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ABSTRACT 

A numericai model to simulate the dispersion of non-conservative radio- 
nuclides in an estuarine system that surrounds a marsh area has been devel- 
oped. The model includes six phases: water, two types of suspendedparticles 
(natural particles in the estuary and contaminated particles released from 
the source of contamination), bottom sediments, soils andplants (Spartina 
densitlora) . Radionuclides in water and suspended matter are transported 
along the river by advection and dtffusion processes, ionic exchanges between 
water and the solid phases and deposition of suspended particles on bottom 
sediments also occur. Radionuclides are incorporated in soils in the marsh 
during the time that they are covered by water. Finally, they are transferred 
from the soil to the plants. All these processes are represented by a set of 
partial differential equations. A spatial and temporal discretization is 
carried out and a finite dtfferences scheme is adopted to solve them. The 
model must run over long time scales (years) tf model results are to be 
compared with experimental measurements in the estuary and marsh. Thus, 
residual water circulation is used to solve the advective-diffusive terms in the 
equations. Ionic exchanges are described by kinetic transfer coefficients and 
the transfer of radionuclidesfrom soils to plants by concentration ratios, CR. 
The model is applied to the Odiel marsh. The Odiel river forms an estuarine 
system (which surrounds a large marsh area) in which aphosphatefertilizer- 
processing complex releases its waste. The model yields good results in 
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predicting 238 U, 2’oPo and 232Th concentrations in bottom sediments, soils 
andplants collectedfrom the river and marsh. A predictive study, concerning 
the process of cleaning of the marsh, has also been carried out. 0 1997 
Elsevier Science Ltd. 

INTRODUCTION 

Mathematical models, developed to simulate the dispersion of radio- 
nuclides in aquatic systems, have been improved over the last few years. 
The first models successfully simulated the dispersion of dissolved radio- 
nuclides in the sea (Prandle, 1984). Later, the exchange of radionuclides 
between water and the solid phases (suspended matter and bottom sedi- 
ments) was included. In these models (Howorth & Eggleton, 1988; 
Kershaw et al., 1988; Abril & Garcia-Leon, 1993a), ionic exchanges 
between water and the solid phases were described in terms of distribution 
coefficients, kd, since the time steps used required that ionic exchanges 
reach equilibrium in each time step. 

Recently, one of the authors developed a model in which the ionic 
exchanges were described in terms of kinetic transfer coefficients (Periaiiez 
et al., 1996a). Thus, the model can be used, even in conditions of disequi- 
librium for ionic exchanges. This allows the use of large spatial and 
temporal resolutions in the model. Such a model was applied to simulate 
the dispersion of 226Ra in the Odiel river, a tidal estuary in which a phos- 
phate fertilizer complex releases its waste. It was possible to reproduce not 
only the spatial and temporal variations of 226Ra concentrations in water 
and suspended matter due to tidal oscillations, but also the variability in 
distribution coefficients (Periaiiez et al., 19966). 

Now, a model to simulate the dispersion of non-conservative radio- 
nuclides in a marsh area has been developed. The model includes the 
transfer of radionuclides between water, suspended matter and bottom 
sediments following the description by Periaiiez et al. (1996a). The transfer 
of such radionuclides to plants growing in the marsh has also been inclu- 
ded in the model. Thus, this work represents a new achievement in radio- 
ecological models. The studied plants grow in sites that are flooded during 
part of the tidal cycle (these sites will be denoted as soils to distinguish 
them from the bottom sediments that are always under the water). Thus, 
the transfer of radionuclides to these soils must be implemented in the 
model. Then, the transfer of radionuclides from the soil to the plant is 
included. This transfer is described by the concentration ratio, Ca, which 
is defined as the ratio between the concentration of an element in the plant 
and that in its substrate. 
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The model is applied to the Odiel marsh, in southwest Spain. The 
Odiel river forms, at its lowest reaches, a tidal estuary that discharges 
into the Atlantic Ocean. This estuary surrounds a large marsh area. A 
phosphate fertilizer processing complex releases part of its wastes to the 
Odiel river. It is well known (Van der Heijde et al., 1988; Laiche & 
Scott, 1991) that such wastes contain significant amounts of U, Th, Ra 
and their daughters. Indeed, anomalously high concentrations of 226Ra, 
238~ 210Po and 232Th have been detected in water, suspended matter, 
bottom sediment, soil and plant (Spartina densifora and Spartina 
maritima) samples collected from the Odiel river and marsh (Periafiez & 
Garcia-Leon, 1993; Periafiez et al., 1994b; Martinez-Aguirre et al., 
1994a, b; Martinez-Aguirre & Garcia-Leon, 1997; Martinez-Aguirre et 
al., in press). The model will be used to simulate the dispersion of 238U, 
210Po and 232Th along the estuary and the transfer of such radio- 
nuclides to bottom sediments in the river and to soils and plants 
(Spartina denslyora) in the marsh area. Thus, it will be demonstrated 
that radionuclides released from the fertilizer complex reach the marsh 
by means of water movements: the enhanced activity levels observed in 
soils and plants in the marsh are due to the operation of the fertilizer 
complex. Some predictive studies concerning the process of cleaning of 
the marsh have also been carried out. 

The model is described in the next section. Next, model results are 
presented and discussed. 

MODEL DESCRIPTION 

Radionuclides are released into the river in dissolved and particulate 
form and are transported along the river by advection and diffusion 
processes. Thus, water circulation must be known to solve the advec- 
tive-diffusive equation. Ionic exchanges between water and the solid 
phase (suspended matter and bottom sediments) also take place. The 
model includes two kinds of suspended matter particles: contaminated 
particles released from the fertilizer complex and natural suspended 
matter particles in the river. Deposition and resuspension of both types 
of suspended particles occurs, which lead to an exchange of radio- 
nuclides between suspended matter and bottom sediments. Radio- 
nuclides can be incorporated in soils (during the part of the tidal cycle 
when they are covered by water) by the same processes in which they 
are incorporated in bottom sediments: deposition of suspended particles 
and ionic exchanges with water. All these processes are described by a 
set of partial differential equations. To solve them, a spatial and 
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temporal discretization of the equations is carried out, and a finite 
difference scheme is adopted, using forward differences in time and 
centred differences in space. Thus, the study area is divided into a 
number of grid cells or compartments. Several phases are present inside 
each grid cell: water, suspended matter and bottom sediments, or, for 
cells in the marsh area, soil and plants. 

The incorporation of radionuclides in soils and plants has been 
taking place over the operational period of the fertilizer complex (30 
years ago). Thus, if we want to compare the model results with 
experimental measurements, the model should run for long time 
scales. Instead of solving the hydrodynamic equations for each time 
step (Periafiez et al., 1996a) to obtain the water circulation, the model 
will work with residual (averaged) water circulation. This permits the 
use of larger time steps and, as a consequence, longer simulation 
periods. 

Water circulation 

The residual circulation at a point is obtained finding the average water 
velocity over a complete tidal cycle at such point. In Puerto Autonomo de 
Huelva (1989), these water velocities are measured at several points of the 
estuary for a medium tide situation. At points where there are no 
measurements, residual water velocity is calculated by taking into account 
that the stream flow of the river is the same in all sections (continuity 
equation). In Fig. 1 the residual water circulation for the modelled area is 
shown. It can be seen that residual water velocities are of the order of 
lo-* ms-‘, which is a typical value for residual flows (Elliott et al., 1992; 
Prandle et al., 1993). 

Once the magnitude of the maximum residual velocity is known, model 
resolutions are selected so as to satisfy a stability condition (Prandle, 
1974) and to minimize numerical dispersion (Periafiez et al., 1994a). These 
resolutions are At = 600 s and AX = Ay = 250 m. This spatial resolution 
leads to 1380 grid cells. 

Suspended matter dynamics 

The averaged suspended matter distribution over the whole study area 
must also be known to compute the ionic exchange of radionuclides 
between water and suspended matter. Suspended matter is transported 
along the river by advection and diffusion processes. The vertical move- 
ment of suspended matter is governed by deposition and resuspension 
terms, which are formulated in terms of critical deposition and resuspen- 
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Fig. 1. Residual water circulation in the modelled area. Each unit in the x and y-axis is 
equal to 250 m. 

sion velocities in such a way that there is deposition only if the water 
velocity is smaller than the critical deposition velocity. For larger values of 
the water velocity, deposition is hindered by water turbulence. On the 
other hand, there is resuspension only if the water velocity is larger than 
the critical resuspension velocity, otherwise there will not be enough 
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energy to lift particles from the sediments. Details of the equations can be 
seen in Periafiez et al. (1996~). 

The steady-state distribution of suspended matter obtained after a 
simulation period of 1 year is presented in Fig. 2. Suspended matter 
concentrations were measured along a tidal cycle (Periiriez et al., 1996~) at 
three points of estuary. The mean suspended matter concentration at each 
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Fig. 2. Steady state distribution of suspended matter (mg 1-l). Numbers inside the map are 
experimental measurements (mean values over a tidal cycle). 
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point is also presented in Fig. 2. As can be seen, the model results are in 
agreement with the field measurements. The sedimentation rates (net 
balance between the deposition and resuspension terms) are then obtained 
from the steady state distribution of suspended matter for the whole study 
area. A net, although slow, sedimentation is produced over the whole 
study area since typical sedimentation rates are about 0.01 gcme2 year-‘, 
a result in agreement with previous modelling work concerning part of the 
Odiel river (Periafiez et al., 1996c). 

Radionuclides dispersion 

Ionic exchanges are described in terms of kinetic transfer coefficients. Thus, 
the transfer from water to the solid phases (both kinds of suspended particles 
and bottom sediments) is governed by a coefficient ki and the inverse process 
by a coefficient k2. The concept of exchange surface (surface of particles per 
water volume unit in the grid cell) is used to obtain an analytical expression 
for the coefficient k, (Periafiez et al., 1996a). 

The equation whose solution gives the time evolution of specific activity 
in water (Cd, in Bqm-3) is: 

$$ = (adv + dif) - klCd + k2mCs + k2mfCf + k2 usL~f’ x 103. (1) 

The time derivative is interpreted as in a forward finite difference 
scheme. adv + dif means advective plus diffusive transport of dissolved 
radionuclides from one grid cell to another. This transport is computed by 
solving the advective-diffusive dispersion equation previously written in 
finite differences (Periiiiez et al., 1994u). The second term is the transfer of 
radionuclides from water to the solid phase. The transfer coefficient kl is 
written as (Periafiez et al., 1996u): 

kl = XI (2) 

where p is the density of the suspended matter particles, R their mean 
radius, m the concentration of natural suspended matter particles in the 
water and mf the concentration of particles discharged from the fertilizer 
complex (both are measured in mgl-‘). L is the mean depth to which the 
water penetrates the sediment, due to its porosity. II/ is a geometrical 
accessibility factor that takes into account that not all the mass of the 
sediment is, due to geometrical reasons, in contact with water. f gives the 
dry weight fraction of muds (particles with diameter 4 < 62.5 pm) in the 
sediment. Thus, f gives the fraction of ‘active’ sediment (Benes et al., 
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1994), that is, sediments capable of resuspension. H is the water column 
height and x, is the exchange velocity (Periafiez et al., 1996a), which 
depends on the water conditions (pH, salinity, temperature). 

The next two terms in eqn (1) describe the transfer of radionuclides 
from both kinds of suspended particles to the water. C, (Bqg-‘) is the 
specific activity in particles discharged from the fertilizer complex and C, 
(Bq g-‘) is the specific activity in natural suspended particles. The transfer 
coefficient k2 does not depend on the suspended matter concentration 
(Periafiez et al., 19960). 

The last term is the transfer of radionuclides from active bottom sedi- 
ments to water. a, is the specific activity (Bqg-‘) in the active sediment 
and P,,, is the bulk density of the sediment in kgm-3. 

The equation that gives the time evolution of specific activity in natural 
suspended matter particles is: 

acs 
dt = (adv + dif) - 2 + k, 2 - kzC,, 

where adv + dif means the advective plus diffusive transport of radio- 
nuclides in natural suspended matter along the river. The second term is 
the transfer of radionuclides to the sediment due to deposition of suspen- 
ded particles, and w is the sedimentation rate (gm-* s-l). The third term is 
the transfer of radionuclides from water to natural suspended particles, 
where kl is given by: 

The last term is the transfer of radionuclides from suspended particles to 
water. 

Particles discharged from the fertilizer complex will be transported 
along the river by advection and diffusion processes and will be incorpo- 
rated into bottom sediments by deposition. Thus, an equivalent equation 
to that described in Suspended matter dynamics’ gives the concentration 
of particles discharged from the complex, mf, at each grid cell, as well as 
the sedimentation rate, wf, for this type of particle. 

The equation that gives the time evolution of specific activity in these 
particles, Cf, is: 

The * means that such concentrations must be the calculated at each 
new time step. This is due to the fact that, since these particles are released 
to the river by the fertilizer complex, there will not be a steady distribution 
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(as happened with natural suspended particles), and mf will be different 
for each time step and for each grid cell. The second term is the transfer of 
radionuclides to sediments by deposition, and the third is the transfer 
from water to particles released by the complex; thus, kl is given by eqn (4) 
but substituting m by mf. The last term is the transfer of radionuclides 
from particles to water. 

The specific activity in the total suspended matter, Ct, which includes 
both kinds of particles is: 

ct = mC, + mf Cf 

m+mf ’ 
(6) 

The equation that gives the time evolution of specific activity in the 
active sediment is: 

aa, HG 
at 

- k, - 
WCS WfCf - - 

J%llf 
x 10m3 -k&a, + 

UP, + Ui%l 
(7) 

The first term is the transfer of radionuclides from water to the sedi- 
ment, and thus, kl is given by: 

3L‘fti kl = x1 RH. (8) 

The second term is the transfer of radionuclides from the sediment to 
water, and the last term is the transfer from both types of suspended 
particles to the sediment as a result of deposition processes. 

Transfer of radionuclides to soils and plants 

As discussed above, the incorporation of radionuclides in soils in the 
marsh area takes place by the same processes by which they are incorpo- 
rated into bottom sediments. Thus, the equation that gives the time 
evolution of specific activity in the soil is similar to eqn (7). There are, 
however, some differences. It is assumed that soils are flooded during half 
the tidal cycle. Thus, the ‘effective’ time step in which the transfers of 
radionuclides take place is half the real time step. The tidal amplitude in 
the Odiel river in a medium tide situation is 1 m. Thus, the mean height of 
water above the soil is, after averaging a sine function over the first half 
cycle, 0.3 m. It is also assumed that, when the soil is flooded, the concen- 
tration of radionuclides and particles in the water that cover such soil is 
the mean value of concentrations in the water compartments that 
surround the soil compartment. Finally, sedimentation rates in the soils 
are corrected to take into account the different height of the water 
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column, since deposition depends inversely on water depth (Periafiez et al., 
1996~). 

Of course, these assumptions may lead to inaccuracies of the model 
since, for instance, not all the soils will be flooded during half the tidal 
cycle. However, the model gives, as will be seen, a good estimate of the 
general activity levels in the marsh. 

The concentration ratio, CR, for a plant is defined as: 

where specific activities in the plant, C,, and in the soil, &jr, are expressed 
in the same units. 

A, is defined as the total activity in the plants in a given compartment 
and A, as the total activity in the soil in such a compartment. Let N be the 
activity exchanged between the soil and the plants during the time step At. 
From the definition of CR: 

A,+N As-N -------=--- 

MP MS 
CR> 

where Mr, and 1M, are the total mass of plants and soil, respectively, in the 
compartment. From this equation, we obtain: 

N= 
As CRM, - ApK 

M,+cRMp . (11) 

Thus, specific activities in the plants and soils, CB and C&, after each 
time step, are, respectively: 

c;=cp+-+p+ CR Csoil - Cp 

P 1 + cRMp/% 

and 

CR Csoil - Cp 

CR + Ms/Mp’ 

Computational scheme 

(12) 

(13) 

A code to solve the equations involved in our model was implemented on 
a VAX/VMS computer. The residual water velocity field was calculated 
and kept in a file, which was used as input data. A preliminary code, 
which included only the suspended matter (natural particles) equation, 
was run to obtain the steady state suspended matter distribution and 
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sedimentation rates, which were also kept in a data file. Then, the code 
that includes all the processes can be run. The equations for the dissolved 
phase, both kinds of suspended matter and bottom sediments are solved 
for each time step and for each grid cell. If a given compartment is not a 
water compartment but a marsh compartment, the code jumps to a 
subroutine that computes activities in the soil and plants. The output 
provides detailed information: time evolution of activities in each of the 
phases at desired positions of the grid, specific activity maps at desired 
times and specific activity profiles along selected sections of the river and 
marsh. 

MODEL RESULTS 

Parameters for the model 

The boundary conditions for the advective-diffusive terms in the 
equations are the same as those used in PeriLiiez et al. (1994a). The 
diffusion coefficients in these terms were selected along the x and y 
axes, after a calibration exercise, as K, = 25 and KY = 20m2 s-‘, 
respectively. 

The mixing depth L was taken as L = 0.1 m, following previous 
modelling works (Abril & Garcia-Le6n, 19936; PeriLiiez et al., 1996b). The 
density of suspended matter particles is taken as p = 2600 kg rnp3, which is 
the established value for soil particles density (Baver et al., 1972) and has 
been used in Peri&iez et al. (19966). A step function was adopted, as a first 
approach, for the size distribution of such particles. Thus, their mean 
radius is taken as R = 15 pm (Perigfiez et a/., 19963) since only particles 
with diameter 4 < 62.5pm can be present in the water column as suspen- 
ded matter (Gurbutt et al., 1987). 

The bulk density of the sediments and the parameterfwere measured at 
several points of the estuary (Universidad de Sevilla, 1991). In this work, 
we used the averaged values f = 0.3 and pm = 700 kg rne3. 

The geometrical accessibility factor was selected, after a calibration 
exercise, as $ = 0.001. Water depths were obtained from marine charts. 

The model was run for 238U, 232Th and “‘PO. Thus, the exchange 
velocity x1 and the transfer coefficient k2 must be known for these radio- 
nuclides. Kinetic transfer coefficients have been measured for a wide set of 
elements (Nyffeler et al., 1984) by laboratory experiments. They showed 
that there is a very small variation in k2 for all these elements (less than an 
order of magnitude). This small variation opens the possibility (Nyffeler 
et al., 1984) of estimating x, without the need for laboratory experiments. 
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The k2 of 226 Ra was measured for the Odiel estuary from laboratory 
experiments (Periafiez, 1995). Thus, the x1 for U, Th and PO can be 
calculated from the kd in the Odiel estuary, of U, Th, and PO and the k2 of 
226Ra since a relationship between kd, x1 and k2 exists (Periiiiez ef al., 
1996b). From the laboratory experiments (Periaiiez, 1995), 
k2 = 8.17 x 1O-6 s-l. Then for U x1 = 1.06 x 1O-7 m s-l, for Th 
x1 = 1.46 x 10m6 ms-’ and for PO x1 = 3.0 x 10V6 m s-l. The kd values of 
U and Th in the Odiel estuary are obtained from Periafiez et a/.(19966), 
and, in the case of PO, from Martinez-Aguirre and Garcia-Leon (1996a). 
The exchange velocities, calculated in this way, have yielded good results 
in previous modelling work concerning U and Th in the Odiel estuary 
(Periafiez & Martinez-Aguirre, in press). 

The plant included in our model was Spartinu denszjloru. The Ca values 
for this plant in the Odiel march are obtained from experimental 
measurements. CR is, generally, not linearly related to the specific activity 
in the soil. Indeed, in Martinez-Aguirre and Garcia-Leon (19963) and in 
Martinez-Aguirre et al. (in press) it can be seen that, for radionuclides 
from the 238U decay chain, the relationship between the CR and the 
specific activity in the substrate soil seems to be hyperbolic. Thus, for 
238~. 

c, = o-343 c$374, 

and for 210Po: 

CR = 2.456 C,0;;663. 

(14) 

(15) 

In the case of 232 Th, however, the CR seems to be constant, independent 
of the specific activity in the soil. The mean value of the 232Th CR is 
(Martinez-Aguirre et al., in press): 

CR = 0.036 f 0.018. 

In all cases, specific activity in the soil, Csoii is given in mBq g-l. 

(16) 

Finally, it is necessary to know the ratio plant mass per soil mass, 
M,/M,, in the marsh compartments. It seems clear that this parameter 
must be very small. Thus, we have assumed that M,/iVS = 10V5 since 
good results can be obtained with this value. 

It should be pointed out that the equations that give the Ca for the 
relevant radionuclides are the best numerical fits for a large number of 
samples (Martinez-Aguirre et al., in press). Thus, for a given plant sample, 
the experimental CR can differ by up to a factor 2 from the value predicted 
by the corresponding equation. This means that the model results for 
plants should be evaluated in terms of general levels of specific activities, 
that is, we must consider whether the model gives the general behaviour 
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and distribution of radionuclides in the plants collected along the estuary 
and whether the model gives a good estimate of the mean levels of specific 
activities in the plants. 

Results 

In Fig. 3, a map of the modelled area is shown. In the map, the points 
where sediment, soil and plant samples were collected are shown. 
Concentrations of 238U, 232Th and *l’Po in such samples, which were 
collected in November 1993, were determined, and the results can be seen 
in Martinez-Aguirre and Garcia-Leon (19963, 1997) and Martinez- 
Aguirre et al. (in press, 1996b). 

The source of radionuclides to the river (the point where the fertilizer 
complex releases its wastes) is located in compartment (9,29) (see Fig. 3). 
The magnitude of the source term is not known. Thus, the source term 
magnitude was changed, by trial and error, until the model reproduced the 
experimental data. Experimental results represent the mean, averaged over 
30 years, accumulation of radionuclides in soils and plants growing in 
such soils. Thus, we use a mean source term that is constant in time. This, 
together with a mean suspended matter distribution and a residual (aver- 
aged) water circulation, produces a mean distribution of radionuclides in 
soils and plants. 

As an example, in Fig. 4 the computed distribution of 238U along the 
estuary in water and bottom sediments is shown. As can be seen [Fig. 4(b)], 
the largest concentrations in the sediments appear around and down- 
stream of the source. This is due to the fact that contaminated particles, 
released from the source, are quickly deposited on the river bed. This is in 
agreement with previous experimental results (Martinez-Aguirre et al., 

1995). 
The magnitude of the source term in the case of 238U was taken as 

6.7 x lo6 Bq per time step for both dissolved and particulate radionuclides. 
This gives an annual input of 7.0 x 10” Bq year-‘. This number is in 
agreement, within an order of magnitude, with the 3.0 x 10” Bq year-’ 
which are estimated to be discharged in an estuary in the Netherlands (Van 
der Heijde et al., 1988) from a fertilizer complex. Experimental and 
computed 238U concentrations in soils and plants along the estuary are 
shown in Figs 5(A) and 5(B), respectively. There, the x axis gives the posi- 
tion in the grid (compartment number) measured from south to north. 
Thus, the lines are specific activity profiles along a section of the river, 
which follows the points where samples were collected. As can be seen in 
Fig. 5, the general activity levels in soils and plants are reproduced by the 
model. Experimental and model results are, however, different for some 
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samples. This may be an effect of taking mean parameters in the model: for 
some points, the soil density and the parameter f (for instance) may be 
different from the mean if there is a large percentage of sand. This is the 
case with samples whose x coordinates in Fig. 5 are 13 and 16 (Martinez- 
Aguirre et al., in press). On the other hand, it was assumed that soils were 
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Fig. 4. Distribution of 238U in the modelled area. (A) Water (mBq 1-l). 

flooded during half the tidal cycle: some soils will be under the water for 
almost the whole tidal cycle, while other soils will be flooded just during 
spring tide situations. Due to these considerations, we must compare the 
model and experimental results in terms of ‘general levels’ of activity. 

In the case of 210 PO, the magnitude of the source terms was 2-O x lo6 
and 4.0 x IO6 Bq per time step for dissolved and particulate radio- 
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nuclides, respectively. These input rates lead to an annual discharge of 
3.2 x 10” Bq year-‘. In the Netherlands, it was estimated (Van der 
Heijde et al., 1988) that l-6 x lo’* Bq of *“PO are annually discharged 
to an estuary from a fertilizer complex, a result that is similar to our 
estimate. Experimental and computed 2’oPo concentrations in soils and 
plants are shown in Figs 6(A) and 6(B), respectively. Again, the general 
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Fig. 3). 
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activity levels are well reproduced by the model. Lead-210 concentra- 
tions were also measured in some bottom sediments collected (see Fig. 
3) from the Odiel and Tinto rivers (Martinez-Aguirre et al., 1996). 
Experimental and model results for these bottom sediments are shown 
in Fig. 7. There, the x axis gives the position in the grid from west to 
east, and the line is an activity profile following the points where sedi- 
ments were collected. As can be seen, the model results are in good 
agreement with the experimental results. This demonstrates that the 
processes of transfer of radionuclides to the solid phase are well 
described in the model. The difference between experimental and model 
results that appears for some soil and plant samples is due to the diffi- 
culty of including soils in the model (not all the soils are under the 
water during the same time, and not all the soils have the same fraction 
of active, 4 < 62*5pm, particles). 

The results for 232 Th are shown in Figs 8(A) (soils) and S(B) (plants). 
The magnitude of the source term for this radionuclide is 3.3 x 10’ Bq per 
time step for dissolved and particulate radionuclides. This input implies an 
annual discharge rate of 3.7 x 10” Bq year-‘, which is of the same order 
of magnitude than the estimate for the estuary in the Netherlands: 
l-8 x 10” Bq year-’ (Van der Heijde et al., 1988). As can be seen in Fig. 8, 
the general behaviour of 232Th is reproduced by the model. 

In general, activity levels in soils from the Mojarrera channel are 
very well reproduced by the model for the three studied radionuclides. 
The general distribution of radionuclides along the Odiel river soils 
and sediments is also given by the model. The largest differences 
between the model predictions and the experimental results appear in 
the case of plants. Such differences may be due to the use of CR, as 
discussed in ‘Parameters for the model’. Of course, if for a given soil 
sample, model and experimental results do not agree very well (the 
reason has been discussed above), this will be an additional source of 
error for the model results corresponding to the plants growing in 
such soil. 

Some predictive studies concerning the process of cleaning the marsh 
have been carried out. If, at a given instant of time, the discharge of radio- 
nuclides to the river stops, the water will progressively wash the sediments 
and soils. Consequently, plants growing in such soils will have a smaller 
specific activity than plants that grow before the input of radionuclides has 
ceased. Thus, after a period of time, plants would grow with background 
levels of activity. The question is: how long does it take? A numerical 
experiment has been carried out for 21ePo, whose results are shown in Figs 9 
and 10. The source terms for this radionuclide has been amplified in such a 
way that present activity levels in soils, plants and sediments are reached in 
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01 I I I 1 I I 
0 5 10 15 20 25 30 

Fig. 7. Experimental (points) and computed (line) 210Po specific activity (mBqg-‘) in 
bottom sediments collected from the Odiel and Tinto river. The x axis is the position in the 

grid. 

a year of simulation. Then, the discharge from the source stops and the 
simulation continues until 15 years have elapsed. The time evolution of 
21vo specific activity in four locations has been studied: bottom sediments 
from a point in the Odiel river upstream of the source, the point where the 
source is located, a point in the Tinto river and a soil in the Mojarrera 
channel. Such time evolutions are shown in Fig. 9. After 14 years, the 
specific activity has decreased by 30% in the point upstream the source and 
in the Tinto river, by 42% in the soil of the Mojarrera channel and by 47% 
in the source. It is not surprising that the more contaminated point is 
cleaned faster, since the rate at which radionuclides are exchanged from the 
sediment to the water is proportional to the specific activity in the sediment 
[see eqn (7)]. The Mojarrera channel is also cleaned faster than the Odiel 
and Tinto rivers. This could be due to the fact that water in the channel is 
less contaminated than in both rivers [see Fig. 4(A)]. 

Plants growing in consecutive years will have smaller specific activities, 
since the activity in the soil is decreasing. In Fig. 10, the specific activity 
of plants growing in soils of the Mojarrera channel for each of the 15 
years of simulation is shown. The points are the model results and repre- 
sent the specific activity of a plant that grows in a given year after the 
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discharges have ceased (in year 1). The line is a numerical fit to the data 
presented in Fig. 10. From this function can be estimated the time that 
should elapse until plants grow with background levels of activity. In 
Martinez-Aguirre et al. (in press): it can be seen that 210Po specific activ- 
ity in plants not affected by the fertilizer complex (since they are far 
enough from it) is around 10 mBq g-i. The time needed to reach this level 
is (from the function in Fig. 10) 65 years. This is an estimate of the time 
that the process of cleaning of the marsh would take. Nevertheless, this 
process can be accelerated by extreme conditions, such as heavy rains, 
strong winds (which increase water current) and spring tides, since the 
model has been developed for medium tides, and the effect of rains and 
winds is not included. 

CONCLUSIONS 

A mathematical model to simulate the dispersion of non-conservative 
radionuclides in an estuarine system, including the ionic exchanges of 
radionuclides between water and the solid phases (bottom sediments and 
two kinds of suspended particles) as well as the transfer of radionuclides 
to soils and plants has been developed. Ionic exchanges of radionuclides 
are formulated in terms of kinetic transfer coefficients and the transfer to 
plants in terms of the concentration ratios Ca. 

Since the model must run for long time scales, the residual water circu- 
lation has been used to solve the advective-diffusive terms in the disper- 
sion equations of radionuclides and to obtain the steady distribution of 
suspended matter and mean sedimentation rates. 

The model has been applied to the Odiel estuary, which surrounds a marsh 
area. The parameters involved in the model have been obtained from 
experimental measurements and from calibration exercises. A phosphate 
fertilizer-processing plant releases its wastes to the Odiel river, wastes that 
contain large amounts of U, Th, Ra and their daughters. The model gives 
good results in predicting the general behaviour and activity levels of 238U, 
*l%‘o and 232 Th in soils, sediments and plants collected from the river and 
from the marsh area. Thus, the water dynamics of the estuary is responsible 
for the observed distribution pattern of radionuclides in the estuary and 
marsh. It also seems clear that the enhanced activity levels measured in the 
marsh are due to the operation of the fertilizer complex. 

A predictive study concerning the process of cleaning of the marsh has 
also been carried out. This study has revealed that about 65 years must 
elapse (if activity discharges stop at a given time) so that plants can grow 
with background levels of activity. 
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