice experiment, this difference was between 600 and 95000
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Table 2. TFWT/HTOy, ratios in plant parts during the exposure.

h TFWT/HTO,, ratio (mean+SD?)
lettuce lettuce tomato bean pepper
(2020 year) (2021 year) (2021 year) (2021 year) (2019 year)
leaf
2 * * 0.5+0.1 1.0+0.1 0.5+0.10
4 * * 0.5+0.1 1.1+0.1 0.4+0.10
6 * * 0.5+0.1 0.8+0.1 0.3+£0.04
8 * * 0.6+0.1 1.2+0.02 0.3+£0.04
stem
2 * * 0.13£0.02 0.1+£0.01 0.049+0.010
4 * * 0.14+0.01 0.2+0.02 0.066+0.010
6 * * 0.11+0.01 0.1+0.02 0.016+0.003
8 * * 0.07+0.01 0.1+0.02 0.022+0.004
edible part
2 0.3+0.03 0.6+0.1 - 0.1+0.01 0.012+0.002
4 0.3+£0.04 0.7+0.1 - 0.1+0.01 0.011+0.002
6 0.6+0.1 0.9+0.1 0.02+0.003 0.1+0.02 0.012+0.002
8 0.3+0.04 0.7+0.1 0.01+0.002 0.1+0.02 0.009+0.002

an

SD"-the error shows the standard deviation of the 3-4 replicates.
® *_for lettuce, the above-ground part is the edible part.

€"_" data no obtained.

https://doi.org/10.1371/journal.pone.0308959.t002

times [26]. This may be due to the fact that the atmospheric HTO concentration during the
rice exposure period was significantly higher and the time of exposure was significantly
shorter.

The rates of TFWT loss in lettuce leaves in 2020 and 2021 (Fig 3) differed by an order of
magnitude. This can certainly be explained by the difference in the concentration of atmo-
spheric HTO during exposure and meteorological conditions during actual decline. It is well
known that transpiration is one of the main causes of plant HT'O loss [27,29]. This process
depends on factors such as temperature, relative humidity, and solar radiation intensity, and
other factors that affect stomatal resistance. The differences in the rate of TFWT loss in leaves
of tomato, bean and lettuce during exposure in the same conditions can be explained by the
physiological characteristics of these plants. These include the structure of leaf blades, the
number of stomata and even the strength of their root suck. The results of the rice experiment
obtained by Choi et al. [26] also indicate that the loss of TFWT may be determined by physio-
logical and meteorological conditions.

In the stems and edible parts of tomatoes and beans, on the contrary, there was an even
slight increase in TFW'T concentration after exposure, which is probably due to TFWT outflow
from the leaves. The concentration of TFWT in the stem of pepper practically did not change
over 14 days. However, in the edible part, it increased in the initial days, followed by a slow
decrease. It is obvious that such dynamics of TFWT is also explained by the processes of redis-
tribution of tritium as a result of xylem transport of water in plants.

A small fraction of the TFWT was tenaciously retained for a long time, probably due to the
slow dilution of colloidal water and regeneration of the TFWT from OBT. The concentration
of TFWT in the leaves has become almost equal to that in the stems and edible part 14 days
after the end of exposure. In experiments with rice [26], cabbage [25], wheat [24], tomatoes,
corn, and potatoes [12], after the end of each exposure, the concentration of TFWT in the
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Fig 5. Time courses of TFWT activity concentration in plants after exposure.

https://doi.org/10.1371/journal.pone.0308959.9005

leaves also decreased rapidly during the first few hours, and at a much slower rate during the
subsequent, longer period.

To compare of TFWT loss rate from the plant tissues the reduction factor has been applied
(Table 3).

As may be seen in Table 3, the reduction factor varied by factors of 3-26 depending on
plant parts. The reduction factor was greatest in the leaf in every exposure due to vapour
exchange and transpiration. The stem and edible part showed the lowest reduction factor for
each exposure. This is because of the mechanism of decontamination of these plant parts
occurs through the phloem. These mechanisms of TFWT loss have previously been considered
by Brudenell et al. [29]. A similar pattern was observed by Indeka [9] in experiments with
tomato, potato, sunflower and corn, Diabate and Strak [24], Strack et al. [15] in experiments
with wheat, and Choi et al. [25] in experiments with rice.

However, the reduction factors in our study were significantly lower than in rice [26],
wheat [24], sunflower and maize [12]. Obviously, this is due to the higher concentrations of
HTO during the experiments of the aforementioned authors.

Tritium incorporation by plants

Table 4 provides mean values of OBT activity concentration in plants during and after
exposures.
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Table 3. Reduction factor in different plant parts after exposure (14 days).

Code of Exposure time Reduction factor® (mean+SD)
exposure leaf stem edible part
lettuce 2020 year 34+18.2 —€ —

lettuce 2021 year 3.1£1.7 — —

tomato 2021 year 2.6+1.7 1.0+0.6 0.1+0.08
bean 2021 year 4.6+2.8 0.9+0.3 0.7+0.30
pepper 2019 year 2.9+1.7 0.5£0.2 0.820.40

“TFWT concentration at the end of exposure.

TFWT concentration at harvest after exposure.
b "D"_the error shows the standard deviation of the 3-4 replicates.

€"—"_data no obtained.

https://doi.org/10.1371/journal.pone.0308959.t003

According to Table 4, concentrations of OBT were 1 to 2 orders of magnitude lower
throughout all experiments than TEFWT. This is due to the organic bound form of the radionu-
clide being the result of biochemical processes, which requires more time than the diffusion of
HTO through stomata. In addition, OBT formation depends on the physiological state of the
plant and photosynthesis rate [1,2,8,11].

Due to the variability in HTO concentrations in the air (Fig 3) and meteorological condi-
tions between experiments (Table 1), the OBT concentrations (Bq L') were normalized in
plant parts to relative values by relating the concentration of HTO in the combustion water to
the leaf TFWT concentration (Bq L™"). This is based on the knowledge that photosynthesis in
leaves is the main source of plant OBT [8,10,11].

In Fig 6, the relative concentrations of OBT in plant parts are presented during exposure to
atmospheric HTO.

According to Fig 6, among crops, the highest concentration of OBT has been observed in
the edible part of tomato, while the lowest concentration has been found in beans. This is

Table 4. OBT activity concentration in plants during and after exposure.

Cod exposure/
year

lettuce
(2020)

lettuce
(2021)

tomato
(2021)

pepper
(2019)

bean
(2021)

part of plant

edible part
edible part

leaf

stem
edible part
leaf

stem
edible part
leaf

stem

edible part

OBT concentration (Bq LY

mean+SD?

exposure time (h) post-exposure time (h)

2 4 6 ] 1 24 336
2245 93+20 68+15 78+15 75+12 57+12 28+8
4248 4248 74+15 77+13 — 89+16 78+13
167150 200+58 142+40 17043 192+45 192+45 68+25
7525 158+43 78+27 110+33 78+25 6025 60+22
— — 6530 92140 — 153147 83140
1245 37£10 307 3318 43+8 6715 10+4
8+1 13+5 74 1817 15+5 1245 155
8+1 2317 2017 157 613 10£5 8+4
28+8 30+10 63122 3515 — 7517 52+13
— 13+£3 15+5 155 — — —
13+£3 30+10 28+8 75+17 — — 53+13

*"SD"~the error shows the standard deviation of the 3-4 replicates.

https://doi.org/10.1371/journal.pone.0308959.t004
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obviously due to species features such as photosynthesis rate, the speed of translocation of
assimilates, the weight, and the biochemical composition of the fruits. So, beans are character-
ized by a high protein content, while tomatoes contain more carbohydrates. As is well known,
more than 90% of the primary organically-bound tritium is formed through photosynthesis
and is represented by tritiated simple sugars [1,2,8,10,11,16], which are directly translocated
from the leaves to the edible part. Tritiated proteins are formed during secondary metabolic
reactions and then transported to beans.

The organically-bound tritium was distributed in non-leafy crops as follows: leaf-stem-
fruit (in decreasing order). The maximum concentrations of OBT in the leaves are due to the
photosynthetic origin of this form of tritium. The results obtained are in good agreement with
the literature data for non-leafy crops [15,24,25,32,40,42].

There was no definite pattern in the dynamics of the relative OBT concentration in all parts
of the plants, as both its increase and decrease were observed during the exposure period. The
absence of a clear pattern is obviously due to the continuous phloem transport of tritium
assimilates formed during exposure. It is possible that dynamic variation in HTO is an addi-
tional factor contributing to uncertainty regarding OBT concentrations in plants.

As seen in Table 4, for the first hour and day after exposure, OBT leaf concentrations
increased in most cases by 1-2 times compared to the end of exposure or decreased slowly.
Diabate and Strak [24] reported that the total amount of OBT in wheat leaves increased until
day 1 after exposure. Indeka [9] reported a slow decrease in the concentration of OBT in the
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Table 5. Normalized values of OBT concentration in plant parts during the post-exposure period.

Time

(h) L2020 L2021 T
leaf

1 4.2 —

24 3.1 10 27

336 1.6 9.1 9.3

* L-lettuce, T-tomato, P-pepper, B-bean.

https://doi.org/10.1371/journal.pone.0308959.t005

Normalized values of OBT concentration (%)

P B T P B T P B
stem edible part

17.3 — 6 — 2.5 —

26.7 2.3 11 4.7 — 21.6 4 —

4 1.6 8.5 6 — 11.7 3.5 1.6

leaves of tomatoes, potatoes, sunflower, maize, and wheat. The uncertain dynamic of OBT
concentration is due, firstly, to the fact that tritium remaining in free water of leaves continues
to incorporate into organic matter. Secondly, the transport of OBT through phloem continues.

In the first hours after the exposure period, the OBT concentrations in stems and edible
parts decreased slowly. In the long-term post-exposure period, the concentration of OBT in
these plants parts was kept approximately at the same level, and it was more or less similar to
that in leaves. This fact can be explained by the ongoing synthesis and transport of OBT
through the phloem from the leaves.

To compare the results of experiments the OBT concentration (Bq L") in each part after
exposure was normalized by relating it to the leaf TFWT concentration at the end of the expo-
sure (Bq L™"). Table 5 presents the normalized values of OBT concentration in plant parts in
post-exposure period.

As can be seen from Table 5, after exposure the relative OBT concentrations in the edible
parts at harvest were in the range of 2.5-21% after 1 day, and in the range of 1.6-11% after 14
days, depending on the plant. In the rice experiments [26] the relative OBT concentrations in
ears at harvest were in the range of 0.02-0.34% depending on the exposure time. The higher
values of relative OBT concentrations in plants in this study may be due to differences in HTO
levels during exposure and a longer time of exposure.

It is well known that in the case of HTO release in the atmosphere, the main pathway of
exposure is consumption of food with a contribution of tritiated organic molecules (OBT)
elaborated by photosynthesis [1,2,10-12,16]. The obtained quantitative data on tritium uptake
by leafy and non-leafy vegetables can be used to make a conservative estimate of the possible
contribution of the isotope to the public internal exposure dose from ingestion of contami-
nated crop products in the event of a short-term accidental release of HT'O on the territory of
Kazakhstan.

Relation between levels of the atmospheric HTO, tissue-free-water tritium,
organically-bound tritium and meteorological factors

The results of the correlation analysis between TEFWT, OBT, atmospheric HTO and environ-
mental factors such as temperature, relative air humidity and solar radiation are provided in
Table 6.

According to Table 6, the concentration of tritium in the free water of leaf tissues is closely
correlated with the concentration of atmospheric HTO (r = 0.76). This is obvious, as HTO
penetrates into the leaf via the stomata through diffusion until reaching a steady state. A weak
(r = 0.43) and moderate (r = 0.56) positive correlation was established between the concentra-
tion of TFW'T, temperature, and intensity of solar radiation, respectively. Between the concen-
tration of TFWT and relative humidity was established a weak negative correlation (r = -0.43).
These meteorological factors are indirectly related to TFWT. They affect the conductivity of
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Table 6. The correlation between atmospheric HTO, tritium in plant leaves and meteorological factors.

Variable (N = 22) CTEWT leaf COBT leaf C T PPDF 1)
*CTEWT leaf 1.00 -0.14 0.76* 0.43* 0.56* -0,43*
COBT leaf 1.00 -0.09 -0.21 -0.02 0.01
C 1.00 0.41 0.57* -0.26
°T 1.00 0.50* -0.74*
“PPDF 1.00 0.53*
d(P 1.00
*C, Crrwr teat, CobT leafare in Bq L7,

®Tisin °C.

°PPDF in umol s m™>

d(p isin %.

f*_marked correlations are significant at p < 0.05.

https://doi.org/10.1371/journal.pone.0308959.t006

stomata, and accordingly, the flow of HTO into the leaf. However, a reliable correlation was
not found between the concentration of leaf OBT and the concentration of atmospheric HTO,
the concentration leaf TFW'T, and meteorological parameters such as temperature, humidity,
and solar radiation. This fact is explained by the biochemical origin of the organically bound
form of tritium. As is known, the rate of formation of OBT, first of all, depends on the physio-
logical state of the plant, the stage of growth, as well as species characteristics [10,11].

The results of the correlation analysis between atmospheric HTO and concentrations of
TFWT and OBT in different plants parts are provided in Table 7.

As can be seen from Table 7, the concentration of tritium in the free water of the edible part
of plants is closely correlated with the concentration of atmospheric HTO (r = 0.83) and leaf
TFWT (r = 0.78). The concentration of TFWT in stems correlates strongly with the TFWT of
leaves (r = 0.95), and closely with that of the edible parts of plants (r = 0.81). The concentration
of OBT in the leaves is strongly correlated with OBT in the stems (r = 0.99), as well as in the
edible parts (r = 0.98). A significant functional relationship between the concentrations of tri-
tium in different parts of plants is due to the fact that they are connected by a phloem trans-
port. The obtained correlations are consistent with the approach of the modified SA (specific
activity) model recommended by the Canadian Standards Association (CSA) for predicting
tritium transport in the "air-vegetation" system [43], based on the ratio of tritium concentra-
tions in plants and the air. However, in order to obtain more precisely average values of tritium

Table 7. The correlation between atmospheric HTO and tritium in different plants parts.

Variable (N = 22) *CIFWT leaf COBT leaf C CTEWT edible part CrEWT stem COBT stem COBT edible part
*CTEWT leaf 1.00 0.51 0.71*® 0.78* 0.95* 0.51 0.63

COBT leaf 1.00 -0.06 -0.09 0.46 0.99* 0.98*

C 1.00 0.83* 0.62 -0.09 0.05

CTEWT edible part 1.00 0.81* -0.10 0.03

CrewT stem 1.00 0.45 0.57

CoBT stem 1.00 0.98*

COBT cdible part 1.00

a . -1
C, Crrwr leaf, COBT lear @re in Bq L.

b * _marked correlations are significant at p < 0.05.

https://doi.org/10.1371/journal.pone.0308959.t007
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uptake parameters, it should be necessary to conduct similar studies over a wider range of
meteorological conditions that are typical of the territory of Kazakhstan.

Conclusion

As aresult of a series of experiments conducted in an area heavily contaminated with tritium
at the former Semipalatinsk test site in Kazakhstan, a quantitative assessment of the HTO
uptake by typical crops grown throughout Kazakhstan (lettuce, tomatoes, peppers and beans)
after short-term exposure was given. Studies have shown that with short-term aerial uptake of
HTO, the concentration of tritium in crops was depended both on the abiotic environmental
parameters that determine the conductivity of stomata (temperature, relative humidity, solar
radiation) and on the species features of plants. The normalized values of the concentrations of
organically-bound tritium showed that the accumulation of the isotope in the organic matter
of fruits is more dependent on the species features of plants. The increase in tritium concentra-
tion during exposure and the decrease after it occurs faster in leaves compared to fruits and
stems due to differences in the mechanisms of isotope loss. During the period after exposure, a
small amount of tritium is firmly retained in free water and organic matter of plants for a long
time. The obtained quantitative parameters of the aerial uptake of tritium by crops can be used
to evaluate the possible contribution to the internal exposure dose of the population living
near nuclear power plants through contaminated crop products that have been exposed to
short-term HTO air release. The results of the study will contribution to the data on tritium
transfer in the "air-vegetation" system, which is used to verify existing models of tritium
migration.
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