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Abstract: The transport of radionuclides in the western Mediterranean Sea resulting from hypotheti-
cal accidents in a coastal nuclear power plant, and in a vessel with nuclear power or transporting
radioactive material, was assessed with a Lagrangian model developed for this kind of accident
assessment. Water circulation was obtained from the HYCOM global ocean model. The transport
model was developed in spherical coordinates and includes advection by currents, three-dimensional
turbulent mixing, radioactive decay, and radionuclide interactions between water and seabed sedi-
ments. Age calculations are included as well. A dynamic model based on kinetic transfer coefficients
was used to describe these interactions. Mixing, decay, and water/sediment interactions were solved
applying a stochastic method. Hypothetical accidents occurring at different moments were simulated
to investigate seasonal effects in the fate of radionuclides. In addition, simulations for different
radionuclides were carried out to investigate the effects of their different geochemical behaviours.
Thus, in the case of a coastal release, 137Cs is transported at long distances from the source, while
239,240Pu stays close to the release point due to its strong reactivity, most of it being quickly fixed to
the seabed sediment. In deep waters, in case of a surface release, 239,240Pu spreads over larger areas
since sediments are not reached by radionuclides.

Keywords: nuclear accident; Mediterranean Sea; Lagrangian model; transport; particle age

1. Introduction

The recent projects launched by the International Atomic Energy Agency (IAEA),
MODARIA, and MODARIA-II [1] have highlighted the need to have numerical models of
radionuclide transport in the marine environment ready to run in areas which could be
potentially affected by a nuclear accident, in order to be able to carry out a quick assessment
of the accident aftermaths. These accidents could be a radionuclide release from a nuclear
facility, such as in the Fukushima Daiichi case in Japan, or due to an accident in a ship
transporting nuclear waste, or equipped with nuclear power, for instance.

Thus, some recent works have focused on developing radionuclide transport models
for several marine areas of the Earth which could be affected by a nuclear accident. These
are the cases of the Red Sea [2], the northern Indian Ocean [3], the Arabian/Persian
Gulf [4,5], or the eastern Mediterranean Sea [6].

The purpose of the present work consists of describing a radionuclide transport model
for the western Mediterranean Sea. Some nuclear power plants operate on the coast of
Spain. In addition, the Rhone River in France receives radionuclides from the Marcoule
nuclear complex; thus, this river could be a source of radionuclides into the sea in case of an
accident in this complex. The transit of nuclear-powered vessels, mainly military, and thus
some of them carrying nuclear weapons, must be considered as well. As a consequence, it
is pertinent to have an available transport model for this region, as stated in the frame of
IAEA projects [1].

The model is Lagrangian in nature. Thus, the radionuclide release is simulated by a
number of particles, each one equivalent to a number of Bq, whose trajectories are calculated
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during the simulation. The model includes advection by currents, three-dimensional
turbulent mixing, radioactive decay, and uptake/release of radionuclides between water
and seabed sediments. A novel feature, with respect to works cited above, is that it is
formulated in spherical coordinates. Its description is summarized in Section 2 and some
application examples are presented in Section 3.

2. The Model

As commented before, the model is Lagrangian, and thus the radionuclide release
is simulated by a number of particles whose trajectories are calculated during the simu-
lated period. Advection is the transport due to water currents. Consequently, the water
circulation must be known in the area of interest. The model domain extends from −5.80º
to 9.00º in longitude and from 34.50º to 44.50º in latitude. The water currents over this
domain were obtained from the HYCOM global ocean model [7]. It is forced by results from
atmospheric modeling, which provides winds, short– and long–wave radiation, freshwater
inflow through the main rivers and precipitation, air temperature, specific humidity, dew
point, and atmospheric pressure. Many application examples can be seen on the model web
page (https://www.hycom.org/, accessed on 1 July 2022), and some particular applications
to the Mediterranean Sea can be seen in [8,9]. The model consists of 32 vertical levels and its
horizontal resolution is 0.08º in longitude. However, horizontal resolution in latitude is not
uniform (ranging between 0.0659º and 0.0571º), and consequently it was more appropriate
to operate in spherical coordinates. Cartesian coordinates were used in the works cited
above [2–5] since in these cases the horizontal spacing was uniform in the corresponding
HYCOM model runs. Tides are not included in the HYCOM model, but they are weak in
the Mediterranean Sea and thus can be neglected [10]. As an example, the model domain
showing surface circulation for 31 January, as downloaded from HYCOM, can be seen
in Figure 1.
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Figure 1. Example of surface circulation in the western Mediterranean (31 January), as downloaded
from the HYCOM ocean model. Only one of each of the 16 current vectors are drawn for more clarity.
The dot indicates the location of the Vandellós II nuclear power plant in Spain.

If u and v are the horizontal currents (in west–east and south–north directions, respec-
tively) downloaded from the HYCOM ocean model, then the corresponding changes in
longitude, ∆ϕ, and latitude, ∆λ, of a given particle during a time ∆t are as follows:

∆ϕ =
u

RE cos λ
∆t (1)

https://www.hycom.org/
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∆λ =
v

RE
∆t (2)

where RE is the radius of the Earth, λ is the present latitude of the particle, and ∆t is the
time step used to integrate the model.

As usual [2–5,11], the horizontal step given by a particle due to turbulent mixing is

Dh =
√

12Kh∆t · RAN (3)

in the direction θ = 2π · RAN, where Kh is a horizontal diffusion coefficient and RANs are
independent random numbers between 0 and 1. Therefore, the corresponding changes in
the longitude and latitude of the particle, due to mixing, are

∆ϕ =
Dh cos θ

RE cos λ
(4)

∆λ =
Dh sin θ

RE
. (5)

Equations (1), (2), (4), and (5) give the changes in longitude and latitude in radians.
They must be multiplied by 180/π to convert them to degrees.

A constant value Kh = 10 m2/s is used for the horizontal diffusivity, which is appro-
priate for the present grid resolution [4,5]. More complex schemes, such as the Smagorinsky
one [12], can be used, but this scheme very significantly increases the computing time [3],
which is not appropriate for a rapid assessment after a nuclear accident. A constant dif-
fusivity was used in other models of semienclosed seas [2,4] as a good compromise with
computation speed.

The size of the vertical jump given by the particle because of turbulent mixing is [2–5,11]:

Dv =
√

2Kv∆t (6)

where Kv is a vertical diffusion coefficient. This jump may be given either towards the
surface or the sea bottom. A new independent uniform random number RAN is generated
and used to decide the jump direction through the following equation:

∆z = 2 · (int(2 · RAN)− 0.5)Dv, (7)

where ∆z is the vertical displacement of the particle, measured downwards from the sea
surface. The vertical diffusion coefficient is considered to change with depth according to
the following:

Kv =


10−3 m2/s z < 50 m
10−5 m2/s z > 120 m

linear function 50 < z < 120 m
(8)

where z is water depth below the surface. The increased turbulence in the mixed layer of
the ocean is described in this way. In addition, the turbulence is smaller in the pycnocline
and deep sea. This description was used in models applied to simulate Fukushima releases
in the Pacific Ocean [13] and also in a radionuclide transport model in the Indian Ocean [3].
The mixed layer depth in the western Mediterranean Sea shows seasonal variability, ranging
from about 10 to 100 m [14]. A mean representative value of 50 m was used in this model to
distinguish between surface and deep water layers. Of course, the use of a constant mixed
layer thickness is an approximation to speed up calculations.

Radioactive decay is calculated using a stochastic method [11]. If λd is the radioactive
decay constant of the considered radionuclide, then the probability that a given particle
decays during a time step ∆t is

pd = 1− e−λd∆t (9)

A new independent random number is generated. If it is smaller than pd, the particle
is considered to decay and therefore it is removed from the computation.
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The radionuclide interactions between water and sediments are described using a
1-step kinetic model [15] consisting of a single reversible reaction. Thus, the adsorption and
release reactions are governed by the corresponding kinetic rates k1 and k2. A stochastic
method is used again to solve these processes. The probability that a dissolved particle is
adsorbed by the sediment is defined as follows:

pa = 1− e−k1∆t (10)

If a new generated independent random number is RAN ≤ pa, the particle is fixed to
the sediment. It is considered that only particles which are at a distance from the seabed
smaller than H = 50 m can interact with it.

Similarly, the probability that a particle which is fixed to the sediment is redissolved is
defined as follows:

pr = 1− e−k2φ∆t (11)

and the same procedure as above is used. φ is a correction factor that takes into account that
part of the surface of sediments is hidden by the surrounding sediments. Consequently,
the hidden part cannot interact with water. Full details of this procedure may be seen,
for instance, in [2–5,11]. The concentrations (in Bq/m3) of radionuclides in the 50 m thick
surface mixed water layer are calculated, counting the number of dissolved particles per
grid cell. The same procedure applies for particles fixed to the sediment (concentrations in
Bq/m2 in this case). The procedure is explained in detail in [5], for instance. The correction
factor was fixed as φ = 0.1 as in other works [4,16–18].

The adsorption rate k1 is obtained from the desorption coefficient k2 and the radionu-
clide distribution coefficient kd for coastal waters (full details may be seen in [15]). As
described in this reference, the kd is the ratio between radionuclide concentrations in sedi-
ment and water once equilibrium in the partition has been reached, and then it is written
as follows:

kd =
1
m

k1

k2
(12)

where m is the sediment concentration. In this case, m must be understood as the mass of
seabed sediment in a grid cell divided by the water volume which can interact with it. In
Equation (12), the kd is given in m3/kg, m in kg/m3, and the kinetic rates are measured
in s−1.

The seabed sediment concentration m in the water layer of thickness H which interacts
with the sea bottom is (see, for instance [19]) as follows:

m =
ρbL
H

. (13)

where L is the thickness of the sediment layer which interacts with water and ρb is the bulk
density (dry weight divided by wet volume) of the sediment. Bulk density is calculated as
ρb = ρ(1− p), where ρ is the density of mineral particles and p is sediment porosity.

Then, the equation used for k1 is

k1 = kdk2φm (14)

where φ is a correction factor, as explained above (Equation (11)).
If typical values (such as in models in [2–5,20,21]) are used: L = 0.05 m, ρ = 2600 kg/m3,

and p = 0.6, and the water layer interacting with sediments is H = 50 m, as mentioned above,
then a value of m = 1.0 kg/m3 results.

kd recommended values for coastal waters were compiled by the IAEA [22]. The
value of the desorption rate k2 was obtained from the experiments in Nyffeler et al. [23],
k2 = 1.16× 10−5 s−1. It was used in many previous modeling works involving different
radionuclides (see, for instance, the review in Periáñez et al. [20]).



J. Mar. Sci. Eng. 2023, 11, 169 5 of 14

The ages of particles released to sea are also calculated with the model, since they can
provide useful oceanographic information and their calculations do not demand significant
computational resources. Age is defined as the time elapsed since a particle was released
into the sea. It is a Lagrangian concept, calculated by attaching a clock to each particle,
which starts at the time the particle is released. According to the age-averaging hypothesis
of Deleersnijder et al. [24], the mean age of particles within each grid cell is defined as the
mass-weighted arithmetic average of the ages of the particles present there. The mass of a
given Lagrangian particle i is defined as its radioactivity content Ri. Thus the mean age,
< age >, in a given grid cell is

< age >=
∑N

i=1 τiRi

∑N
i=1 Ri

(15)

where N is the number of particles within the cell and τi is the age of particle i. If Ri
were the same for all particles, then the mean age is just the arithmetic mean of the
clock readings:

< age >=
1
N

N

∑
i=1

τi if Ri = R ∀i (16)

For a given simulation, the following information must be provided to the model:
release location (geographical coordinates) and depth; release date; release duration; re-
lease magnitude; simulation time; radionuclide decay constant; and kd. The model can
deal with instantaneous releases or releases lasting any time. Output files (radionuclide
concentrations in the mixed water layer and sediments, and ages of radionuclides in the
mixed layer, deep water, and sediments) are generated at the end of the simulated time.

The time step used to integrate the model is ∆t = 1200 s. Stability conditions imposed
by the terms describing water/sediment interactions are satisfied with this value [25]:

∆t <
1

kmax
(17)

where kmax is the maximum kinetic rate involved in the model. In addition, it is ensured
that the spatial displacement given by a particle during ∆t due to advection and diffusion
is not larger than a grid cell size, which is a condition required in Lagrangian models [11].

The number of particles used in the simulations presented in this paper is 2× 106,
although it can be changed. With this number of particles and for a 90-day-long simulation,
running times range from 15 min, in the case of a 90-day continuous release, to 45 min, if
the release is instantaneous.

3. Results

Several hypothetical accidents occurring in the Vandellós II nuclear power plant (NPP)
were simulated. This NPP is located on the east Spanish coast, at coordinates 40º57′ N
0º52′ E (see the location in Figure 1). It started its operation in 1988 and consists of a
pressurized water reactor with 1087 MW power. The purpose of these simulations is to
show some examples of model performances, and also to show how some information on
the transport pathways of radionuclides may be inferred from the calculated ages, but the
model can, of course, be used as a rapid-response tool to support decision-making after a
radioactive release occurring anywhere in the western Mediterranean at any temporal scale.
Although a number of radionuclides are released in the case of a nuclear accident, 137Cs
and 239,240Pu were chosen as examples of radionuclides with very different geochemical
behaviours. As mentioned above, only the radionuclide kd, decay constant, and release
data must be modified to deal with different radionuclides.

It must be mentioned that comparisons between model results measurements are
not possible since hypothetical accidents were simulated. Nevertheless, the methodology
presented in this work has been tested in model intercomparisons carried out in the frame
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of IAEA exercises [1] and applied to real situations in which comparisons of model results
with measurements in water and sediment could be carried out. As examples, Fukushima
releases in the Pacific Ocean [13,26], releases from European nuclear fuel reprocessing
plants in the Atlantic Ocean [17,27], and Chernobyl deposition on the Baltic Sea [28] can
be mentioned.

Several releases of 137Cs were first simulated. All releases occur in dissolved form.
The release was supposed to occur at the surface, with magnitude 1 PBq and lasting
90 days. It was considered uniform in time. This is an example of the same order of
magnitude as the direct releases of 137Cs from Fukushima NPP into the Pacific Ocean
during the first three months after the tsunami in 2011 [29]. Four hypothetical accidents
were analyzed, starting on 21 March, 21 June, 21 September, and 21 December, in order
to observe any potential seasonal effects in transport pathways. Radionuclides are
directly released into the sea. However, atmospheric releases often occur in the case of a
nuclear accident. These radionuclides are later deposited on the sea surface, as occurred
in the case of the Fukushima accident [13,29,30]. An example of deposition of 137Cs on
the Mediterranean Sea was the Acerinox incident that occurred in May 1998 in the south
of Spain: a 137Cs source passed through the monitoring equipment in the Acerinox scrap
metal reprocessing plant. When melted, a radioactive cloud was detected in several
countries in Europe. Part of the radionuclides were deposited on the Mediterranean
Sea surface, and their transport was simulated by means of a box model [31]. Although
the present model can treat this atmospheric deposition, only direct release examples
are presented.

The calculated concentrations of 137Cs in surface waters for the four accidents can
be seen in Figure 2, and the corresponding ages of these radionuclides in Figure 3. The
extension of the radionuclide patch is different for each experiment. If the accident
starts in March, radionuclides travel to larger distances from the source, extending over
a greater region of the western Mediterranean. In June, some radionuclides reach the
African coast. This also occurs in the June and September accidents, although a shorter
length of the coast is affected by the releases in the September case. The Balearic Islands
are affected by the releases in all cases, although it may be noted that radionuclides do not
arrive on their south coasts if the accident starts in September. In all cases, concentrations
of 137Cs in surface water arising from an accident similar to that of Fukushima would
be significantly higher than measured background in the Mediterranean Sea surface,
which is about 1.5 Bq/m3 (decay-corrected to present date; measurements carried out in
1995) [32].

The age distributions in Figure 3 help to visualize the transport pathways. Of
course, the extension of the colored map is the same as in Figure 2 since age is zero in
grid cells where there are not radionuclides. It must be taken into account, however,
that age distributions do not represent a snapshot of water circulation at a given time
since the release lasts three months. As a consequence, these age distributions are an
integration of circulation during these three months. For accidents starting in March
and December, it can be seen that the most recently released radionuclides (blue–green
colors) traveled to the south. Older discharges (orange–red) traveled around the Balearic
Island in a rather symmetric form. In the case of the accident starting in September,
it can be appreciated that the integrated circulation in the period is cyclonic around
the Balearic Islands: the older radionuclides are close to the northwest coast of Spain
and there is gradual transition to younger ages around the Balearic Islands. The most
recent radionuclides also traveled to the south from the source, as in previous cases.
If the accident starts in June, some old radionuclides return close to the south of the
release area, although old radionuclides are also present to the east and northeast of the
Balearic Islands as well as close to the African coast. In addition, there is a transition in
the circulation in the release area from southwards to northwards in the last stages of
the accident.
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Figure 2. Calculated 137Cs concentrations in surface water (Bq/m3) three months after hypothetical
accidents in the Vandellós II nuclear power plant starting on 21 March, 21 June, 21 September, and
21 December.
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Figure 3. Calculated 137Cs age distributions in surface water (days) after hypothetical accidents in
the Vandellós II nuclear power plant starting on 21 March, 21 June, 21 September, and 21 December.
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The calculated 137Cs concentrations in bed sediments for the four accidents are presented
in Figure 4. Background levels in the Mediterranean Sea sediments are ∼10 Bq/kg [33],
which are about 500 Bq/m2 with the values for L, ρ, and p used in this work. A band of
contaminated sediments along the Spanish coast is apparent in all cases, with concentrations
some orders of magnitude above background. Radionuclides do not reach the seabed as water
depth increases, and sediments are again contaminated in the shallower areas around the
Balearic Islands, although with concentrations significantly above background mainly in the
September accident. In the December simulation, a smaller quantity of radionuclides reach
these islands. Sediments of the southeastern coast of France are also reached by radionu-
clides in the simulation carried out for September, although with low concentrations (below
background levels).
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Figure 4. Calculated 137Cs concentrations in bed sediments (Bq/m2) three months after hypothetical
accidents in the Vandellós II nuclear power plant starting on 21 March, 21 June, 21 September, and
21 December.

The age distributions of radionuclides in bed sediments (Figure 5) indicate that the
Balearic Islands are reached by radionuclides soon after the releases occurring either in
March or in June (red colors around the islands, thus oldest radionuclides). However, about
one month is required in the case of the September accident (age is about two months). In
addition, in this just-mentioned accident, it can be seen that radionuclides initially traveled
northwards along the Spanish coast, and after about one month the coastal circulation
reversed to southwards. Similar changes in circulation are apparent for the March and
December accidents, although they occurred soon after the accident starting time.

The same accidents were simulated in the case of plutonium using a typical total
release of 1 TBq, as explained below. Results (not shown) are completely different due
to the extreme low mobility of this element in the marine environment. Since the release
occurs from a coastal facility, thus in shallow waters, plutonium is quickly fixed to bed
sediments of the release area. Actually, radionuclides in sediments are not given by the
model at distances longer than a few tens of km from the release point. This is, for instance,
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the case with measurements of 239,240Pu off the shore ofFukushima [34]: results did not
show contamination due to the accident more than 30 km away fromthe power plant. This
effect was also observed in 239,240Pu simulations for this accident [21].
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Figure 5. Calculated 137Cs age distributions in bed sediments (days) after hypothetical accidents in
the Vandellós II nuclear power plant starting on 21 March, 21 June, 21 September, and 21 December.

There are other scenarios, besides an accident at a coastal nuclear power plant, in
which a radionuclide release could occur. For instance, in 1966, a US B-52 bomber col-
lided with a refueling airplane near the village of Palomares in southeast Spain. As a
result, two of the four thermonuclear weapons carried by the B-52 were destroyed, and
plutonium contaminated about 2.5 km2 of soil. This plutonium was later washed into
the Mediterranean Sea by rains. The total input to the sea was estimated at 1.37 TBq of
238Pu + 239,240Pu [35]. Another B-52 crashed on ice near Thule (Greenland) in 1968. As
a consequence of the accident, the marine environment was contaminated (mainly bed
sediments) with a 239,240Pu inventory estimated at 3.1 TBq [36].

Other accidents have occurred in nuclear-powered ships and/or ships carrying nuclear
weapons. For instance, the nuclear-powered submarine Komsomolet sank in the Norwegian
Sea in 1989 with about 16 TBq of 239Pu in two nuclear weapons and 5 TBq of actinides in
the reactor core. Fortunately, only a minor contamination resulted from the accident [37]. In
some cases, accidental releases have occurred at military bases during maintenance works
of military and civilian nuclear-powered vessels. An example of the last is the accidental
release from the icebreaker Lenin into the Kara Sea that occurred in 1965 [38].

In this work, an accidental release of 239,240Pu from an accident of this kind was sup-
posed to occur far from the coast, at coordinates 1.5º E, 37.8º N. This point is located between
the Balearic Islands and Algeria, and water depth here is 3000 m. A typical representative
release of 1 TBq of 239,240Pu (see paragraphs above), instantaneously occurring, was con-
sidered. Thus, this example is also useful to see the model performance in instantaneous
releases. Three release scenarios were studied: surface, mid-depth, and seabed releases (for
instance, due to a sunk vessel). For each of these three cases, the same four accidents as
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before were considered, occurring on 21 March, 21 June, 21 September, and 21 December,
to see any potential seasonal effects in transport pathways. Simulation time was 90 days,
as before, in all cases.

The calculated Pu concentrations in surface water, for the release occurring on the sea
surface, are presented in Figure 6. The behavior of the patch clearly depends on the moment
of the year when the accident took place. For instance, in December and September, most
of the radionuclides are, after 90 days, located, respectively, in the southern and western
regions of the domain. In contrast, most of the western Mediterranean is affected if
the accident occurs in June. In all cases, a number of gyres and meanders with higher
concentrations than in surrounding waters can be appreciated.
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Figure 6. Calculated 239,240Pu concentrations in surface water (Bq/m3) after a hypothetical instanta-
neous release occurring on the sea surface on 21 March, 21 June, 21 September, and 21 December. The
dot indicates the accident location.

Measured 239,240Pu concentrations in the surface waters off Monaco (northwestern
Mediterranean) are on the order of 10−2 Bq/m3 [39]. Thus, this accident would lead to
concentrations higher than those measured in Mediterranean waters in significant parts of
the sea. These enhanced concentrations would also reach the coast on some occasions, for
instance, the Algerian coast in the March, September, and December accidents, and a small
fraction of the Spanish coast in the September accident.

The resulting concentrations in bed sediments for the sea surface releases can be seen in
Figure 7. The sediments are affected by the releases in the coastal regions, i.e., when waters
are shallow enough to allow radionuclide interactions with the seabed. The eastern Spanish
coast, for instance, is more affected if the accident occurs in September, and the Balearic
Islands is more affected if it takes place in June, reflecting the radionuclide distributions in
surface waters (Figure 6). Sediments in the area off Monaco present 239,240Pu concentrations
on the order of 1 Bq/kg [40], i.e., approximately 50 Bq/m2. Thus, the resulting 239,240Pu
concentrations in sediments due to the simulated accidents would not be significant, being
on the order, or below, of those measured.
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Figure 7. Calculated 239,240Pu concentrations in bed sediments (Bq/m2) after a hypothetical instanta-
neous release occurring on the sea surface on 21 March, 21 June, 21 September, and 21 December. The
dot indicates the accident location.

If the release occurs at mid-depth of the water column (1500 m) or close to the seabed
(2990 m), radionuclides do not reach the surface water layer in any case. The resulting Pu
concentrations in bed sediments for the mid-depth release are presented in Figure 8 for the
March and September accidents. Both distributions are very similar, and the same happens
in the cases of the June and December accidents (not shown). It can be concluded, therefore,
that seasonality does not influence the results in these cases. Sediments of the 1500 m
isobath are contaminated when water containing traces of Pureaches them. Nevertheless,
peak concentrations are about one order of magnitude higher than if the release occurs at
the sea surface (compare the color scales in Figures 7 and 8).
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Figure 8. Calculated 239,240Pu concentrations in bed sediments (Bq/m2) after a hypothetical instan-
taneous release occurring at 1500 m depth on 21 March and 21 September. The dot indicates the
accident location.
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Resulting Pu distributions in bed sediments if the release occurs close to the seabed
are presented in Figure 9, again using the accidents of March and September as examples.
Only the sediments of the area around the accident location are affected by the release
since Pu quickly attaches to solid particles and, consequently, its mobility is very low in the
marine environment, as mentioned before. Peak concentrations are one order of magnitude
higher than in the previous case, since all radionuclides are located in a small area.
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Figure 9. Calculated 239,240Pu concentrations in bed sediments (Bq/m2) after a hypothetical instan-
taneous release occurring at 2990 m depth on 21 March and 21 September. The dot indicates the
accident location.

4. Conclusions

A Lagrangian model, working in spherical coordinates, was developed to simulate the
transport of radionuclides in the western Mediterranean Sea. The model includes the processes
of advection by currents, three-dimensional mixing induced by turbulence, radioactive decay,
and exchanges of radionuclides between water and the seabed sediments. These exchanges are
described through a dynamic model based on kinetic transfer coefficients. Mixing, decay, and
water/sediment interactions are solved applying a stochastic method. The water circulation
was obtained from the HYCOM global ocean model. The model can be used to simulate
instantaneous or continuous radionuclide releases over any temporal scale, and it provides
maps of radionuclide concentrations in water and sediments as well as radionuclide age
distributions, which may be used to infer oceanographic information.

Several hypothetical accidents were simulated. If a release occurs from a coastal
nuclear facility, in particular the Vandellós II nuclear power plant in northeast Spain, it
was found that Pu stays very close to the release area due to the low mobility of this
radionuclide in the marine environment. In the case of 137Cs, radionuclides can travel to
long distances from the release point, reaching the Balearic Islands, African coasts, and
a significant part of the Spanish coastline. The time of the year when the accident occurs
affects the dispersion patterns,as detailed above. Sediments are contaminated over a narrow
band along the Spanish coastline, and radionuclides also reach the shallower waters around
the Balearic Islands.

Several examples of Pu releases occurring far from the coastline were also considered.
If the release takes place at the sea surface, resulting Pu concentrations in water present a
clear seasonality. Coastal sediments of the regions reached by the Pu patch are contaminated.
If the Pu release occurs deeper in the water column (mid-depth and close to the seabed),
radionuclides do not reach the water surface layer. Sediments of the isobath at which
the release occurred are contaminated with Pu in the case of the mid-depth release. Only
the area close to the accident is contaminated with Pu if the release occurs at the seabed.
Seasonality effects in results are lost in both cases.

It is relevant to have this type of model ready to operate in areas which could be
potentially exposed to a nuclear accident, and especially if such areas have a concentrated
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population, high touristic potential, and/or great ecological value, as is the case, for
instance, for the eastern coast of Spain and the Balearic Islands.
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