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Abstract

A numerical full three-dimensional model previously developed to simulate the physico-
chemical speciation of plutonium in the eastern Irish Sea has been improved. The model solves 
simultaneously the hydrodynamic equations, the suspended matter equation and the equations 
that give the time evolution of Pu concentrations in water, suspended matter and bottom sedi-
ments. It is considered that Pu may exist in each phase in two different oxidation states. Redox 
reactions are also considered. In the earlier version of the model, a one-step kinetic model 
was used to describe the transfers of radionuclides between the dissolved and solid phases. 
Although with this kind of model the contamination of the sediments can be properly simu-
lated, it is clearly not able to describe the re-dissolution of radionuclides from a contaminated 
sediment once the external source to the sea is reduced. Thus, the model has been improved 
by substituting the one-step model with a two-step kinetic model consisting of two consecutive 
reversible reactions. Now it is possible to simulate both the sediment contamination and the 
re-dissolution processes.  
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1. Introduction

Over the past few years, models for simulating the dispersion of non-conservative
radionuclides in the marine environment have been developed in terms of kinetic
transfer coefficients (Aldridge, 1998; Margvelashvily, Maderich, & Zheleznyak,
1997; Periáñez, 2000a, 2000b; Periáñez, Abril, & Garcı́a-León, 1996; Piasecki,
1998), instead of the less appropriate equilibrium distribution coefficient, kd. A one-
step reversible model for the exchanges of radionuclides between the dissolved and
solid (suspended matter and bottom sediments) phases is applied in all of the above-
mentioned references:

R � XS*
k1k2

RS � X, (1)

where R is the dissolved radionuclide, RS is the radionuclide bound to sites S of the
solid particles and X is a competitive element that can be replaced by R on sites S.
k1 and k2 are the kinetic transfer coefficients, or absorption and desorption velo-
cities, respectively.

The behaviour of Pu in the marine environment is especially complex since it can
exist in different oxidation states simultaneously. Thus, Pu(III) and Pu(IV) predomi-
nate as the reduced and Pu(V) and Pu(VI) as the oxidized forms. The reduced Pu
is highly particle-reactive and has been shown to possess a distribution coefficient
that is two orders of magnitude higher than that of the more soluble oxidized Pu
(McKay & Pattenden, 1993). Thus, the model described in Periáñez (2000b) was
developed to simulate the dispersion of Pu in the eastern Irish Sea (where it is
released from the Sellafield nuclear fuel reprocessing plant) under tidal dynamics
and including redox reactions. The model solves simultaneously the hydrodynamic
equations, the suspended matter equation and six equations whose solutions give the
time evolution of reduced and oxidized Pu in the three phases considered (water,
suspended matter and active bottom sediments, that consist of particles with diameter
�62.5 µm). Redox reactions are described in terms of reaction velocities, which
were deduced from the laboratory experiments of Boust et al. (1996). The kinetic
transfer coefficients for the one-step model are considered to have different values
for reduced and oxidized Pu. The model gave acceptable agreements between
observed and computed Pu distributions in water, suspended matter and bottom sedi-
ments. Also, it allowed the computation of distribution coefficients for total, reduced
and oxidized Pu. Although the model reproduced the observed percentage of oxidized
Pu in water, it predicted that most Pu in the sediment was in an oxidized form, while
it is known that it is present in a reduced form.

Recently, there has been evidence of re-dissolution of radionuclides from the con-
taminated sediments of the Irish Sea, which are now acting as a source of long-
lived Sellafield waste radionuclides (Cook, MacKenzie, McDonald, & Jones, 1997;
MacKenzie, Cook, McDonald, & Jones, 1998; Mitchell, Condren, León-Vintró, &
McMahon, 1999). When the model was applied to simulate this re-dissolution from
the sediments, estimated halving times were too low. Indeed, Cook et al. (1997)
estimated a halving time of the order of 350 years for Pu concentrations in the
sediment via the re-dissolution mechanism. On the other hand, model calculations



gave a halving time of 1.8 years. Very recent experiments (Ciffroy, Garnier, & Pham,
2001; El Mrabet, Abril, Manjón, & Garcı́a-Tenorio, 2001) have shown that a model
involving the existence of two successive reversible reactions properly simulates both
the sorption and release kinetics. Thus, the model presented in Periáñez (2000b)
has been refined using a two successive-step reversible model for the exchanges of
radionuclides between the dissolved and solid phases. The objectives of this further
development are:

� to develop a model that can be properly used to describe both the contamination
of the sediment and the re-dissolution process when the sediment acts as a source
of radionuclides to the water column. In particular, to obtain halving times in
agreement with the value estimated from observations; and

� to improve the model results with respect to speciation of Pu between reduced
and oxidized forms in the sediment.

It should be noted that this is the first time, to the author’s knowledge, that a two-step
kinetic model is implemented in a real full three-dimensional (3D) dispersion model.

2. The model

The exchange model that was used by Ciffroy et al. (2001) to describe their experi-
ments considers two successive reversible reactions. The first describes a reversible
isotopic or ion exchange process between dissolved radionuclides and some non-
specific sites, S1, present on the particle surfaces. The second slower reaction rep-
resents a reversible sorption to more specific sites, S2. They can be represented as fol-
lows:

R � XS1*
k1k2

RS1 � X (2)

and

S2 � RS1*
k3k4

RS2 � S1, (3)

where k3 and k4 are the kinetic transfer coefficients, or sorption and release velocities,
respectively, for the second reaction. The interaction between the dissolved and solid
phases is described in the scheme of Fig. 1. The sorption of radionuclides is governed
by kinetic coefficients kox

1 and kred
1 for oxidized and reduced Pu, respectively. The

release is governed by the same transfer coefficient k2 for both oxidized and reduced
forms, as described in Periáñez (2000b). The slower reaction that exchanges radio-
nuclides between the non-specific and the specific sites is governed by the kinetic
coefficients k3 and k4. As a first approximation, it is considered that these coefficients
are the same for both the reduced and oxidized forms. Finally, redox reactions are
governed by b1 and b2, which are the oxidation and reduction velocities, respectively.
In the earlier version of the model, it was considered that these reaction velocities
were the same in the three phases (water, suspended matter and bottom sediments).



Fig. 1. Scheme showing the interaction between the liquid and solid phases. The oxidation reaction is
considered in suspended matter, but it is not in the case of bottom sediments (dashed arrow). k1 will be
k11 if the solid particle is a suspended matter particle and k12 if it is a bottom sediment particle [see Eq. (4)].

As will be seen, model results are improved if the oxidation reaction is not considered
in the bottom sediment (dashed arrow in Fig. 1) since there is experimental evidence
supporting the fact that more than 90% of Pu in solid particles is in a reduced form
(Mitchell et al., 1995). Of course, the oxidation reaction may exist in the sediment,
but with a much smaller velocity than in the dissolved phase. Reaction velocities in
the sediment have not been measured, thus it has been decided to remove such
oxidation reaction since good results are obtained in this case. As in El Mrabet et
al. (2001), it is assumed that the oxidation state does not change once Pu has reached
the specific sites in solid particles.

The model solves the full 3D hydrodynamic equations using depth-following s
coordinates in the vertical with an appropriate set of boundary conditions. A flow-
dependent eddy viscosity has also been used in the model. The 3D suspended matter
equation is also solved simultaneously with the hydrodynamic equations. It includes
advection–diffusion of particles, vertical fall (settling) and the input of suspended
matter from the run-off of continental waters along the coastline. Deposition and
erosion of the sediment are also incorporated into the sea-bed boundary condition
of the equation. Equations are solved using finite difference schemes. Details can
be seen in Periáñez (2000b) and will not be repeated here.

It is known that the sorption of dissolved radionuclides depends on the surface of
particles per water volume unit. This quantity has been denoted as the exchange
surface (Periáñez, 2000a, 2000b; Periáñez et al., 1996; Periáñez & Martı́nez-Aguirre,
1997). Thus,

k1 � c1(Sm � Ss) � k11 � k12, (4)



where Sm and Ss are the exchange surfaces for suspended matter and bottom sedi-
ments, respectively, and c1 is a parameter with the dimensions of a velocity denoted
as the exchange velocity (Periáñez et al., 1996), which will have different values
for the oxidized and reduced Pu. The exchange surfaces are easily obtained assuming
spherical particles and a step function for the grain size distribution of particles
(Periáñez et al., 1996):

Sm �
3m
rR

(5)

and

Ss �
3Lff

RH�s
, (6)

where r is the suspended particle density, R is the mean radius of suspended matter
and active sediment particles, m is the suspended matter concentration, H is water
depth, �s is the grid size in the vertical direction, L is the average mixing depth (the
distance to which the dissolved phase penetrates the sediment), f gives the fraction of
active sediment and f is a correction factor that takes into account that not all of
the sediment particle surface is in contact with water because some surface will be
partially hidden by other sediment particles.

The modification to the equations presented in Periáñez (2000b) is the inclusion
of the slow reaction to the equations that give the time evolution of activity concen-
trations in the solid phases. Thus, four new equations [Eqs. (11), (12), (15) and (16)
in Appendix A] must also be added to the model, that give the time evolution of
activity concentrations in the specific sites of suspended matter and bottom sediments
and for both oxidized and reduced forms. A summary of the equations is presented
in Appendix A.

3. Model results

The parameters used in the model are, of course, the same that were applied in
Periáñez (2000b). Thus, the oxidation and reduction velocities are b1 �
1.85 × 10�6 s�1 and b2 �4.48 × 10�7 s�1, respectively. The exchange velocities for
the reduced and oxidized Pu are cred

1 � 1.51 × 10�4 m/s and cox
1 �

1.51 × 10�6 m/ s, and the transfercoefficient k2 is fixed as 1.16×10�5 s�1 for both
the reduced and oxidized forms. The new parameters introduced in the model are
the kinetic coefficients controlling the slow reaction to the specific sites, k3 and k4.
From the experiments of Ciffroy et al. (2001), it is obtained that k3 is about one
order of magnitude larger than k4. On the other hand, El Mrabet et al. (2001) have
measured a value of 1.4×10�7 s�1 for k3 in their experiments carried out with sea
water from the southwest of Spain. Thus the following values were used in the
model, since acceptable results were obtained with them:

k3 � 1.2 × 10�7 s�1



and

k4 � 1.2 × 10�8 s�1.

Of course, model results could be refined if specific values for the Irish Sea are used
when available.

The horizontal resolution of the model is �x � �y � 5000 m, 10 layers are used
in the vertical (thus �s � 0.1) and the time step is fixed as �t � 60 s. Water depths,
presented in Fig. 2, were introduced from bathymetric maps.

Exactly the same simulations as those presented in Periáñez (2000b) were repeated
with the new version of the model. Observed and computed distributions of
239,240Pu have been compared for two years. The input from Sellafield was introduced
in the model for each year. However, the input has been taking place since the 1950s.
Thus, instead of starting the model from zero concentrations, we have assumed a
uniform background in water, suspended matter and bottom sediments that represent
the effect of previous discharges. It has been shown (Periáñez, Abril, & Garcı́a-
León, 1994) that model results do not depend upon the way the background is cre-

Fig. 2. Water depths (m) in the model domain. The star is Sellafield nuclear fuel reprocessing plant.
Each unit in the x and y axis is 5000 m (grid cell number).



ated. Thus, the same results would be obtained if a large discharge is performed and
some time is allowed to elapse so that the discharge is distributed over the sea. To
save CPU time, the uniform background option was chosen. The background magni-
tude has been selected from a trial and error exercise: 0.01 Bq/g for suspended matter,
0.1 Bq/g for bottom sediments and 0.05 Bq/m3 for water. Discharges from Sellafield
are carried out over this background and model results are obtained after a simulation
time of three months. These results are compared with observations (Periáñez,
2000b).

The computed distribution of total Pu in surface water for the year 1974 is
presented in Fig. 3, together with the computed percentage of oxidized Pu as well
as the observed Pu distribution (from Hetherington, 1976). If these maps are com-
pared with those presented in Periáñez (2000b), it can be seen that model results are
virtually the same as those obtained when the second slower reaction was not
included. Activity levels over the sea are, in general, well reproduced by the model.
Most Pu in solution is in an oxidized form. A higher content of reduced Pu only
occurs close to the discharge point, due to the nature of the discharges. Indeed, Pu
is released in a reduced form. An oxidation reaction then occurs causing over 90%
of the Pu to be in an oxidized form (Mitchell et al., 1995). Our results are in agree-
ment with these observations.

The computed distribution of total Pu in bottom sediments for the year 1977 is
presented in Fig. 4. Again, this distribution is essentially the same as that obtained
with the earlier version of the model. The important point is that, with the older
model version, the maximum percentage of reduced Pu in the sediment was around
30% while now it is about 95%, in closer agreement with observations (McKay &
Pattenden, 1993).

Fig. 3. Distribution of Pu (Bq/m3) in surface water for the year 1974: (a) measured (Hetherington, 1976),
(b) computed and (c) computed percentage of oxidized Pu. Each unit in the x and y axis is 5000 m (grid
cell number).



Fig. 4. Distribution of Pu (kBq/m2) in bottom sediments for the year 1977: (a) measured (Pentreath,
1985), (b) computed and (c) computed percentage of reduced Pu. Each unit in the x and y axis is 5000
m (grid cell number).

The model has also been used to simulate the re-dissolution process from the
contaminated sediments. The model was started from actual concentrations in sedi-
ments and no input from Sellafield was introduced. Zero concentrations were also
assumed for water and suspended matter. The time evolution of total Pu (reduced
plus oxidized) in water and active sediment at a point close to Sellafield outlet are
shown in Fig. 5 (“model” line). It can be seen that Pu concentrations in water increase
due to redissolution from the contaminated sediment. Obviously, Pu content in the
sediment decreases simultaneously. Oscillations at the same frequency as tidal oscil-
lations are also apparent in water.

It can be seen in Fig. 5(b) that, in one month, Pu concentration in the sediment
decreases by approximately 10�2 Bq/g. Considering an average sediment bulk den-
sity of rm � 900 kg/m�3, an average mixing depth L � 0.1 m and an average frac-
tion of active sediment f � 0.5, the mass of active sediment in one grid cell is

�x�yLrmf � 1.125 × 109 kg.

Thus, approximately 1.125×1010 Bq are introduced into the water column from the
sediment in one month and in one cell. Assuming that the re-dissolution rate is
constant and that the number of cells that are mainly contributing to the re-dissolution
process is of the order of 20 (those located around Sellafield, which have the most
contaminated sediments), it results that some 2.7×1012 Bq of Pu are annually incor-
porated to the sea water from the sediment. This number, although a rough esti-
mation, can be compared with the value obtained by Cook et al. (1997) from obser-
vations: 1.2×1012 Bq.

Two maps showing the computed Pu distribution in water and the computed distri-
bution coefficient, kd, for total Pu 30 days after the beginning of the experiment are



Fig. 5. Time evolution of Pu concentrations, (a) in water and (b) in active sediment, in Bq/m3 and Bq/g,
respectively, for different values of the initial percentage of reduced Pu in the sediment; 50% and 25%
reduced mean that only such percentage of the Pu content in the sediment is initially considered to be
in a reduced form over the model domain. The “model” line corresponds to the simulation started from
the real distribution of Pu between the oxidized an reduced forms [presented in Fig. 4(c)].

presented in Fig. 6. The Pu distribution in water produced by the re-dissolution
process is similar to that due to the direct discharges from Sellafield [compare Figs.
3(b) and 6(a)]. However, the distribution of the kd is clearly different. When Sellafield
discharges are carried out, kds of the order of 105 l/kg are obtained over the sea
(Periáñez, 2000b), in agreement with the observations of Mitchell et al. (1995) and
with the value recommended by IAEA (1985). The model simulations also predict
that kds diminish with increasing distance from Sellafield. This effect, also observed
(Mitchell et al., 1995), was attributed to the nature of the discharges since almost
all Pu in the releases is associated with suspended particles. On the other hand, kds
of the order of 104 l/kg are obtained from the model re-dissolution experiment,
smaller than the equilibrium value (IAEA, 1985). Moreover, now model results do
not present a decrease in the kd with increasing distance from Sellafield.

It is possible to compute the sediment halving time by numerical fitting of the



Fig. 6. Computed distribution maps of (a) total Pu in water (Bq/m3) and (b) total Pu kd (l/kg) in the re-
dissolution experiment. Each unit in the x and y axis is 5000 m (grid cell number).

time evolution of the total Pu content in the sediment to an exponential decay func-
tion. The sediment halving time obtained in this way is 112 years, in agreement (by
order of magnitude) with the estimation from observations carried out by Cook et
al. (1997), 350 years. This is clearly in contrast with the halving time of 1.8 years
computed with the earlier version of the model. However, model results could prob-
ably be improved if k3 and k4 specific values for the eastern Irish Sea were used.
Thus, it seems that it is necessary to consider two consecutive reversible reactions
to properly simulate re-dissolution from a contaminated sediment. The oxidation state
of Pu in the sediment also affects the halving time. If only 50% of Pu in the sediment
is considered to be in a reduced form, then the halving time reduces to 60 years. A
reduction to 39 years is obtained if only 25% of Pu is considered to be initially
reduced in the sediment. Indeed, it can be seen in Fig. 5 how Pu concentrations in the
sediment decrease faster as the percentage of reduced Pu in the sediment decreases.

4. Conclusions

The model presented in Periáñez (2000b) has been refined removing the oxidation
reaction in bottom sediments and considering a two-step kinetics to describe the
interactions between the dissolved and solid phases consisting of two consecutive
reversible reactions.

From our calculations, it is concluded that a one-step kinetic model is enough to
properly simulate the contamination of sediments due to a external input of radio-
nuclides since results obtained with the one-step and the two-step models are essen-
tially the same. Such one-step models have been widely used before (Aldridge, 1998;



Margvelashvily et al., 1997; Periáñez, 2000a, 2000b; Periáñez et al., 1996; Piasecki,
1998). However, if the interest consists of studying the re-dissolution of radionuclides
from a contaminated sediment and subsequent transport, it seems clear that a two-
step model must be applied. A halving time computed with the one-step model is
two orders of magnitude lower than the value estimated from observations, while
halving time computed with the two-step model is of the same order of magnitude
as field observations. On the other hand, it has been pointed out that the oxidation
state of Pu in the sediment affects the re-dissolution process, in such a way that
halving time can be significantly reduced if most Pu in the sediment is in an oxidized
form. Finally, the removal of the oxidation reaction in the sediment leads to a more
realistic distribution of Pu between the reduced and oxidized forms in the sediment.

Acknowledgements

This work was supported by ENRESA and the EU 5th Framework Programme
(1998–2002) Nuclear Fission and Radiation Protection, Contract FIGE-CT-2000-
00085.

Appendix A

A.1. Solution

The equation that gives the temporal evolution of oxidized Pu in solution, Cox
d

(Bq/m3), is:

∂Cox
d

∂t
� (adv � dif)3D�(kox

11 � pkox
12)Cox

d � k2 (7)

�mCox
s � π

Aox
s Lrmff
H�s

× 10�3��lCox
d � b1Cred

d �b2Cox
d ,

where (adv+dif)3D represents three-dimensional advection and diffusion of radio-
nuclides. p � 0 unless we are solving the equation for the water layer that is in
contact with the sediment; in this case p � 1 to allow the transfer of radionuclides
between the water and the bottom sediment. Cox

s and Aox
s (both in Bq/g) are oxidized

Pu concentrations in suspended matter and active sediment respectively. The sedi-
ment bulk density, rm, is given in kg/m3 and l is the radioactive decay constant.
The external source of radionuclides must be added to this equation in the points
where it exists.

A similar equation is deduced for reduced Pu in solution, Cred
d :

∂Cred
d

∂t
� (adv � dif)3D�(kred

11 � pkred
12 )Cred

d � k2 (8)



�mCred
s � p

Ared
s Lrmff
H�s

× 10�3��lCred
d �b1Cred

d � b2Cox
d ,

with obvious meanings for the notation.

A.2. Suspended matter

For the oxidized Pu:

∂(mCox
s )

∂t
� (adv � dif)3D�settox � p(res�dep)ox � kox

11Cox
d �k2mCox

s (9)

�lmCox
s � m(b1Cred

s �b2Cox
s �k3Cox

s � k∗
4Cox

s ),

where sett, res and dep means settling, resuspension and deposition of particles
(Periáñez, 2000b). Note that the last terms in this equation represent the second
reaction; that is, the exchange of radionuclides with the specific sites. Radionuclide
concentrations and processes associated with the specific sites are denoted by an
asterisk at the left. The equation for the reduced Pu is:

∂(mCred
s )

∂t
� (adv � dif)3D�settred � p(res�dep)red � kred

11 Cred
d �k2mCred

s (10)

�lmCred
s � m(�b1Cred

s � b2Cox
s �k3Cred

s � k∗
4Cred

s ).

The equations that give the time evolution of concentrations in the specific sites are:

∂(m∗Cox
s )

∂t
� ∗(adv � dif)3D�∗settox � p∗(res�dep)ox�lm∗Cox

s (11)

� m(k3Cox
s �k∗

4Cox
s )

and

∂(m∗Cred
s )

∂t
� ∗(adv � dif)3D�∗settred � p∗(res�dep)red�lm ∗Cred

s (12)

� m(k3Cred
s �k∗

4Cred
s ).

A.3. Active sediments

Oxidized Pu:

∂Aox
s

∂t
� kox

12

Cox
d (b)H�s

Lrsf
× 10�3�k2fAox

s � (dep�res)ox�lAox
s �b2Aox

s (13)

�k3Aox
s � k∗

4Aox
s ,

where (b) means that this parameter must be evaluated at the deepest water layer
(in contact with the sediment).



In the case of reduced Pu:

∂Ared
s

∂t
� kred

12

Cred
d (b)H�s

Lrsf
× 10�3�k2fAred

s � (dep�res)red�lAred
s � b2Aox

s (14)

�k3Ared
s � k∗

4Ared
s .

Specific sites:

∂∗Aox
s

∂t
� ∗(dep�res)ox�l∗Aox

s � k3Aox
s �k∗

4Aox
s (15)

and

∂∗Ared
s

∂t
� ∗(dep�res)red�l∗Ared

s � k3Ared
s �k∗

4Ared
s . (16)
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