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Abstract

This study presents long-term observations of tritium (®H) concentrations in the Neris
River at monitoring sites located near the Belarus-Lithuania border and in the city of
Vilnius. Since the commissioning of the Belarusian Nuclear Power Plant (BelNPP), SH
levels in the river have consistently exceeded natural background values, with pronounced
temporal variations. These fluctuations are attributed to routine *H releases from the
BelNPP, with increased concentrations observed during scheduled maintenance periods. A
3H transport model was developed to estimate the downstream propagation of releases and
to assess the time lag between upstream discharge events and their detection at downstream
locations. The model reliably simulates 3H behavior in flowing water and can be adapted
to future scenarios and other water-soluble radionuclides, provided that isotope-specific
and hydrological data are available. These findings highlight the importance of continued
monitoring and further research on the fate and transport of radioactive substances in
transboundary river systems.

Keywords: trititum (*H); Belarusian Nuclear Power Plant; riverine transport modeling;
Neris River; advection—decay model; GoldSim

1. Introduction

Tritium (3*H) is a radioactive isotope of hydrogen, with a half-life of 4500 4- 8 days [1],
occurring both naturally and from anthropogenic activities, typically in low concentrations
within the hydrological cycle. In the atmosphere, °H is primarily generated in the strato-
sphere by the interaction of thermal neutrons with nitrogen-14 (1*N) and subsequently
decays into helium-3 (®He) through beta emission, with a maximum energy of 18 keV.
Chemically, *H behaves similarly to the stable hydrogen isotopes protium ('H) and deu-
terium (2H), integrating into the water molecule as part of H,O. This makes it an ideal
tracer for studying surface and subsurface hydrological processes [2]. Due to its radioactive
nature and relatively short half-life, 3H concentrations decrease measurably over time,
enabling its use in estimating the age and movement of water in hydrological systems.
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Natural *H-specific activity in surface waters typically ranges between 0.1 and 0.9 Bq/L,
depending on geographic and climatic conditions [3]. The use of *H is well established in
hydrology as an isotopic tracer for determining the age of recent (<60 years) groundwater
in aquifers, aiding assessment of their vulnerability [4].

3H content is often expressed as the ratio of >H to protium and reported in “tritium
units” (TUs), where 1 TU corresponds to one atom of *H per 10'® atoms of protium. In
contrast, radioecology and radiation protection practices typically employ activity-based
units, with the becquerel (Bq) being the most commonly used, defined as one disintegration
per second. As both units are relevant for this study, their equivalence is defined as
1 TU = 0.11919 4 0.00021 Bq/kg [5]. Excessive *H in freshwater may occur locally around
nuclear facilities, such as power plants, research reactors, and reprocessing plants, or result
from large-scale atmospheric releases, such as the global >H “bomb peak” of the 1960s
caused by nuclear weapons testing [3,6]. Its environmental mobility and sensitivity make
3H both a valuable tracer and a radiological indicator of nuclear facility discharges [6,7].

Numerous studies have documented 3H concentrations in surface waters surrounding
nuclear facilities, showing clear increases during reactor operation and declines after
closure. For instance, long-term monitoring of the Vltava River in the Czech Republic
captured changes in H levels before and after the commissioning of the Temelin NPP [8].
3H has also been applied to groundwater studies, such as the work of Gusyev et al. [9],
which successfully integrated isotopic data into transient transport models, enhancing
the simulation of groundwater residence times. Additional research has investigated 3H
dynamics focused on air-water exchange, such as [10] modeling the transfer of 3H from
surface water to the atmosphere in the context of NPP releases into the Loire River (France).
Similarly, Schubert et al. [11] used *H and radon to study groundwater discharge into the
Elbe River under low-flow conditions. At the ecosystem level, Galeriu and Melintescu [12]
developed a model to predict the formation of organically bound *H in aquatic food
webs, emphasizing the importance of monitoring *H uptake by organisms. On a broader
scale, a three-dimensional global model developed by Chang Zhao et al. [13] simulated
3H transport and dispersion following the Fukushima Daiichi NPP accident, highlighting
potential impacts on marine ecosystems and public health.

In Lithuania, isotopic studies, particularly of 3H, have been conducted since the
operation of the Ignalina Nuclear Power Plant (INPP), with Lake Druksiai providing the
longest monitoring record. During the INPP operation, elevated H concentrations were
recorded in the lake, peaking at 201.3 & 1.3 TU in 2003, compared to background values of
approximately 9.2 &+ 3.5 TU in other surface waters at that time [14]. Following the plant’s
shutdown and subsequent decommissioning, *H levels in Lake Druksiai declined markedly,
reaching near-background values of 19-27 TU by 2016. These observations illustrate how
H concentrations in aquatic systems increase during NPP operation and gradually return
toward background levels after closure, albeit with a time lag. Notably, the observed H
concentrations remain above the relatively low maximum permissible limit of 839 TU
(100 Bq/L) set by Lithuanian drinking water standards [15], which is considerably more
stringent than international guidelines such as those of Canada (58,730 TU, 7000 Bq/L) or
the United States (6209 TU, 740 Bq/L) [14].

Within reactors, 3H is generated in fuel elements, structural components, and coolant
systems and can be transported throughout the plant via gaseous and liquid pathways. Its
monitoring is essential for assessing radiological dynamics in aquatic environments [16,17].
The mechanisms of *H production in nuclear reactors are comprehensively described
by the IAEA (1981) [18]. Since the first nuclear power plant (NPP) began operating in
1954 in Obninsk, Russia, the number of reactors has grown to over 418 worldwide, produc-
ing approximately 10% of global electricity needs. This milestone marked the beginning
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of nuclear technology as a viable source of large-scale electricity generation. Since then,
nuclear energy has expanded considerably, with countries such as the United States, France,
China, and Russia becoming leading producers. As of 2023, 418 nuclear reactors were in
operation worldwide, with a combined capacity of 377.6 GW(e) [19].

Many nuclear power plants are located near rivers for cooling and operational needs,
making rivers potential pathways for H dispersion. Examples include the Biblis NPP
(Germany) on the Rhine River, Browns Ferry NPP (USA) on the Tennessee River in Al-
abama, Gravelines NPP (France) near the Aa River, and Kaiga NPP (India) near the Kali
River in Karnataka. Rivers often serve as conduits for the release and dispersion of *H
into the environment—either through routine operational discharges or accidental re-
leases. Tritium releases from NPPs are typically within regulatory limits; however, the
cumulative impact of routine discharges, particularly into transboundary rivers, warrants
detailed investigation.

In the Eastern Baltic region, the commissioning of Unit I of the Belarusian Nuclear
Power Plant (BeINPP) at the end of 2020 and Unit IT in mid-2023 has increased interest in *°H
monitoring. The BelNPP is situated near the town of Ostrovets in western Belarus, within
the Neris (Viliya) River catchment and approximately 20 km from the Lithuanian border. It
is also located close to the Lithuanian capital, Vilnius, about 50 km downstream. The facility
comprises two pressurized water reactors (PWRs) with a combined installed capacity of
approximately 2.4 GW. Each reactor operates on a fuel cycle of 5-6 years, after which the
spent fuel is stored on-site in cooling pools for an additional 5-10 years to allow for decay
heat dissipation. Reported safety systems include four independent and redundant barriers: a
core melt trap, a double containment structure, a hydrogen removal system, and passive heat
removal mechanisms. Additional passive safety is provided by fuel pellets sealed in fuel rods,
a multi-loop cooling circuit, and a reinforced containment structure approximately 1 meter
thick. The plant is designed for an operational lifespan of 60 years [20].

A potential transboundary aquatic pathway for radionuclide transport from the Be-
larusian BeINPP is the Neris River, which, through the hydraulic tunnel, receives liquid
discharges from the plant. Flowing northwest, the Neris River passes through Vilnius
before joining the Nemunas River. It is the largest tributary of the Nemunas—the main
river discharging to the Baltic Sea—and the second-longest river in Lithuania, with a total
length of 498 km, including 264 km within Belarus [21]. Nevertheless, no published data
have been available until now on tritium dynamics in river systems influenced by the
BeINPP. Since the very beginning of the BeINPP’s operation, increased 3H levels exceeding
natural background concentrations have been detected in the Neris River—both near the
Belarusian border and further downstream in Vilnius. This prompted the consideration of a
dynamic riverine transport model to interpret the spatiotemporal distribution of observed
H data. In this context, the present study has the following aims:

(1) To evaluate long-term trends in *H concentrations at two key monitoring sites—near
the Belarus—Lithuania border and in Vilnius;

(2) To assess the relationship between observed *H fluctuations and operational phases
of the BeINPP, including scheduled maintenance periods;

(3) To apply a hydrological transport model to simulate the movement and attenuation
of 3H under various discharge scenarios.

The developed model may also serve as a framework for assessing the fate of other
water-soluble radionuclides in comparable riverine environments.

2. Materials and Methods

This study was conducted on the Neris River, a transboundary watercourse originating
in Belarus and flowing into Lithuania. Two long-term monitoring sites were selected:
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one approximately 2 km downstream of the Belarus-Lithuania border (hereafter referred
to as the “border site”) and another within the city of Vilnius, approximately 130 km
downstream. The Neris River is the primary surface water body in the region, serving
important ecological functions and providing socioeconomic benefits.

2.1. Sampling and Analytical Methods

Atmospheric precipitation for 3H analysis was collected at two sampling sites in
eastern Lithuania, Zarasai (55°43/46" N, 26°10'42"” E, WGS) and Vilnius (54°46'40” N,
25°17'36"” E, WGS), with sampling initiated in 1999 and 2017, respectively. A cylindrical
stainless steel precipitation collector with a 50 cm diameter was used. As samples were
analyzed monthly, the collector was also cleaned and rinsed at the time of container
replacement.

Surface water samples were collected to determine the specific activity of *H in the
Neris River. Regular monthly sampling was conducted at a site near the Belarusian border
(54°50'20”" N, 25°44'30" E, WGS), beginning in February 2017 and continuing to the present.
In addition, to support high-resolution *H transport modeling, daily water sampling
was carried out at the Vilnius site (54°44/47"” N, 25°17'35" E, WGS) throughout 2023,
yielding 365 samples. Samples were collected using a 1 L stainless steel sampler following
standardized surface water monitoring protocols to ensure methodological consistency and
comparability across sites. The locations of the river sampling sites are shown in Figure 1.
The Zarasai atmospheric precipitation sampling site is not included in the figure.
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Figure 1. The locations of the sampling sites. The arrows near the nuclear plant reflect the sites of
water intake for the plant and discharge to the Neris River. The map was produced using ArcGIS for
illustrative purposes only.
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The 3H activity concentration in atmospheric precipitation and surface water was
measured using liquid scintillation counting (LSC) techniques [22-24]. For routine analysis,
8 mL of the water sample was mixed with 12 mL of ULTIMA GOLD LLT scintillation
cocktail and measured using LSC. All monthly atmospheric precipitation samples, as well
as the monthly samples from the Neris River near the Belarusian border, were subjected
to a multi-step preparation process, including pre-distillation, electrolytic enrichment,
neutralization, final distillation, and mixing with the scintillation cocktail [25]. The resulting
samples were then analyzed using high-precision LSC decay counting. In contrast, the
daily surface water samples collected from the Neris River in Vilnius during 2023 were
analyzed using direct LSC without enrichment or pre-treatment due to the large number of
samples processed.

The beta spectra of all samples were measured using an ultra low-level liquid scintilla-
tion spectrometer (1220 QUANTULUS). With a background counting rate for 3H below
1 CPM, a counting efficiency of approximately 25%, and an enrichment factor of ~27, the
minimum detection limits for >H were estimated at 5.4 TU for direct counting and 0.2 TU
following electrolytic enrichment. Quality control procedures included using reference
standards and blanks in each measurement batch, along with replicate analyses for selected
samples [5]. The routine performance of >H determinations in our laboratory—both by di-
rect counting and after enrichment—was positively evaluated in the IAEA intercomparison
exercises on low-level tritium in water (TRIC2004, TRIC2008, TRIC2012, TRIC20218, and
TRIC2022), with satisfactory results based on z-scores (bias) and zeta tests (uncertainty) [26].

2.2. Hydrological Data

Daily river discharge data (in m®/s) for 2018-2023 were obtained from the Lithuanian
Hydrometeorological Service for three gauging stations [27-32]): two on the Neris River
(at Buivydziai and Vilnius) and one on the Zeimena River, a tributary upstream of its
confluence with the Neris. Discharge values corresponding to sampling dates were used
both for the contextual interpretation of *H concentration data and as input parameters
for the transport model. To characterize the Neris River in more detail, river cross-section
data were also required. Some cross-sectional profiles were provided by the Lithuanian
Hydrometeorological Service, while additional data were obtained from Baltakis et al. [33].
All sources indicated that the river width exceeds the river depth by one to two orders of
magnitude, allowing the hydraulic radius to be approximated by the flow depth.

2.3. Tritium Transport Modeling with GoldSim

Daily monitoring of 3H concentrations in the Neris River at Vilnius revealed consistent
deviations from natural background levels, suggesting a possible link to BeINPP operations.
To assess the potential impact of BeINPP discharges on this region, it was necessary to
estimate the volume and timing of 3H releases. However, due to the unavailability of direct
3H emission data from BeINPP during the study period, we developed a transport-decay
model to support the indirect reconstruction of *H discharges. The core equation used for
modeling transport and radioactive decay, i.e., Equation (1), is presented below:

2
% 3 = - %uﬁH + %DﬁH + Wiy — k:E 1)
S~~~ N—— [ — N—— ‘ ‘
Time derivative Advective Dif fusive Dif fuse sources Radioactive
of tritium at any transport of  transport of of tritium along dec‘atv of
observation point tritium tritium particular tritium

river reaches
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where 3H is the tritium concentration [M-L ™3] (to be converted to BqL’l), u is the river flow
velocity [L-T~!], D is the diffusive transport coefficient represented by the longitudinal
dispersion in the river [L2-T~1], and Wy_3 is the diffuse influx of tritium per unit volume
of the river in unit time [M-L™3.T~1] (to be converted to Bq time 1), all considered to be
functions of time (t [T]) and space (x [L]). k is the first-order decay constant [T~1], which
can be calculated using the half-time of tritium and is a constant in time and space since
the radioactive decay is not affected by any environmental forcing such as temperature,
pH, or even ingestion by the biota. Equation (1) describes the tritium concentration from
any reference location (x = 0) as a function of time and location (for example, location x)
along the river reach.

Any solution to Equation (1) that satisfies the initial and boundary conditions can
be used to describe the combined effects of transport and radioactive decay, allowing for
estimating tritium concentrations at any point in time and space under both current and
future scenarios. However, obtaining an exact analytical solution is challenging due to the
spatial and temporal variability in the functions u(x,t), D(x,t), and Wi (x, t), as well as
the complexity of accurately implementing initial and boundary conditions. Therefore,
approximate numerical solutions are required in place of analytical approaches.

Using hydrographical data and the best available information on river cross-sections,
it could be demonstrated that the diffusive transport of >H may be neglected in the case
of the Neris River (Supplementary Material, Figure S1). Under this assumption, Equation
(1) was simplified to Equation (2), which, although still difficult to solve analytically, was
considerably easier for numerical implementation:

%3H(x, t) = —%u(x, £)3H(x,t) + Wag (x,t) — k->H(x,t) ()

The numerical solution of Equation (2) required discretization in both time and space.
For spatial discretization, the river was subdivided into a series of fully mixed volumes,
conceptually represented as a feed-forward array of reactors with no feedback from down-
stream to upstream, forming the basis of a box model (Equation (3)). For the Neris River,
this model consisted of 54 such boxes. For more convenient implementation, Equation (3)
could be reformulated into a single matrix expression (Equation (4)), encompassing all
54 model boxes:

3Ht+At 3Ht Qt ) Qt )
i - i _ <IN, 3Ht OUT,i k 3Ht Wit
=—r Hia— o TR+ Wy, (3)
At Vl Vl i
- - - ¢ -
(A1 0 0 ... 0 0 o 1 [*H P10 Ho + Wapyy
g1 A2 0 .0 0 0 | |°H, Wag,
0 P32 —Asa 0 0 0 SH), WgHg
S : . S At @
0 0 0 ... —Amsm 0 0 3HE, Way b
0 0 0 ... ¢332 —Asms 0 SHL, Wapres
| o 0 0o ... 0 $sass —Assal [3HE | | Waprg, ]

Here, i is the box index numbered from upstream to downstream, QﬁN ; is the inflow

into the box [L3-T~1], QtOUT ; is the outflow from the box, [L3.T-1],3H §+At is the tritium
concentration in the box [M-L~3], Vit is the volume of the box [L?], W5 Hlt. is the total tritium

flux into the unit volume of the box excluding the upstream boxes [M-L73.T71], —Aij
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and ¢; ;1 are the diagonal and subdiagonal elements of the system matrix [T1] given in
Equations (5) and (6), and SH (t) is the upstream boundary concentration of tritium.

Qlw
Pii1 =~ (5)
1
t
Aij = Q?;ﬁ“ +k (6)

The derivation of Equations (3) and (4) from Equation (2) is provided in
(Supplementary Material, Equations S19 to S50). As shown in Equation (3), the time
discretization follows an explicit scheme, while the spatial discretization is based on an
upwind approach. A simplified sketch of the spatial discretization is presented in Figure 2,
and a more detailed schematic, depicting model boxes as control volumes with associated
fluxes, is available in the Supplementary Material, Figure S2.
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Figure 2. The model setup. Colors denote distinct hydraulic attributes across the discretized
river boxes.

Based on the structure of the model equations, the implementation of the transport—
decay model required a system dynamics approach, best suited for computational platforms
that support dynamic feedback and time-stepping schemes. Two primary options were
available for model implementation:

e Programming-based implementation using languages such as Fortran, R, Python,
or MATLAB/Octave, which offer flexibility but require detailed manual coding
and debugging;

e  System dynamics modeling software, including next-generation tools such as Open-
Modelica, Vensim, Powersim, Stella, AnyLogic, or GoldSim, which are specifically
designed for simulating time-dependent processes and allow for a modular, visually
intuitive framework.

The latter approach—using a system dynamics modeling platform—was selected to
enable more rapid model development and intuitive visualization. While most modern
system dynamics tools could be used for this type of study, each is optimized for different
application domains. For instance, OpenModelica, a graphical environment for the Mod-
elica language [34], was excluded due to its relatively steep learning curve compared to
other system dynamics platforms. Powersim [35] and AnyLogic [36] are primarily tailored
to business and industrial modeling. Vensim is a general-purpose tool, while Stella is more
frequently applied in environmental contexts.

GoldSim (Version 14) was ultimately selected for the following reasons:
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e  Environmental specialization: It includes built-in objects specifically designed for
environmental applications, enabling streamlined modeling of contaminant transport
and decay processes;

e  Extensive prior use: GoldSim has been successfully applied for over two decades in
studies related to environmental systems and public health [37,38], including numer-
ous studies related to radionuclide transport [39-47];

e  Flexibility and interoperability: The platform supports the use of user-developed
libraries [48], allows for integration with external models [49], and can interface with
other programming environments [50];

e  Benchmarking: GoldSim has been benchmarked against other numerical tools, with
demonstrated accuracy and consistency [51,52].

The model equations require several key inputs, including river geometry, estimates
of flow depth for calculating box volumes, and discharge values along the model reach.
These were derived by incorporating the Muskingum-Cunge method for hydrological
routing [53], which uses river cross-sectional data to determine the two coefficients of the
original Muskingum scheme. In this study, a hydrological model in the classical sense
was not devised since the flows in the river were monitored by the Lithuanian Hydrom-
eteorology Service. The Muskingum-Cunge method was mainly applied to estimate the
flow-related properties of the Neris River (depth and flow velocity) needed for the transport
model. Hydrological routing was preferred over a more detailed hydraulic or hydrody-
namic routing method since there was not sufficient river cross-section information covering
all of the domain of the transport model. As noted in Section 2.3, due to the wide and
relatively shallow cross-section of the Neris River, the hydraulic radius was approximated
by flow depth, simplifying the application of the Muskingum—-Cunge method.

Since lateral inflows along the river also contain tritium—at least at background
levels—their contributions were accounted for following the approach described by
HEC [54]. As no explicit time series data for these diffuse inflows were available, they were
reconstructed based on hydrological and catchment characteristics.

To reconstruct the lateral inflows for each model box, drainage areas were delineated
for grouped boxes (Boxes 1-5, 6, 7, 8-22, 23, 24, 25-30, 31, 32-51, 52, and 53-54) using
the automatic watershed delineation tool in ESRI's ArcGIS (Figure 3). The topographic
data were obtained from the Shuttle Radar Topography Mission (SRTM), with a spatial
resolution of 90 x 90 m at the equator (approximately 64 x 64 m at the Neris River’s
latitude) and a vertical accuracy of 1 m.

Upstream boundary flows and lateral inflows were calculated using daily discharge
data provided by the Lithuanian Hydrometeorological Service, as described in Section 2.3.
A constant water yield was assumed upstream of each hydrometric station, and upstream
drainage areas were subdivided into sub-watersheds matching the box groups in Figure 3.
Lateral flows were estimated using a water mass balance approach and proportionally
distributed among boxes within each group according to box length. As daily values were
needed, a dedicated infrastructure was built into the GoldSim model to perform these
calculations automatically.

To simulate the downstream transport of tritium in the Neris River, a dynamic mass
transport model was developed using GoldSim software (GoldSim Technology Group LLC).
The model was structured to represent one-dimensional advection and radioactive decay
processes within the river channel, with additional components to account for dilution
and dispersion.
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Figure 3. Delineation of drainage areas for model box groups. Map was produced using ArcGIS for
illustrative purposes only.

Key input parameters included the following:

e 3Hdischarge estimates from the BeINPP (approximated from observed concentrations
at the border site);

e River flow velocity and cross-sectional area (estimated from available hydrological data);

e 3H half-life (4500 days);

e  Travel time between the two sampling sites.

The model was calibrated using observed 3H concentrations at both monitoring sites
and validated by comparing model outputs with independent measurements collected
over the study period. A sensitivity analysis was conducted to evaluate the effects of
varying discharge rates and flow conditions on downstream 3H concentrations. As a
full description of the model exceeds the scope of this manuscript, a read-only version is
provided as an additional Supplementary Materials and can be accessed via Zenodo at
https://doi.org/10.5281/zenodo.15647271 [55].

3. Results
3.1. Observed Tritium Concentrations—Experimental Approach

Time series of *H in monthly precipitation are essential for estimating the residence
time of water in shallow aquifers in classical isotope hydrology studies. However, in
our study, time series of °H in monthly precipitation is used as one of the methods for
estimating the excess of *H in the river catchment area adjacent to the BeINPP. Data on *H
content in precipitation in eastern Lithuania from two stations—Zarasai and Vilnius—have
been available since 1999 and 2017, respectively (Figure 4).

A comparison of H data for the Zarasai station with those of the well-known Vienna
GNIP station for the overlapping period yielded a correlation of 0.72 [14], supporting the
use of earlier Vienna data to plausibly reconstruct >H values prior to the beginning of
observation in our region. According to global data [56], the *H content in atmospheric
precipitation has been steadily decreasing since the era of thermonuclear weapons testing
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in the 1950s and 1960s, approaching levels associated with natural cosmogenic production
by around 2000.

2.5 - Zarasai station

O Vilnius station
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Figure 4. Activity concentration of H in monthly precipitation in eastern Lithuania during
1999-2025 [14]. The Zarasai and Vilnius stations began operation in 1999 and 2017, respectively.
For the overlapping period, the datasets from both stations show a strong linear correlation, described
by the equation y = 1.0676x — 0.0372 with R? = 0.8548.

In particular, from 1999 to the end of 2024, the long-term mean *H activity concentra-
tion in precipitation at the Zarasai station & standard deviation (SD) was 1.10 = 0.40 Bq/L.
Very similar >H variations were observed since 2017 at the Vilnius station, which is located
closer to the BeINPP site than Zarasai. However, both >H datasets show strong agreement,
with a correlation of 0.92 for the overlapping period of 2017-2024. During this period, the
long-term mean >H activity concentration in precipitation at Vilnius was 1.00 4 0.40 Bq/L,
with a minimum of 0.56 £ 0.04 Bq/L (1o total uncertainty of a single measurement) and a
maximum of 2.00 4 0.13 Bq/L (10). The current level of 3H in precipitation was mainly
attributed to cosmogenic production, exhibiting a pronounced seasonal cycle with lower
values in winter (October-February) and higher values in summer (May—August).

Further analysis presented below shows that prior to the commissioning of the BeINPP,
the 3H concentrations in the Neris River during summer were typically 2-3 times lower
than those observed in summer precipitation samples, while in winter, river water >H levels
were almost equal to or slightly lower (up to 1.5 times) than those in winter precipitation.
Based on these observations, the background (baseline) 3H concentration in Neris River
water during the operational period of the BeINPP is presented in Figure 5.

From 2019 to the end of 2024, the mean *H activity concentration in winter precipitation
at the Vilnius station was 0.75 & 0.12 Bq/L (£SD).

Another approach for determining the *H background level in the Neris River was
based on integrating three datasets: (1) °H data from the Neris River during the pre-
commissioning period (2017-2020), (2) background 3H data from the Zeimena River—the
main tributary in the study area—during the operational period of the BeINPP (2024-2025),
and (3) a subset of minimum 3H values from the Neris River itself during the operational
period (2020-2023) (Figure 6).
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Figure 5. Monthly 3H activity concentration in precipitation during the cold season (October-March)
at the Vilnius station in 2019-2024. Error bars indicate uncertainties of a single measurement (1 sigma).
The solid line indicates the mean 3H activity concentration, with 1 standard deviation.
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Figure 6. °H activity concentration in the water of the Neris and Zeimena Rivers during 2017-2025.
The three datasets shown were used to estimate the background >H levels in the Neris River during
the initial operational period of the BeINPP. Error bars indicate uncertainties of a single measurement
(1 sigma). The solid line indicates the mean 3H activity concentration, with +1 standard deviation.

The long-term mean *H concentration, taken as the background value based on three
sets of river water samples from the Neris River in the study area, is 0.62 £ 0.09 Bq/L
(£SD), with a minimum of 0.45 &+ 0.03 Bq/L (10) and a maximum of 0.89 £ 0.06 Bq/L (10).
This range is very similar to the *H background concentrations derived from cold-season
precipitation data. The slightly lower background levels observed in river water compared
to precipitation may reflect a delayed signal transmission due to baseflow contributions,
which typically exhibit residence times of approximately 34 years.

The smoothing of the seasonal *H variations in the Neris River before the commis-
sioning of the BeINPP is attributed to mixing and storage processes, including baseflow
primarily formed from autumn and winter precipitation. Nevertheless, small peaks in
H activity can be observed—most commonly in March and August—against a general
background of gradually decreasing 3H levels over several years. This slight long-term
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decrease may be explained by the continued release of *H from older water stored in the
catchment, originating from precipitation events with increased 3H concentrations during
the era of thermonuclear weapons testing.

The specific activity of *H in the water of the Neris River at the border site—located
approximately 34 km downstream from the BeINPP—for the period 2017-2025 is presented

in Figure 7.
—o— Precipitation, Zarasai I
6 e Precipitation, Vilnius
—— Neris River, Buivydziai
(before BeINPP operation)
~ —— Neris River, Buivydziai
= (during BeINPP operation)
S 4
/Mm
N
jan
o
2 4
0

2020-08-01 1
2021-02-01
2021-08-01
2022-02-01
2022-08-01
2023-02-01
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2025-02-01
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2020-02-01 7

2017-02-01
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2018-02-01 7
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Figure 7. Activity concentrations of >H in atmospheric precipitation at the Zarasai and Vilnius stations
and in surface water of the Neris River at the border site (Buivydziai) during 2017-2025. Red bold
lines indicate the operational periods of the BeINPP; blue bands indicate the scheduled preventive
maintenance periods—three for Unit 1 and one for Unit 2. Error bars indicate uncertainties of a single
measurement (1 sigma).

Based on monthly sampling frequency, multiple distinct peaks of 3H activity in
the Neris River water were recorded during the operational period of the BeINPP.
The most pronounced peaks were observed on 15 January 2021 (5.47 £+ 0.37 Bq/L;
459 £+ 3.1 TU), 15 September 2022 (6.37 + 0.41 Bq/L; 53.4 £ 3.4 TU), and 13 September
2024 (6.58 £ 0.42 Bq/L; 55.2 & 3.5 TU). In each of these cases, the tritium activity in the
river water exceeded that in atmospheric precipitation for the corresponding month by ap-
proximately 6.5, 5.4, and 6.0 times, respectively. These peaks indicate episodic increases in
3H input to the river system, potentially associated with operational or maintenance-related
discharges from the BeINPP.

Therefore, considering the previously noted *H variations based on monthly sampling,
the need arose to determine more precise short-term fluctuations in >H levels in the Neris
River. For this purpose, daily sampling was carried out at the Vilnius sampling site,
allowing for a more detailed assessment of tritium dynamics in the river (Figure 8).

Based on the daily sampling frequency in 2023, significantly more pronounced 3H
peaks were observed in the water of the Neris River compared to the monthly data
shown in Figure 7. The highest peaks recorded were on 26 January (20.49 £ 0.61 Bq/L
(1719 £5.1TU)), 10 July (11.14 + 046 Bq/L (93.5 + 3.9 TU)), and 17 December
(26.25 £ 0.68 Bq/L (220.2 & 5.7 TU)).
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Figure 8. The daily >H activity concentrations in the water of the Neris River at the Vilnius site in
2023. The blue strip shows the period of scheduled preventive maintenance for Unit 1 of the BeINPP.

3.2. Modeling Results

The model provides two primary outputs: river hydrology parameters (such as water
depths and flow velocities) and >H concentrations. Its operation consists of two main
steps: first, reproducing the river’s hydrological characteristics, and second, generating
the 3H input datasets—namely concentrations at the upstream boundary and in lateral
inflows—required to run the transport model.

3.2.1. The Hydrographic Results

The hydrographic results were obtained through a standard model calibration proce-
dure, in which the flow rates predicted by the model’s hydrological components were com-
pared to the observed flow rates recorded at the gauging stations described in Section 2.3.
Calibration was performed by adjusting Manning’s roughness coefficients until the simu-
lated flow rates closely matched the measured data.

The idea here is not to calibrate and validate a process-based hydrological model.
As stated in Section 2, the upstream and lateral flows for the transport model domain
that would be generated by a rainfall-runoff model in case of the absence of necessary
flow information are already estimated with desired accuracy considering the aims of
this study. The only question left here is if the flow rates monitored at the downstream
hydrometeorological site can be reproduced with high accuracy. This is important since
there are no hydrographic monitoring stations measuring the flow properties (depth and
velocity) desired for the *H transport model. The travel time in the river should be
reproduced as correctly as possible. This can only be achieved with correctly estimated
flow velocity. The correctness of the estimated flow velocity can only be checked with a
calculated flow hydrograph that fits the real hydrographs as perfectly as possible.

As seen in Figure 9, the calculated flow rates have excellent agreement with the
monitored flow rates, with a high coefficient of determination (R?) exceeding 0.9 for both
hydrometry stations. The relative errors (REs) were low, calculated as 0.39% for Buivydziai
and 0.67% for Vilnius, with corresponding percent biases (PBIASs) of —0.0081% (practically
0) and 0.13%, respectively. Another important performance metric, the Nash-Sutcliffe
model efficiency coefficient (NSE), introduced by Nash and Sutcliffe [57], also indicated
strong model performance, with values exceeding 0.99 for both stations. This may look like
an overfit in the case of a general process-based hydrological model, but it was intentionally
performed in this manner based on the needs described in the previous paragraph.
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Figure 9. A comparison of monitored and model-calculated flow rates for 2023: (a) Buivydziai
hydrometry station; (b) Vilnius hydrometry station.

We, therefore, conclude that the hydrographic components of the model are well
calibrated and capable of reproducing other hydrographic outputs, such as water veloc-
ity, depth, and volume, for each of the transport model box shown in Figure 2. These
outputs can be directly utilized in the tritium transport model. Further discussion of the
hydrographic modeling results is presented in Section 4.2.

Another output of the hydraulic calculations is the flow lag time between the BeINPP
and Vilnius. This lag time is defined as the cumulative flushing time—calculated as the ratio
of box volume to outflow rate—for each model box from the BeINPP discharge location
(Box 7) to the daily tritium sampling site in Vilnius (Box 52). Lag times were computed by
running the hydrographic components of the model from 2018 to 2023 (6 years) and are
presented as monthly box plots in Figure 10.
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Figure 10. The lag time between the BeINPP (Box 7) and Vilnius (Box 52), calculated for 2018-2023
using the hydrographic components of the model. The results are presented as monthly box plots.
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The lag time presented in Figure 10 clearly demonstrates that the time delay—typically
a few days—between the BeINPP and Vilnius is negligible compared to the half-life of
tritium, which is approximately 4500 days. Therefore, in this study, tritium is treated as
a conservative tracer, whose radioactive decay between the BelNPP and Vilnius can be
reasonably neglected. Given this, the lag time results shown in Figure 11 may also be
applicable for assessing the fate of other water-soluble isotopes potentially released during
accidental events, as well as for evaluating associated risks to the Neris River ecosystem. In
this study, a daily time series of lag time values was required to reconstruct the possible
tritium discharge concentrations from the BeINPP through inverse modeling. This daily
time series, covering the monitoring period in Vilnius, is shown in Figure 11.
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Figure 11. Daily lag time series between the BeINPP and Vilnius during 2023.

3.2.2. Results of Reconstructed Tritium Discharges from the BelNPP

In this study, it was assumed that the BeINPP is the primary source of deviations from
the background tritium concentration (i.e., measured *H minus background 3H) observed
at the Vilnius sampling station on the Neris River. The daily excess activity of tritium (in
Bq/day), attributable to the BeINPP discharges, was calculated by multiplying the river
flow rate by the difference between the measured and background tritium concentrations.
By applying a time lag correction to account for the travel time between the BeINPP and
Vilnius (as established in Section 3.2.1), the estimated time series of discharged *H activity
from the BelNPP is determined, and it is presented in Figure 12.

To evaluate the validity of the reconstructed >H discharge activity from the BeINPP,
we used the tritium transport model incorporating the time series shown in Figure 12. This
dataset was included alongside the river hydrography and background *H activity from
upstream and lateral inflows. If the modeled daily tritium concentrations closely match the
observed daily monitoring data, the reliability of the reconstructed discharge time series
would be supported. The model outputs were compared with field measurements, and
a regression analysis between observed and simulated values is presented in Figure 13.
Additionally, box-and-whisker plots for each month were generated to provide a visual
assessment of the model fit, confirming an adequate agreement between observed and
modeled tritium concentrations (Figure 14).
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Figure 12. The reconstruction of daily discharged SH activity from the BeINPP during 2023.
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Figure 13. A comparison of monitored and model-calculated 3H activity concentrations in the Neris
River at Vilnius during 2023.

As seen in Figure 13, the model-calculated tritium activity concentrations show a
reasonable correlation with the monitored values, with a coefficient of determination (R?)
of 0.8059, a relative error (RE) of 33%, a percent bias (PBIAS) of —2.87%, and a Nash—
Sutcliffe model efficiency coefficient (NSE) of 0.61. PBIAS, RE, and NSE were calculated
based on the mean value of the daily monitoring, where each sample was repeated three
times. The monitoring results themselves have a relative uncertainty of £30% based on
random errors. Since RE and NSE are more affected by random errors, this uncertainty can
explain a relative error of 33% and an NSE of 0.61, which can still be considered to present
a moderate model performance.
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Figure 14. Monthly box-and-whisker plots comparing monitored and model-calculated 3H activity
concentrations at the Vilnius monitoring site.

Based on the integration of the *H transport modeling results for all of 2023, the
reconstructed annual >°H discharge from the BeINPP is estimated to be 2.95 x 10'2 Bq, with
a relative uncertainty of £30%, including the contribution of SH monitoring.

4. Discussion
4.1. Interpretation of Observed Tritium Variations in the Context of BeAINPP Operations

The BeINPP is the first nuclear power plant in Belarus, located in the catchment area of
the transboundary Neris River. This has generated regional interest, particularly in Vilnius,
which is located downstream. Already during the initial period of the BeINPP’s operation,
it was noted that increased *H activity in the Neris River occurred shortly after the plant
was put into operation, with the first *H peak observed on 15 January 2021 (Figure 7).
Longer-term observations have shown that higher >H activity tends to occur in liquid
discharges during scheduled preventive maintenance periods—sometimes shortly before
or after them. According to BeINPP reports (http://www.belaes.by [58]), the following
preventive maintenance periods occurred: for Unit 1—25 April 2022 to 22 August 2022,
6 October 2023 to 19 December 2023, and 3 December 2024 to 27 January 2025; for Unit
2—26 July 2024 to 14 October 2024. Although *H emissions from nuclear power plants
are generally within regulatory limits, detailed analysis of °H as a “fingerprint” of nuclear
activity, especially in transboundary rivers, can provide a better understanding of the
operational characteristics of a particular nuclear facility.
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By subtracting the background *H data from the daily *H dataset for the Neris River
in 2023, it was possible to estimate the 3H excess resulting from the liquid discharges of the
BelNPP, as presented in Figure 15.
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Figure 15. The daily 3H excess in the water of the Neris River at the Vilnius site in 2023, attributed to
liquid discharges from the BeINPP.

The maximum daily 3H excess in 2023 (25.76 + 0.72 Bq/L or 216.1 + 6.0 TU) was
observed following the completion of scheduled preventive maintenance at Unit 1 of the
BelNPP. Nevertheless, the measured *H concentrations remained well below international
regulatory limits; for instance, the World Health Organization (WHO) recommends a
guideline value of 10,000 Bq/L for tritium in drinking water [59].

Daily sampling at the Vilnius site in 2023 (Figure 8) revealed more distinct and fre-
quent *H peaks compared to monthly sampling. These high-resolution data indicate that
short-term discharge events may go undetected under standard monthly monitoring, un-
derscoring the importance of increased sampling frequency for accurately identifying and
quantifying *H inputs. The results demonstrate that anthropogenic *H was present in the
Neris River on most days of 2023. This finding enabled the estimation of the annual 3H
discharge in the order of 10'? Bq, which serves as a valuable input for subsequent modeling
of tritium transport in the river system. The magnitude of the annual *H discharge from
the BeINPP is comparable to values reported for many European nuclear power plants [60].

4.2. Model Reliability and Limitations

As previously stated, the model consists of two main components: a hydrological
routing component, which performs flow routing calculations and estimates lateral inflows
for each model box, and a tritium transport component, which solves the advection-reaction
equation. In this case, the reaction term—2>H radioactive decay—is much less significant
than the advection component.

The hydrological routing component successfully produced results related to river
flow and lag times. The adequacy of these results for use in the tritium transport com-
ponent was assessed by comparing the daily monitored and simulated flow rates. As
reported in Section 3.2.1, four commonly used model performance metrics were applied:
the coefficient of determination (R?), the relative error (RE), the percent bias (PBIAS), and
the Nash—-Sutcliffe model efficiency coefficient (NSE). Given that the hydrological routing
component functions similarly to a standard hydrological model, established performance
benchmarks from the literature, such as those reported by Moriasi et al. [61], Ritter and
Murioz-Carpena [62], and Moriasi et al. [63], were used for evaluation.
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According to these benchmarks, the model’s performance falls into the “very good”
category with respect to NSE and PBIAS. In addition, the RE values, being very close to 0,
indicate that the hydrological routing procedure neither overestimates nor underestimates
the flow rates at either of the gauging stations. The R? value exceeding 0.99 suggests that
the model is adept at explaining nearly all of the variability in river flow data.

Taken together, these metrics suggest that the hydraulic calculation results have
negligible uncertainty. This is an important consideration, as these hydrographic outputs
serve as inputs to the tritium transport model, which itself is subject to other sources of
uncertainty. Consequently, the contribution of hydrographic uncertainties to the overall
uncertainty in tritium transport modeling can be considered minimal, thus simplifying
subsequent uncertainty interpretation.

The transport model demonstrated a relatively lower goodness of fit compared to
the hydrological routing component, with the most pronounced discrepancy observed in
the relative error (RE). Although an RE of 33% may appear substantial, it is important to
note that the average coefficient of variation (defined as the ratio of standard deviation to
mean) in the monitored tritium data was 0.57 (57%). This high variability suggests that the
relative error could have been largely attributed to the inherent noise in the observational
data, assuming that the errors are random in nature.

Furthermore, the percent bias (PBIAS) was calculated as —2.87%, which is an order of
magnitude smaller than the RE. This implies that the majority of the deviations between the
modeled and observed values are compensatory in nature, with a slight tendency toward
underestimation. Such a result supports the interpretation that the error is predominantly
random rather than systematic.

Unlike hydrological modeling, standardized benchmarks for goodness of fit in wa-
ter quality transport modeling are less well established. Nevertheless, some relevant
references exist. For instance, Fernandes et al. [64] consider PBIAS values within +10%
to indicate high model performance. In this context, the PBIAS of ~3% obtained in our
model is well within the acceptable range. Similarly, Jung et al. [65] reported ranges of
0.31-0.85 for R? and 0.33-0.87 for NSE in comparable studies. The values achieved in this
study—0.8059 for R? and 0.61 for NSE—are consistent with those reported in the literature
and suggest that the tritium transport model performs with adequate accuracy for the
intended application. Considering that the hydrographic calculation results are highly
accurate from a hydrological modeling perspective, thus contributing minimally to overall
uncertainty, and that diffusive processes in the Neris River, which could otherwise be
significant sources of uncertainty, are negligible (Supplementary Material, Figure S1) the
primary remaining sources of uncertainty are the BeINPP-discharged tritium (Figure 12)
and the background tritium concentrations. The degree of uncertainty can be estimated
using the coefficient of determination (R? = 0.8059), which indicates that approximately
80% of the variability in tritium concentrations observed at the Vilnius monitoring site is
explained by the model developed in this study, while the remaining 20% can be attributed
to unexplained variability and associated uncertainty.

Like any model related to aquatic ecosystems, the one developed in this study also
has its limitations:

e The model was developed as a prototype within the system dynamics simulation
environment GoldSim rather than as stand-alone software. This decision was made to
ensure the shortest possible development time. Although GoldSim is one of the most
flexible system dynamics platforms and the model was designed using its built-in
elements in a way that allows for further modification by other users, it remains less
universal than a fully stand-alone product. In other words, some adjustments to the
model will be necessary to apply it to other, similar problems.
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e  The transport model does not include diffusive transport processes and, therefore, does
not account for longitudinal dispersion in the river. As previously noted, this decision
was based on the hydrographic characteristics of the Neris River and the slow decay
rate of H, both of which result in low estuary numbers, indicating that advection is
the dominant process. While this simplification facilitates model development in any
simulation environment, it limits the applicability of the model to rivers with relatively
faster flow or to radionuclides with slower decay rates. Nevertheless, users may
modify the transport model to incorporate longitudinal dispersion into the numerical
solution algorithm. This addition is of moderate complexity and would require a
reasonable investment of time and effort. Alternatively, users may apply the cell-link
transport features provided by the radionuclide version of the GoldSim Contaminant
Transport Module.

o The model is designed to simulate only the main river branch and does not explicitly
include tributaries along their flow paths. This limitation can be addressed in two ways.
The first option is to restructure the model so that multiple instances can be executed
sequentially in an upstream-to-downstream manner, with the material flux at the
downstream end of each reach serving as the upstream or tributary input for the next
reach. This approach is feasible as long as diffusive transport processes are excluded,
as performed in this study. The second option is to incorporate the tributaries directly
into the model domain, which would require rewriting the entire numerical solution
framework—either using standard GoldSim elements or the radionuclide version of
the GoldSim Contaminant Transport Module. This approach allows for including
diffusive processes but would require substantially more development effort.

e The model is designed for radionuclides that exist in dissolved form in water. It
does not account for adsorption onto particles, settling into sediments, sedimentary
processes, other stunting mechanisms, or interactions with biota.

4.3. Comparison with Other River Systems Affected by Nuclear Facilities

When comparing the findings of this study with those from other rivers affected
by liquid discharges from nuclear facilities, generally similar trends can be observed.
It is well established that no effective technology currently exists for removing tritium
from nuclear power plant (NPP) effluents, making it a common component of liquid
radioactive discharges [66]. In light of this, several rivers—some of which have also been
analyzed using transport models comparable to the one employed in this study—were
briefly compared with the Neris River.

The Rhone River, the principal river flowing into the western Mediterranean in France,
is notable for its high concentration of nuclear-related facilities. These include 4 nuclear
power plants (NPPs) comprising 14 reactors, as well as two major nuclear sites hosting
both civilian and military operations [66]. Downstream tritium concentrations in the Rhone
have been reported to reach values up to five times higher than those observed upstream.
According to Eyrolle et al. [67] and Boderau et al. [68], typical tritium concentrations range
from 1.0 £ 0.7 to 61.5 £ 2.7 Bq/L (mean: 6.0 Bq/L) and from 1.2 £ 0.1 t0 13.9 = 1.4 Bq/L
(mean: 5.3 Bq/L), respectively. These levels are of the same order of magnitude as those
observed in our monitoring of the Neris River at Vilnius.

The Loire River, also located in France and encompassing 14 NPPs within its watershed,
is among the most extensively studied rivers in terms of tritium contamination. This
river system has been investigated through both intensive monitoring campaigns and
modeling approaches similar to the one developed in this study. Siclet et al. [69] and
Goutal et al. [70] applied a one-dimensional transport model to simulate tritium behavior
in the Loire. Goutal et al. [70] reported the correlation coefficient (r) as an indicator of
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model fit; when recalculated as the coefficient of determination (R?), this corresponds to a
value of approximately 0.61—slightly lower than but still comparable to that obtained in
our study. More recently, Sizonenko and Sinitsyn [71] applied another one-dimensional
transport model to the Loire River, using a numerical solution technique similar to ours,
where the river is represented as a series of continuously stirred control volumes. Tritium
concentrations reported in these studies were generally higher than those observed in the
Neris River, though still of the same order of magnitude.

Pujol and Sanchez-Cabeza [72] investigated the Ebro River in Spain and highlighted
that, during normal operation, the associated nuclear power plant discharges low-activity
radioactive liquid waste, including tritium, into the river in a controlled manner. As a result,
the tritium concentrations observed in the Ebro River were relatively low and comparable
to those measured in the Neris River.

The Tagus River, which flows through Spain and Portugal, has also been studied for its
tritium content in relation to discharges from nearby nuclear power plants. Baeza et al. [73]
and Baeza et al. [74] reported slightly higher tritium concentrations in the Tagus River
compared to the Neris River. Nevertheless, the downstream tritium levels observed in
the Tagus River were of the same order of magnitude as those found in the Neris River.
Notably, Baeza et al. [74] applied a tritium transport model similar in structure to the one
developed in this study.

The Sava and Danube Rivers, particularly where they flow through Serbia and Croatia,
exhibit tritium concentrations generally similar to those observed in the Neris River, as
reported by Grahek et al. [75]. Both rivers receive discharges from nuclear power plants,
and some of the observed deviations in tritium levels from background concentrations can
be attributed to the declining influence of atmospheric fallout from nuclear weapons testing.
Notably, the peak in tritium activity resulting from such fallout occurred in 1963 [3,75].

However, not all rivers that are comparable to the Neris River in terms of receiving
NPP discharges exhibit similar tritium concentrations. The Jihlava and Vltava Rivers,
located in the Czech Republic and Slovakia, are also impacted by discharges from nuclear
power plants, as well as residual contamination from atmospheric nuclear weapons tests
and the Chernobyl disaster. Studies by Hanslik et al. [76], Hanslik et al. [77], Simek et al. [78],
and Hanslik et al. [79] indicate that tritium concentrations in these rivers are nearly an
order of magnitude higher than those observed in the Neris River. This may be partly due
to the fact that, unlike the typical practice of discharging NPP effluents into large rivers,
these particular rivers are smaller watercourses [76,77]. Additionally, Panov et al. [80]
reported cases in which downstream tritium concentrations were up to 36 times higher
than upstream levels.

4.4. Implications for Transboundary Water Management and for Further Studies

This study was conducted to investigate tritium dynamics and highlight the impor-
tance of accurate long-term isotopic monitoring in addressing broader environmental
challenges and assessing the impacts of nuclear facilities on ecosystems and human health.
The findings emphasize the value of high-frequency isotopic observations in environments
affected by nuclear installations located near transboundary aquatic systems. Using tritium
as a tracer or fingerprint provides critical insight into regional environmental sustainability
and facilitates evidence-based management of shared water resources.

The obtained results suggest directions for extending future studies, both in terms
of experimental research and the expansion of modeling approaches. The current system
of experiments and modeling related to tritium should be broadened to include a biotic
component. Furthermore, after appropriate development, the model could be adapted
to simulate other mobile radionuclides such as carbon-14 and iodine-131. Preliminary
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experimental data already indicate detectable levels of carbon-14 attributable to the BeINPP.
The inclusion of radionuclides such as cesium-137 and cobalt-60—substances subject to
sorption processes and transport with suspended matter in the river system—would require
the greatest possible effort in both experimental and modeling research.

It is also evident that international cooperation is essential for ensuring that science-
based assessments of environmental conditions, particularly in transboundary waters, are
conducted in a timely and effective manner for the benefit of the public.

5. Conclusions
The following conclusions were reached during this study:

e Long-term, high-frequency measurements of tritium concentrations in the Neris River
near the Belarus-Lithuania border and in Vilnius have revealed elevated tritium
levels compared to background, with greater variability observed since the Belarusian
Nuclear Power Plant (BeINPP) began operations.

e  This excess tritium is attributed to routine discharges from the BeINPP, with the
estimated annual tritium release reaching approximately 2.95-10' Bq. Observed fluc-
tuations in tritium concentrations correspond closely with the operational schedule of
the facility, particularly during and around scheduled maintenance periods. Compar-
isons with other river systems impacted by NPPs suggest that the tritium levels in the
Neris River are within the typical range observed across Europe.

e A tritium transport model was developed to simulate the fate and timing of upstream
discharges reaching downstream locations. The model provides insight into the lag
time and magnitude of tritium transport under observed hydrological conditions.

e The model is adaptable to future applications, including the simulation of other water-
soluble radionuclides, provided that isotope-specific parameters and hydrological
data are available.

e  Further studies are recommended for incorporating more complex environmental
processes, including biogeochemical cycling, sediment interactions, and ecological
impacts of other radionuclides. Such research would enhance our understanding of
radionuclide behavior in transboundary aquatic systems.
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