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Abstract

:

Long-term consequences of radionuclide contamination of the Arabian Gulf as a result of hypothetical accidents at the Bushehr and Barakah nuclear power plants (NPPs) were studied using a chain of models including the atmospheric dispersion model RIMPUFF, the marine compartment model POSEIDON-R, and the dose model. The compartment model POSEIDON-R is complemented by a dynamic model of the biota food chain that includes both pelagic and benthic organisms. The source terms for the hypothetical releases of the selected radionuclides (134Cs, 137Cs, 106Ru, and 90Sr) in the atmosphere were defined as a fraction of respective reactor inventories available in the literature. Conservative meteorological scenarios for the calculation of the initial depositions of radionuclides were selected. Because the Gulf is shallow, a significant portion of the reactive radionuclides (134Cs, 137Cs, 106Ru) remain in the bottom sediments and continue to contaminate water and benthic organisms for a long period of time. The annual dose due to the consumption of marine products can exceed 1 mSv, whereas the annual dose due to drinking the water from desalination plants is expected to be an order less. The contribution of elements to the dose depends on the type of reactor. This is manifested in differences between the contributions of different marine organisms to the dose.
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1. Introduction


The Arabian Gulf (hereafter: Gulf) is a shallow body of water connected to the Indian Ocean by the Strait of Hormuz. The average depth of the Gulf is about 30 m. The eastern part of the Gulf is deeper, with depths reaching 60 m. Evaporation in the Gulf exceeds precipitation and river inflow, so that it is an inverted estuary in which saltier and warmer water flows out of the Gulf in a relatively deep trough through the Strait of Hormuz, whereas less saline water spreads into the upper layer along the Gulf. Over the past half-century, the Gulf countries have been experiencing intensive economic development, which has significantly increased energy consumption, particularly for seawater desalination. Over 567 desalination plants were operational in the Gulf in 2018, with a total capacity of 21,180,000 m3 day−1 [1]. The rapid growth in energy consumption in the Gulf States has led to the emergence of nuclear power plants (NPPs) in this region. The first of these was the Bushehr NPP (Iran), which has been operating since 2013. It consists of three VVER-1000 nuclear reactors (one is operating, and two are under construction). The second one is Barakah NPP (UAE). It has been operating since 2021 and consists of four APR-1400 nuclear reactors (three operating, and one undergoing post-construction testing). Several new NPPs are slated for construction by Saudi Arabia in the near future. Globally, the capacity of nuclear power plants is growing steadily, with about 60 reactors under construction [2]. Note that of the 29 reactors to be launched by 2025, 19 are located on the coasts. Therefore, as a result of potential accidents at NPPs, not only land and inland waters, but also ocean waters can be contaminated. Accidental releases of radionuclides from NPPs into the environment can result from natural disasters, technogenic accidents, and military operations. Two examples of accidents of this kind are the largest nuclear accidents that took place at the Fukushima Daiichi NPP [3,4] and the Chernobyl NPP [5]. There is still a danger of damage to the Zaporizhzhia NPP, with the subsequent release of radioactivity into the environment, as a result of the Russian invasion of Ukraine. An example of such a hypothetical accident and its probable impact on the marine environment and people is discussed in [6].



Numerical models are an effective tool to assess the concentration of radionuclides in the marine environment as a result of an accident. Three stages after an accident were defined [7]: the emergency phase (days-weeks), the post-emergency phase (weeks-months), and the long-term phase (months-years). Three main classes of transport models are used to describe the corresponding phases after an accident: Lagrangian, Eulerian, and compartment (box) models. A detailed analysis of the advantages and disadvantages of such models as applied to emergencies is presented in the review detailed in [7]. Recently, Lagrangian models have been used to estimate the emergency and post-emergency phases of radioactive contamination of the coastal waters of the Western Mediterranean, the Eastern Mediterranean, and the Arabian Gulf as a result of a hypothetical accident at a nuclear power plant [8,9,10]. The Euler model was used to simulate the results of potential accidents at four NPPs located on the shores of the Yellow and East China Seas [11], whereas both Lagrangian and Eulerian models were applied to the hypothetical accident at an NPP located in the Yellow Sea [12]. An accurate specification of the source and a description of atmospheric transport [3,4,5,13], with the corresponding deposition of radionuclides, predetermines the results of modeling the transport of radionuclides in the sea.



In the relatively shallow Gulf, with limited water exchange through the Strait of Hormuz, the consequences of any accident at an NPP can be long-term, since a significant part of released radionuclides will be deposited in the bottom, which serves as a source of water contamination for an extended period of time. Only a few models of radioactivity transfer to the sea have been applied to the Gulf. To simulate the potential dispersion of radioactivity as a result of the accidental release of radioactivity from the Bushehr NPP into the sea, the CROM model (https://www.researchgate.net/publication/314243628_CROM_8_-_Integrated_dose_assessments_for_humans_and_non-human_biota, accessed on 1 October 2022), based on the Gaussian approach [14], was used in [15,16]. A particle-tracking model to simulate radionuclide transport in the Gulf was developed [9] as a fast response tool after a nuclear accident. This model uses the tidal submodel and the HYCOM model [17] for baroclinic currents forecasts. The Lagrangian algorithms were used for the simulation of the radionuclide transfer in water and sediment. However, the lead time in such predictions is limited by the lead time of meteorological and oceanographic forecasts, which does not currently exceed two weeks.



Nevertheless, there is a need to assess the long-term consequences of potential accidents at NPPs in the Gulf for the marine environment and humans. The compartment models are well suited for these tasks [7]. The aims of our study are (i) to simulate the transport of radionuclides deposited at the Gulf’s surface as a result of radioactivity released into the atmosphere caused by hypothetical accidents at two operating NPPs in the Gulf; (ii) to simulate the transfer of radioactivity in the marine food chain; and (iii) to estimate human doses through the marine pathways. A chain of models was used in our study. It includes the atmospheric dispersion model RIMPUFF [18], the marine compartment model POSEIDON-R [19], complemented by the dynamic model of biota food chain, and the dose model, which are integrated into the EU real-time on-line nuclear emergency response system JRODOS [20]. The paper is organized as follows. The atmospheric dispersion model is briefly considered in Section 2.1, the source terms for atmospheric release are considered in Section 2.2, and the compartment model is described in Section 2.3. The setup of the models, the forcing, and the scenarios of the accidents are given in Section 2.4. The results of the calculations of the radionuclide concentrations in the water, sediment, and biota for the scenarios of potential release from the Bushehr and Barakah NPPs are discussed in Section 3.1 and Section 3.2. The doses for humans are estimated in Section 3.3. Our findings are discussed in Section 4.




2. Materials and Methods


2.1. Atmospheric Dispersion Model RIMPUFF


The algorithm of the atmospheric dispersion model (ADM) RIMPUFF replaces a continuous release with a series of consecutively released puffs. At each time step, the model equations describe the advection, diffusion, and deposition of the individual puffs, according to local meteorological conditions. A modified RIMPUFF model [18] combines computational efficiency with advanced algorithms for the assessment of the puff’s growth at medium-range time and spatial intervals of atmospheric transport. The dry deposition on the water surface in JRODOS RIMPUFF is calculated using the value of the dry deposition velocity    v d  = 0.0007   m s−1. In the calculation of the wet deposition, the value of wash-out coefficient  χ  [s−1] is calculated using the usual formula:   χ = Λ    (  I /  I  r e f    )   α   , where  I  [mm h−1] is the precipitation rate,    I  r e f   = 1   mm h−1 is the reference precipitation rate, and the values of the parameters are   Λ = 8 ·   10   − 5     s−1;   α = 0.8  . A more detailed technical description of RIMPUFF is available on the JRODOS site [20]. The RIMPUFF model has been extensively validated against measurement data collected in numerous field experiments and full-scale accidents, including Fukushima [21]. For ensuring the robustness of the obtained results in this study, we also performed sensitivity tests of the calculated deposition with the Lagrangian ADM DIPCOT [22], which is also included in the atmospheric dispersion module of the JRODOS system, using the same parameterizations of dry and wet deposition.




2.2. Source Terms for Atmospheric Releases from Bushehr and Barakah NPPs


The source terms for the hypothetical releases of the radionuclides in the atmosphere considered in this study from the Bushehr and Barakah NPPs were defined based on respective reactor inventories available in the literature. For the Bushehr NPP which operates the VVER-1000 reactor, the inventory was taken from the study in [23]. The released fractions of the inventory corresponded to the most conservative assessments of the Ukrainian National Atomic Generating Company NAEK “Energoatom,” performed for the VVER-1000 reactor of the Zaporizhzhia NPP for the scenario of the “full loss of electric power supply together with loss of coolant with taking into account actions on reducing hydrogen concentration” [24]. For the Barakah NPP, which operates the APR-1400 reactor, the inventory was taken from the figures in reference [25]. The same emitted fractions of the inventory for the Barakah NPP were assumed as those for Bushehr NPP. Only the long-lived radionuclides (half-life T1/2 > 1 year), which were of interest for long-term assessment of water contamination, and doses from aquatic pathways were considered in this study. Based on the analysis of the above data, the following radionuclides were selected for simulation: 134Cs, 137Cs, 106Ru, and 90Sr. The corresponding released fractions of inventories, together with the released inventories in Bq from the Bushehr and Barakah NPPs of the four considered radionuclides for these hypothetical accidents, are presented in Table 1. According to reference [24], the total period of release (25 h) was split into two parts. The largest quantities of strontium and cesium were emitted during the first 3 h of the release (Table 1), while the largest quantity of ruthenium (97%) was emitted later due to the high melting temperature of this radionuclide. The estimates of the released inventories of other long-lived radionuclides, such as 239Pu and 244Cm, according to the described approach, were at least by 3 orders of magnitude smaller than the inventories of the selected radionuclides presented in this paper. Therefore, they were not considered in this study.




2.3. Marine Compartment Model POSEIDON-R


The basic feature of marine compartment models (the uniform distribution of radionuclides within each compartment) decreases the calculation time and makes these models useful tools in the long-term phase of an emergency after an accident [7]. In the POSEIDON-R model [26,27,28], the marine environment is represented as a system of compartments for the water column, bottom sediment, and biota. The compartment-averaged radionuclide concentration is governed by a set of ordinary differential equations describing the temporal variations of the concentration, the exchange with adjacent compartments, and with the suspended and bottom sediment, radioactive sources, and decay. The exchange between the water column boxes is described by fluxes in the radionuclides due to advection, sediment settling, and turbulent diffusion processes (Figure 1). The additional diffusion fluxes of water between boxes were included to take into account mixing by tides [27]. The model equations were complemented by the term describing the flux of the radionuclides from the upper sediment layer to the water due to resuspension processes, which are important in the case of intensive tidal currents. A detailed description of the model and the numerical algorithm is given in [27].



Unlike other marine compartment models, POSEIDON-R uses the dynamic food chain model, which is necessary for the modeling of the consequences of accidental releases [11]. This model was extended by the inclusion of benthic organisms [28], which is especially important for a shallow Gulf. A scheme of the radionuclide transfer through the marine food chain is shown in Figure 1. The model includes pelagic and benthic food chains. Pelagic organisms are grouped into phytoplankton, zooplankton, non-piscivorous, and piscivorous fishes. Benthic organisms include deposit-feeding invertebrates, demersal fish, and bottom predators. Coastal predators feed on both pelagic and benthic organisms in shallow waters. Detritus feeders and filter feeders are presented by crustaceans and mollusks, respectively.



For the simulation of the uptake and retention of radionuclides in marine organisms, which form the food web, the whole-body dynamical model is used. An exception is phytoplankton, where the concentration of radioactivity is calculated using the biological concentration factor (BCF) [29] which refers to uptake from the water. In the model, the concentration of radionuclide in the whole body (wb) of each considered organism Cwb is described by the equation


    d  C  w b     d t   = A  E w   K w   C w  + A  E f   K f   C f  −  λ  w b    C  w b   ,  



(1)




where AEw and AEf are assimilation efficiencies for the uptake of radionuclides from water and food, Kf and Kw are food and water uptake rates, Cw and Cf are concentrations of radionuclide in water and food, and    λ  w b     is the elimination rate of radionuclide from the organism. Eleven types of organisms were considered in the model (Figure 1), which form pelagic and benthic food chains. The concentration of radioactivity in food for a predator Cf is calculated as a weighted concentration in the prey organisms


   C f  =   ∑  j = 0  m    C  p r e y , j    P j    d r  w  p r e d     d r  w  p r e y , j        



(2)




where Cprey.j is the activity concentration in prey of type j, Pj is the preference for prey j, drwpred and drwprey,j are the dry weight fraction of predator and prey of type j, respectively, and m is the number of prey organisms in the diet of the predator. The model parameters for all organisms, except different types of fish, are given in the basic paper for POSEIDON-R [27].



For fish (organisms Nos. 3, 4, 9, 10, and 11 in Figure 1), the tissue-weighted whole-body elimination rate [30] was used as


   λ  w b   =   ∑  i = 1  3      μ i   λ i   /   R i       



(3)




where i is the tissue number (i = 1; 2; 3 for bone, muscle, and organ, respectively),    μ i    is a mass fraction of the given tissue,    λ i    is an elimination rate of activity from i-th tissue,    R i  =  C  w b   /  C i    and is a whole-body to tissue concentration ratio described in [31]. Such an approach was validated in [30] on the 90Sr release to the marine environment as a result of the Fukushima Daiichi accident, where it gives results similar to the fish multi-compartment MCKA model [30]. The parameters of Equation (1) for fish are given in Table 2. The assimilation efficiencies for the uptake of radionuclides from water and food were estimated from laboratory experiments [32] or were based on the biological accumulation factor (BAF) for fish [29], which also includes uptake from food.



The generic parameters of the compartment model POSEIDON-R, with the dynamical food chain model, were validated by the measurement data in different seas and oceans [27,28,30]. The sensitivity analysis was carried out in references [28,30] to estimate parameter sensitivity. A detailed comparison of simulation by POSEIDON-R with other compartment models and Eulerian models of radioactivity transport in the relatively shallow Baltic Sea [33] demonstrated the reliability and robustness of the model for a problem similar to the one considered in this paper.




2.4. Poseidon-R Model Setup


The compartment system for the Arabian Gulf and Gulf of Oman consists of 136 boxes (Figure 2a), including boxes inside and outside the Gulf. In particular, outside boxes (box No.1 represented the World Ocean, and box No. 2 represented the Arabian Sea; they are not shown in the figure) were introduced for the connection of the Gulf with the Ocean. The volume and average depth for each box were calculated using the bathymetry data from [34]. One-layer shallow boxes (depth less than 30 m) are marked in white, whereas deeper two-layer boxes are marked in blue. Water fluxes between boxes were calculated by averaging over 10 years of three-dimensional currents calculated from reanalysis [34]. The time-averaged currents in the surface boxes are shown in Figure 2b.



The influx of water from the ocean through the Strait of Hormuz and the influx of fresh water through the Shatt al-Arab River (46 km3 a−1 [35]) and other rivers is balanced by evaporation from the Gulf. The fluxes of water between boxes in the surface layer reproduce the time-averaged surface circulation in the Gulf, which is shown in Figure 2b. However, in the subsurface layer that exists in the deep boxes, marked by blue in Figure 2a, the circulation is different. In the Strait of Hormuz, the flux of water in the surface layer is directed into the Gulf, while the flux of water in the subsurface layer is directed out of the Gulf. Similarly, fluxes in the deep boxes in the Gulf differ from fluxes in the surface layer boxes, in agreement with the 3D modeling results [34,35]. Diffusion fluxes were estimated by averaging the fluxes between boxes. We concluded that two-layer parameterization allowed us to correctly represent the structure both of the advection and diffusion processes in the Gulf. Suspended sediment concentration in the water column was set up according to the methods of [36]. Specific sedimentation rates for different parts of the Gulf were adopted from [37]. Default values for other parameters, which are needed for simulations of water-sediment interaction processes, were used in the model [27].




2.5. Scenarios of Atmospheric Deposition


Conservative meteorological scenarios for the calculation of initial depositions of radionuclides on the surface of the Gulf following hypothetical release from the Bushehr and Barakah NPPs were selected as described below. For each of the NPPs, a set of different scenarios of atmospheric dispersion and deposition, using the same source term, but with different start days of release, were calculated with the statistic output tool of the European system of nuclear emergency response JRODOS [20]. This tool randomly generates initial start dates of release within the prolonged time for which meteorological data are available. The average time interval between the generated start dates is 1 day. The calculation of the atmospheric transport model RIMPUFF is then automatically performed for each of the start dates. The simulation time of automatically generated RIMPUFF runs in this study was the same, and was equal to 96 h. The depositions were calculated in the nodes of the largest JRODOS computational grids of the sizes 1600 × 1600 km, centered at the Bushehr and Barakah NPPs, respectively.



The meteorological data were calculated with the WRF mesoscale meteorological model [38] for the 5 years from 1 January 2014 to 31 December 2018. The computational domain of the WRF covered the computational domains of JRODOS; it had a horizontal resolution of 0.15 deg, and the number of nodes in the South-North and West-East directions was 150 × 150. The final analysis data of the Global Forecast System (GFS) operated by the US National Centers for Environmental Prediction [39] were used for setting initial and boundary conditions in WRF simulations.



For the Bushehr NPP, the maximum deposition of the radionuclides was obtained for the dispersion scenario, with the start date of the release as 24 December 2015, 08:00 UTC. The total deposited amounts on the sea surface of 134Cs, 137Cs, 106Ru, and 90Sr in this dispersion scenario were:   4.62 ×   10   16    ,   9.25 ×   10   15    ,   3.37 ×   10   16    , and   3.13 ×   10   15     Bq, respectively. The deposited amounts constituted 93.8, 93.8, 66.4, and 90.5% of the total released inventories of the 134Cs, 137Cs, 106Ru, and 90Sr, respectively (Table 1). For the Barakah NPP, the maximum deposition of the radionuclides was obtained for the dispersion scenario with the start date of the release as 21 November 2017, 15:43 UTC. In this scenario, the deposition of 106Ru (  7.30 ×   10   17     Bq) was an order of magnitude greater than in the scenario for Bushehr, while the deposited amounts of 134Cs, 137Cs, and 90Sr were of the same order (  4.36 ×   10   16    ,   2.43 ×   10   16    , and   6.10 ×   10   15     Bq, respectively). The deposited amounts constituted 93.4, 93.4, 78.1, and 91.5% of the total released inventories of the 134Cs, 137Cs, 106Ru, and 90Sr, respectively (Table 1). The described two dispersion scenarios with the maximum deposition on the sea surface were subsequently treated as conservative.



In both accident scenarios, more than 90% of the radionuclides were deposited on the sea surface by the wet removal process. Therefore, the precipitation fields calculated by the WRF model were checked against measurements performed during the selected time intervals by nine meteorological stations located close to the sea border in Iran, Saudi Arabia, and Qatar (Supplementary Table S1). In total, 166 measurements of precipitation and intensities were extracted from the Wolfram database [40] for the periods considered in this study: 24–29 December 2015, and 21–16 November 2017. The correlation coefficient (CC) of the calculated precipitation intensities as compared to the measurements was CC = 0.39, with a mean absolute error (MAE) = 12.9 mm day−1. The results for the correlation coefficient and MAE are in agreement with the estimated accuracy of the satellite-derived precipitation fields evaluated for several rainfall events in Saudi Arabia in [41]: 0.008 ≤ CC ≤ 0.58, 3.6 ≤ MAE ≤ 17.8 mm day−1. The relative bias of the precipitation calculated by WRF in this study as compared to the measurements was RB = −45%, Therefore the amount of wet deposition was not overestimated in the considered scenarios. The comparisons of precipitation intensities calculated by WRF, with respective measurements, are presented in Supplementary Figures S1 and S2.



The reported total amount deposited on the surface of the Gulf did not change significantly when ADM DIPCOT was applied for the same meteorological scenario (Table S2 in Supplementary Materials). In both simulated cases and for the radionuclides 134Cs, 137Cs, and 90Sr, the differences in the respective deposited amounts were within 5% of the above presented values. The differences in the deposited amount of 106Ru between RIMPUFF and DIPCOT were within 16%—somewhat higher than for other radionuclides due to a more uniform time distribution of the release of 106Ru as compared to other aerosols. Such differences are still not significant, taking into account considerable differences in the modeling approaches of both ADMs. The deposition maps 137Cs, 134Cs, 106Ru, and 90Sr from the conservative dispersion scenarios for the Bushehr (Figure 3a and Figure S3) and Barakah (Figure 3b and Figure S4) NPPs were further used for the assessment of radionuclide concentrations in the water and sea products.





3. Results


3.1. Bushehr NPP


The maximum simulated distribution of 137Cs deposition was in the northwestern part of the Gulf off the coast of Kuwait (Figure 3a). The distribution of 134Cs and 90Sr was basically like the distribution of 137Cs, while the distribution of 106Ru was different due to the delay of release (Figure S3). The spatial distribution of the 137Cs concentration in the surface waters of the Gulf after deposition for the hypothetical accident scenario at the Bushehr NPP is shown in Figure 4. The corresponding distributions of 134Cs, 90Sr, and 106Ru are given in Supplementary Figures S5–S7. Since the maximum deposition of radionuclides under the selected meteorological conditions was in the north-western part of the Gulf, the maximum concentrations of the radionuclides in the water initially occurred there. Over time, the contamination is transported by currents (see Figure 2b) along the coast of the Arabian Peninsula to the Strait of Hormuz. Corresponding temporal changes in the surface concentration of the radionuclides in the locations of four desalination plants (see Figure 2a) due to the hypothetical accident scenario at the Bushehr NPP are given in Figure 5. As follows from the graphs, the maximum concentrations of radionuclides and the intervals between the deposition time and these maximums depend on the position of the desalination plants and the properties of the radioisotopes. The maximum concentration of radionuclides at the Doha plant is reached after 5–6 months, at the Al Jubail plant after 10 months, and at the Ras Laffan plant after 14 months, while at the Jabel Ali plant, it is reached after 2.5–3 years, except for ruthenium, for which the maximums are reached within the first year. However, maximal concentrations at each desalination plant are significantly different and decrease with the distance from the deposition maximum.



In the shallow Gulf, the distribution pattern of bottom contamination is mainly determined by the distribution of radionuclides deposited on the sea from the atmosphere (Figure 6 and Supplementary Figures S8–S10). At the same time, the process of the transfer of nuclides from the water column to the bottom sediments continues for a long time, increasing the bottom contamination despite the decay of radioactivity, redissolution, and resuspension of sediments. This is confirmed by the plots of temporal change of inventory in the water and bottom sediments, seen in Figure 7. The maximum inventories of long-lived isotopes 137Cs (T1/2 = 30 y), and 90Sr (T1/2 = 28.8 y) in the bottom sediments are reached in the 10th and 7th years, respectively. For 134Cs (T1/2 = 2.1 y) and 106Ru (T1/2 = 373 d), these maximums are reached at 2.5 years and 1 year, respectively. Except for 90Sr, the sediment inventory will exceed the water inventory starting from the 7th year for 134Cs and 137Cs and from 10th month, for 106Ru. The predominance of the inventory of reactive elements released in the sea in the bottom sediments as a result of the accident is typical for shallow seas. After sufficiently long periods (tens of years), the water and sediment inventory decay exponentially due to radioactive decay and dilution through the Strait of Hormuz. At the same time, the concentration of ruthenium in the water and bottom sediments is close to equilibrium.



The highest concentration of radionuclides in fish was obtained in box 126 near the Saudi Arabian coast. As can be seen from Figure 8, in the initial period after the accident (first year) the highest concentration of all radionuclides is expected in pelagic non-piscivorous fish. Later concentrations in other types of fish could be higher than in non-piscivorous fish, but do not exceed its initial maximum. For both isotopes of cesium, the concentrations in predatory types of fish will exceed the concentrations in non-piscivorous fish because cesium can accumulate in the food chain (from lower to higher trophic levels). Ruthenium has no such ability, and its concentration decreases in the food chain. Ruthenium accumulates in these types of fish that consume mollusks and crustaceans in their diets because mollusks and crustaceans accumulate ruthenium more efficiently, which is confirmed by the BAF values [29]. Moreover, strontium does not accumulate in the food chain. After some time, when the concentration of radionuclides in water decreases due to the influx of clean water from the Indian Ocean, bottom sediments become the most contaminated component of the Gulf, as seen in Figure 7a–c and Supplementary Figures S8 and S9. Therefore, the demersal fish become the most contaminated type of fish. This is valid for all radionuclides considered, except for 90Sr, which is characterized by a low Kd value, which corresponds to the lower deposition of this nuclide in bottom sediments (Figure 7d and Figure S10).



Because the Gulf is shallow, most of the reactive radionuclides (134Cs, 137Cs, 106Ru) remain in bottom sediments and continue to contaminate water and benthic organisms for a long time. Even 50 years after the hypothetical accident, the concentration of 137Cs in bottom sediments will be about 30 times higher than the current background concentration, which is 1–3 Bq kg−1 [42]. The corresponding simulated concentration of 137Cs in water was 5–8 Bq m−3, whereas the current background concentration was 1.25–1.38 Bq m−3 [42]. Therefore, 50 years after radioactive release, the concentration of 137Cs in fish varies between 0.5 Bq kg−1 wet weight (WW) for non-predatory fish and 6.7 Bq kg−1 WW for the coastal predators, whereas the current background concentration in predatory fish is less than 0.034 Bq kg−1 WW [42]. Such a distribution of reactive radionuclides between water and sediments when the inventory in the bottom sediments is dominant over a long time period is typical for shallow seas and shelves [11].




3.2. Barakah NPP


The distribution of deposition from the Barakah NPP on the surface of the Gulf, as well as for the hypothetical accident at the Bushehr NPP, was chosen to be maximal. Therefore, the Barakah deposition area was also extended along the Gulf. However, the corresponding maximum level of deposition was closer to Qatar, as seen in Figure 3b. The distributions of 134Cs and 90Sr were also similar to the distribution of 137Cs, while the distribution of 106Ru was slightly different (Figure S4). The spatial distribution of the 137Cs concentration in surface waters of the Gulf after deposition resulting from the hypothetical accident scenario at Barakah NPP is shown in Figure 9. The corresponding distributions of 134Cs, 90Sr, and 106Ru are given in Supplementary Figures S11–S13. Over time, the 137Cs contamination is dispersed by currents in the Gulf. The coastal area of the Arabian Peninsula after 8 years remains more contaminated than the coast of Iran (see Figure 9).



The temporal changes in the surface concentration of the radionuclides in the locations of four desalination plants (see Figure 2a) due to the hypothetical accident scenario at the Barakah NPP are given in Figure 10. The maximum concentrations of radionuclides and the intervals between the deposition time and these maximums at the desalination plant locations differ from the Bushehr NPP scenario due to the release scenario. The maximum concentration of radionuclides at the Doha plant is reached after 2 years, at the Al Jubail plant after 2 months, and at the Ras Laffan plant after 6 months, while at the Jabel Ali plant, it is reached after 2 years, except in the case of ruthenium, where the maximums are reached within the first year.



Similar to the Bushehr NPP scenario, the distribution pattern of bottom contamination is mainly determined by the distribution of radionuclides deposited onto the sea from the atmosphere (Figure 11 and Supplementary Figures S14–S16). The process of the transfer of reactive long-lived radionuclides from the water column to the bottom sediments continues for a long period of time. Therefore, the maximums of the inventories of the long-lived isotopes 137Cs and 90Sr were reached 10 and 11 years after release, respectively (Figure 12). A total of 50 years after the release of 137Cs, its inventory in the bottom sediments exceeds the inventory in the water by 30 times.



The highest simulated concentration of radionuclides in fish for the Barakah NPP scenario was in box 95. The distribution of radionuclides between fish species (Figure 13) is generally similar to the distribution in the scenario for the Bushehr NPP, except in the case of 106Ru, whose concentration in fish is an order of magnitude higher, in accordance with the deposition scenario (see discussion in Section 4).




3.3. Doses for Humans


In general, there are marine, terrestrial, and atmospheric pathways of human exposure resulting from the release of radioactive materials in the environment. Doses from the contamination cloud (external exposure) and the inhalation of contaminated air (internal exposure) are related to the atmospheric pathway. Atmospheric deposition on the land contaminates the ground (external exposure), and deposited radionuclides circulate in the terrestrial food web, which is the basis of human nutrition (internal exposure). Marine pathways also include internal exposure, i.e., doses from the ingestion of seafood, drinking of desalinated water (if applicable), inhalation of sea spray; and external exposure, i.e., doses from swimming, boating, and shoreline activity. All these pathways have to be assessed in the case of a real accident. The current study is focused on marine pathways of human exposure, while other dose pathways will be considered in future studies.



The effective annual dose (Sv·a−1) for humans from marine product consumption was calculated based on those obtained for the model concentrations of radionuclides in marine organisms using the formula:


   E  i n g , k   = D  C k    ∑  p = 1  6    C  p , k   C  R p     



(4)




where Eing,k is the annual dose (Sv a−1) of k-th radionuclide from the consumption of marine products from six categories (p) of marine organisms (crustaceans (shrimp) and five types of fish), DCk is the dose coefficient for k-th radionuclide due to the ingestion of contaminated food for adults [43,44], Cp,i is the calculated concentration of activity of k-th radionuclide in the marine product of type p, and CRp is the annual human intake rate (kg a−1) of the marine product of type p. To obtain a conservative estimation of the dose, the box with a maximal concentration of radionuclides in marine products was chosen for dose calculation.



To define the annual consumption rate of marine products, the FAO data [45] regarding fishery production and consumption in Kuwait, Saudi Arabia, Qatar, Iran, and UAE were analyzed. As a conservative assumption, the averaged data for reference persons in the region were used for dose calculation. The reference person was considered as a person who consumes marine products only from the Gulf. The average of the six considered countries’ annual consumption rates of 15.2 kg a−1 for fish and 2.07 kg a−1 for crustaceans were used for dose calculation. Because of the absence of data for the whole region, the equal consumption of fish among the five modeled types was assumed.



The effective annual dose due to drinking seawater after desalination Edrink,k (Sv a−1) for a given radionuclide is described as follows:


   E  d r i n k , k   =  C  d e p   D  C k   C  w , k   C  R w   



(5)




where Cw,k is the concentration of k-th radionuclide activity in the water in the box where the desalinated plant is located, CRw is the annual human consumption rate (m3 a−1) for desalinated water, and Cdep is the coefficient of depuration that corresponds to the part of radionuclides that remained in the water after desalination. According to [46,47], the desalination plant can remove the radioactive elements with from 90 to 99% efficiency. To be on the conservative side, for dose evaluations, the efficiency of the desalination plant was taken at 90% for removing radionuclides. Therefore, the value Cdep = 0.1 was used. The average recommended value of daily human consumption of water [48] is 3.2 L d−1, which corresponds to CRw = 1.168 m3 a−1. This value was used in the calculations of dose using Equation (5).



The changes over the time of annual dose due to the consumption of the marine products in the several boxes along the Gulf to the time after the deposition of radionuclides released from the Bushehr and Barakah NPPs are given in Figure 14. As seen in the figure, the annual dose can exceed the limited value for population 1 mSv or be quite close to it in the first year after accidents of such magnitude.



The changes over time of the annual dose due to the drinking water consumption from four desalination plants (Figure 2a) in the Gulf after the deposition of radionuclides released from the Bushehr and Barakah NPPs are shown in Figure 15. As seen in the figure, these annual dose rates were at order less that the annual dose rates due to the consumption of the marine products. They did not exceed 0.2 mSv in the first year for either hypothetical accidents. The maximal annual dose after the hypothetical accident in the Bushehr NPP was in the location of the Doha desalination plant, whereas after the accident in the Barakah NPP, the maximal dose in the first year was in the Al Jubail and Ras Laffan desalination plants.



The contribution of elements to the first-year accident dose depends on the type of reactor. Table 3 shows the contribution of elements to the dose as a result of hypothetical accidents at the Bushehr and Barakah NPPs. As can be seen, for reactor VVER-1000, the contribution of 134Cs and 137Cs to the dose dominates, being about 90%, whereas, for reactor APR-1400, the contribution of 106Ru in the dose is 72% (see discussion in Section 4). This is also manifested in the differences between the contributions of different marine organisms to the dose, as shown in Table 4. As a result of a hypothetical accident at the Bushehr NPP, pelagic fish and crustaceans are the main contributors to the first-year dose. The benthic organisms play a more important role in subsequent years. At the same time, as a result of a hypothetical accident at the Barakah station, crustaceans make the largest contribution to the dose. This is due to the fact that the 106Ru BAF of fish is relatively small (BAF = 2 L kg−1) compared to the BAF of crustaceans (BAF = 100 L kg−1).



Doses caused by sea spray inhalation, swimming, boating, and shoreline activity were calculated based on the methodology described in reference [27]. Reference values for occupancy time were selected from reference [49] for each type of activity. It was found that the sum of the doses from these four pathways of human exposure is an order of magnitude less than the dose from the drinking of desalinated water, which in turn, is an order of magnitude less than the dose from seafood consumption.





4. Discussion and Summary


In this study for the first time, the long-term consequences of radionuclide contamination of the Arabian Gulf as a result of hypothetical nuclear accidents at the Bushehr and Barakah NPPs were considered. This was achieved by performing simulations with a linked chain of models that account for atmospheric transport and deposition, the transfer of radioactivity in the marine food chain, and the formation of human doses through the marine pathways. Accordingly, the model chain included the atmospheric dispersion model RIMPUFF, the marine compartment model POSEIDON-R, complemented by a dynamical model for the transfer of radionuclides in the food chains, and the dose model. The representation of the radionuclide uptake by marine fish was improved by using an approach based on a tissue-weighted whole-body elimination rate. This approach allowed for a more accurate description of the assimilation of radionuclides, which are mostly accumulated in different tissues of fish. Unlike other studies, the meteorological scenarios were selected from real historical weather data for 5 years to provide a conservative estimation of the deposition of radionuclides in the Arabian Gulf.



With a limited water exchange through the Strait of Hormuz in the relatively shallow Gulf, the consequences of the release of radioactivity as a result of the accident at an NPP can be long-term, since a significant part of the released radionuclides will be deposited in the bottom, which serves as a source of water contamination for a long period of time. Long-term radionuclide contamination of the Gulf as a result of hypothetical accidents at two operating NPPs, Bushehr and Barakah, were simulated using a chain of models including the atmospheric dispersion model RIMPUFF, the compartment model POSEIDON-R, and the dose model. The source terms for the hypothetical releases of the selected radionuclides (134Cs, 137Cs, 106Ru, and 90Sr) in the atmosphere were defined based on respective reactor inventories available in the literature for VVER-1000 reactor. Hence the obtained results for Barakah NPP that operates APR-1400 reactor are more uncertain than the results for Bushehr NPP. Because emissions of 106Ru, were less studied as compared to other radionuclides, the obtained concentrations of this radionuclide in fish and respective doses could be considerably overestimated and highly conservative. Conservative meteorological scenarios for the calculation of the initial depositions of radionuclides were selected based on the processing of historical weather data for 5 years and the simulation of the multiple series of dispersion scenarios. As shown in this study, in the selected conservative meteorological scenarios, more than 90% of the radioactivity is deposited on the surface of the Gulf. Because the Gulf is shallow, a significant part of the reactive radionuclides (134Cs, 137Cs, 106Ru) remain in the bottom sediments and continue to contaminate water and benthic organisms for a long period of time. According to our study, even 50 years after the hypothetical accidents, the concentration of 137Cs in the bottom sediments will be about 30 times higher than that in the current background concentration, which is 1–3 Bq kg−1 [42]. The corresponding concentration of 137Cs in the water will be 5–8 Bq m−3, which is also higher than the current background concentration of 1.25–1.38 Bq m−3 [42]. This means that many years after the accident, a large difference between pelagic and benthic organisms will remain. For example, the calculated concentration of 137Cs in fish 50 years after the accident varies between 0.5 Bq kg−1 WW for non-predatory fish and 6.7 Bq kg−1 WW for coastal predators, whereas the current background concentration in fish is less than 0.034 Bq kg−1 WW [42].



In general, two main factors define the contamination of the Arabian Gulf as a result of a possible nuclear accident: (i) a source term that characterizes the rank of the accident and the amount of radioactive materials entering the environment; (ii) atmospheric conditions, which are responsible for the direction of the atmospheric transfer of the radioactive cloud and the intensity of deposition on the Gulf. When radionuclides fall into the Gulf, they will remain there for a long period of time, gradually contaminating the bottom sediments and marine organisms. The results of modeling show that approximately 8 years after the accident, regardless of the initial contamination, the concentration of radionuclides becomes uniform in the water. However, the bottom sediments retain the initial plume, slowly transported by currents, for a very long period of time. Due to differences in the uptake-elimination rates, initially, pelagic non-predatory fish will be the most contaminated fish species in the Gulf. Later, other types of fish could have the highest concentrations, but it will be less than the initial maximum in pelagic non-predatory fish. After many years, the demersal fish become the most contaminated species; however, at that time, all concentrations will decrease by several orders of magnitude.



Since the Arabian Gulf is the source of food (fishing industry) and water (desalination capabilities) for many people, safety becomes an important issue. For the first time, we estimated doses for the Gulf area according to the consumption of marine products, drinking water from desalination plants, sea spray inhalation, swimming, boating, and shoreline activity after accidents at two operating NPPs. According to the obtained results, the annual dose due to the consumption of marine products can exceed the maximum allowable value of 1 mSv, whereas the annual dose due to the drinking of water from desalination plants was an order less, due to the high efficiency of the desalination process for removing radionuclides (90%). In turn, doses caused by sea spray inhalation, swimming, boating, and shoreline activity were an order of magnitude less than the dose from drinking desalinated water. Analysis of the contribution of different marine organisms to the dose allows for the correct selection of countermeasures and the timing of their applications. For example, a ban on fishing in some parts of the Gulf or recommendations to exclude some species from the human diet can be introduced.



In summary, our study demonstrated the importance of marine pathways for long-term human exposure to radiation following a hypothetical nuclear accident in the area of the Arabian Gulf. The most important process in the long-term evolution of the contamination of the Gulf by reactive radionuclides is the interaction of bottom sediments with the water column. The model chain used for calculations, consisting of the atmospheric dispersion model, the compartment marine model, and the dose model, was customized for the area of the Gulf. The long-term prediction capabilities of the marine compartment model were demonstrated by the validation of the model predictions with the monitoring data after the Chernobyl and Fukushima Daiichi accidents, and due to the routine releases from the Sellafield and La Hague reprocessing plants. Gradual changes in the mean annual circulation and volume of the compartments as a result of climate change can be taken into account in future models. The model chain could be further used for long-term predictions of the radiological risks caused by potential nuclear accidents in the Gulf. The revised assessments may be performed both for refined release scenarios for the Barakah and Bushehr NPPs and for the new NPPs that are planned to be built in this area.
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Figure 1. Structure of a compartmental system in the POSEIDON-R model, including radionuclide transfers from the water and bottom sediment boxes to marine organisms. The radionuclide transfers among marine food web compartments are given for 11 types of marine organisms. The large blue rectangle shows the uptake activity of every organism from water. Arrows show the pathways of the radionuclides between the boxes and organisms in the food chain. 
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Figure 2. (a) Compartment system for the Arabian Gulf. Deep boxes with two vertical layers in the water column are marked in blue, and shallow one-layer boxes are shown in white. The red-filled circles show operating NPPs. The blue-filled circles show the locations of four desalination plants: I–IV are the Doha, Al Jubail, Ras Laffan, and Jabel Ali plants, respectively. (b) Time-average surface currents calculated from ocean reanalysis data [34] in the Arabian Gulf. 
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Figure 3. (a) Map of total (dry + wet) deposition density of 137Cs simulated by the JRODOS system for the hypothetical accident scenario at the Bushehr NPP started on 24 December 2015, 08:00 h UTC; (b) map of total (dry + wet) deposition density of 137Cs simulated by the JRODOS system for the hypothetical accident scenario at the Barakah NPP started on 21 November 2017, 15:43 h UTC; deposition maps are dated 96 h after the start of the respective accident scenario. 






Figure 3. (a) Map of total (dry + wet) deposition density of 137Cs simulated by the JRODOS system for the hypothetical accident scenario at the Bushehr NPP started on 24 December 2015, 08:00 h UTC; (b) map of total (dry + wet) deposition density of 137Cs simulated by the JRODOS system for the hypothetical accident scenario at the Barakah NPP started on 21 November 2017, 15:43 h UTC; deposition maps are dated 96 h after the start of the respective accident scenario.
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Figure 4. Temporal change in the distribution of the 137Cs concentration in water (Bq m−3) at the Arabian Gulf surface after deposition for the hypothetical accident scenario at the Bushehr NPP. 
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Figure 5. Temporal change in surface concentration (Bq m−3) of 134Cs (a), 137Cs (b), 106Ru (c), and 90Sr (d) in locations of selected desalination plants (see Figure 2a) due to the hypothetical accident scenario at the Bushehr NPP. 
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Figure 6. Temporal change in the distribution of 137Cs concentration in the Arabian Gulf upper bottom sediment layer (Bq kg−1) after deposition due to the hypothetical accident scenario at the Bushehr NPP. 
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Figure 7. Temporal change in inventory (Bq) of 134Cs (a), 137Cs (b), 106Ru (c), and 90Sr (d) in the Arabian Gulf as the result of the hypothetical accident scenario at the Bushehr NPP. 
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Figure 8. Temporal change of the concentration in different types of fish (Bq kg−1 wet weight) of 134Cs (a), 137Cs (b), 106Ru (c), and 90Sr (d) in box No. 126 as a result of the hypothetical accident scenario at Bushehr NPP. 
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Figure 9. Temporal change in the distribution of the 137Cs concentration in water (Bq m−3) at the Arabian Gulf surface after deposition due to the hypothetical accident scenario at the Barakah NPP. 
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Figure 10. Temporal change in the surface concentration (Bq m−3) of 134Cs (a), 137Cs (b), 106Ru (c), and 90Sr (d) in locations of selected desalination plants (see Figure 2a) as the result of the hypothetical accident scenario at the Barakah NPP. 
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Figure 11. Temporal change in the distribution of 137Cs concentration in the Arabian Gulf upper bottom layer (Bq kg−1) after deposition due to the hypothetical accident scenario at the Barakah NPP. 
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Figure 12. Temporal change in the inventory (Bq) of 134Cs (a), 137Cs (b), 106Ru (c), and 90Sr (d) in the Arabian Gulf as a result of the hypothetical accident scenario at the Barakah NPP. 
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Figure 13. Temporal change in the concentration (Bq kg−1 wet weight) of 134Cs (a), 137Cs (b), 106Ru (c), and 90Sr (d) in box No. 95 as a result of the hypothetical accident scenario at the Barakah NPP. 
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Figure 14. (a) Annual dose change in the several boxes over time after the deposition of radionuclides released from the Busher NPP; (b) annual dose change in the several boxes over time after the deposition of radionuclides released from the Barakah NPP. 
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[image: Jmse 11 00331 g014]







[image: Jmse 11 00331 g015 550] 





Figure 15. (a) Annual dose change in the vicinity of the desalination plants over time after the deposition of radionuclides released from the Bushehr NPP; (b) annual dose change in the vicinity of the desalination plants over time after the deposition of radionuclides released from the Barakah NPP. 
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Table 1. Released fractions of inventories and corresponding activities of radionuclides for hypothetical accidents at the Bushehr and Barakah NPPs.






Table 1. Released fractions of inventories and corresponding activities of radionuclides for hypothetical accidents at the Bushehr and Barakah NPPs.





	Radionuclide
	Released

Fraction of

Inventory, %
	Released Inventory, Bq (Bushehr NPP)
	Released Inventory, Bq (Barakah NPP)
	% of Emission during First 3 h





	134Cs
	3.4
	   4.93 ×   10   16     
	   4.69 ×   10   16     
	91



	137Cs
	3.4
	   9.86 ×   10   15     
	   2.60 ×   10   16     
	91



	106Ru
	   ≤ 17.7   
	   5.07 ×   10   16     
	   9.35 ×   10   17     
	3



	90Sr
	1.3
	   3.46 ×   10   15     
	   6.67 ×   10   15     
	80
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Table 2. Model parameters for the uptake of radioactivity by fish.
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	Parameter
	134Cs, 137Cs
	90Sr
	106Ru





	AEw
	1 × 10−3
	3 × 10−5
	8 × 10−6



	AEf
	0.76 1
	0.29 2
	0.006 2



	λwb, day−1 (prey types Nos. 3, 9)
	0.0092
	0.0054
	0.0164



	λwb, day−1 (predatory types Nos. 4, 10, 11)
	0.0046
	0.0027
	0.0082







1 [32], 2 [29].
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Table 3. The contribution of elements to the dose as a result of hypothetical accidents at the Bushehr and Barakah NPPs.
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Radionuclide

	
Bushehr NPP

	
Barakah NPP




	
Dose, mSv

	
%

	
Dose, mSv

	
%






	
134Cs

	
1.18

	
79.84

	
0.16

	
19.14




	
137Cs

	
0.17

	
11.57

	
0.07

	
7.85




	
106Ru

	
0.10

	
6.83

	
0.61

	
72.11




	
90Sr

	
0.03

	
1.76

	
0.0075

	
0.90
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Table 4. The contribution of marine organisms to the dose as a result of hypothetical accidents at the Bushehr and Barakah NPPs.
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Organism

	
Bushehr NPP

	
Barakah NPP




	
Dose, mSv

	
%

	
Dose, mSv

	
%






	
Non-piscivorous fish

	
0.47

	
31.89

	
0.09

	
10.77




	
Piscivorous fish

	
0.35

	
23.89

	
0.06

	
6.94




	
Demersal fish

	
0.022

	
1.50

	
0.0039

	
0.47




	
Bottom predatory fish

	
0.11

	
7.57

	
0.034

	
2.33




	
Coastal predators

	
0.19

	
12.72

	
0.0196

	
3.87




	
Crustaceans

	
0.33

	
22.43

	
0.64

	
75.62
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