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ABSTRACT

A numerical model to study **°Ra dispersion in the Odiel River, in which
two fertilizer plants release their wastes, has been developed. The hydro-
dynamic equations have been solved to obtain the instantaneous water state
which allows us to describe the advective and diffusive transport of the
radionuclides. The hydrodynamic model has been calibrated in order to
reproduce field data. Diffusion coefficients have been formulated taking
into account the shear effect. Good agreement between calculated and
experimentally measured “°Ra concentrations has been achieved. The
source term, which was unknown, has been investigated and found to be
comparable to that of other fertilizer plants.

1 INTRODUCTION

The radiological impact in rivers due to releases from phosphate fertilizer

plants is well established (Paul et al., 1980; Kobal et al., 1990; Koster

et al., 1991). Recently, it has been found (Periafiez & Garcia-Leon, 1993)

that anomalous ?*Ra activities were present in waters collected at the

Odiel River (which is located in south-west Spain; see Fig. 1), where two
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FERTILIZER
COMPLE X

Fig. 1. Map of the Odiel River and its location in Spain. The rectangular box is the grid that
has been used in the model.

fertilizer plants release their wastes. The zone under study is an estuarine
system, so it is affected by tidal oscillations.

Two sampling campaigns were performed; one during July 1990 (dry
season) and the other one during March 1991 (wet season). Two water
samples were collected from each sampling station; one during high water
and the other during low water. The experimental results obtained from this
work allowed the authors to confirm the radiological impact of the fertilizer
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complex in the river. Furthermore, they directed the authors to consider in
more detail the influence of tidal oscillations and weather conditions on the
activity concentrations in the river, as well as the magnitude of the activity
input from the fertilizer complex, which is not known.

In this paper a numerical model is developed to simulate the tide and
wind induced dispersion of a conservative substance in the Odiel river.
This model has been applied to study **Ra dispersion in this environment
and it has been shown to be able to reproduce the experimental data.
Consequently, it could be used to predict the radiological impact in the
river from a known amount of activity discharged in the water.

As mentioned before, 2*°Ra is treated as a conservative substance. This
assumption is realistic since in the estuarine system studied here, up to
90% (Periafiez et al., 1994) of the **°Ra activity per litre of water is in
dissolved form. Thus, ionic exchanges between dissolved and suspended
matter can be neglected as a first approach. This effect has also been
found in other estuaries; for instance, in Winyah Bay estuary up to 80% of
the **°Ra activity is in dissolved form (Elsinger & Moore, 1980).

Two transport mechanisms must be considered to study radionuclide
dispersion in an aquatic environment: diffusion and advection. The
problem of dispersion is treated here by solving the hydrodynamic equa-
tions with appropriate choices for boundary conditions and other factors.
The advection term is obtained from the velocity field that results from the
hydrodynamic equations and the diffusion term is formulated to include
the shear effect. This conceptual model is presented in Section 2.

In Section 3 a numerical model is presented. Based on a study of
numerical dispersion and a stability condition, the authors have estab-
lished the temporal and spatial scales for the model and defined a grid
covering that part of the Odiel River under study. The boundary condi-
tions used for the hydrodynamic and dispersion model are also defined.

The results are presented in Section 4. The source term is not known, so
the authors have looked for one which produces the best agreement
between observed and calculated ***Ra concentrations. The inferred
source term has been found to be comparable to those of other fertilizer
plants, as given in current literature.

Finally, some sensitivity tests have been performed in order to study the
model response to variations in diffusion coefficients, boundary condi-
tions and source term magnitude. These are presented in Section 5.

2 CONCEPTUAL MODEL

The hydrodynamic equations for vertically averaged motion can be writ-
ten as (Pugh, 1987):
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where u and v are the depth averaged water velocities along the x and y
axes respectively, D is the depth of water below the mean sea level and z is
the displacement of the water level from the mean; g is the gravitational
constant, €2 is the Coriolis parameter and K is the bed friction coefficient.
The value of € is Q = 2wsen A, where w is the earth’s rotational angular
velocity and 4 is the latitude. Typical values of K range from 0-0015 to
0-0025 (Pugh, 1987).

The last term is the response to wind stress: p, and p,, are the air and
water densities, W the wind velocity, 8 the direction to which the wind
blows measured anticlockwise from east and Cp is a dimensionless drag
coefficient. An acceptable value for Cp, (Pugh, 1987) is given by:

Cp = (0-63 + 0-066W)1073

for 25 < W < 21, with W measured in ms™', 10 m above the sea surface.

The response to atmospheric pressure has been included in the model.
For a variation AP about the mean atmospheric pressure over the water,
the mean sea level of water will change according to:

ap
Pw8

AD = “4)

This response is called the inverted barometer effect (Pugh, 1987). We
include neither spatial gradients in atmospheric pressure nor mobile
atmospheric heads because of the small dimensions of our estuarine site
(about 4 km length).

Once the hydrodynamic equations have been solved, the next step is to
treat the problem of dispersion of a conservative substance. The
advective—diffusion equation for an incompressible flow in two dimen-
sions can be written as (Prandle, 1984):
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where C is the depth averaged concentration which depends on the
instantaneous water level, H = D + z. Second and third terms represent
advective transport and the last term represents diffusion. K, and K, are
the diffusion coefficients along the x and y directions, respectively. In
order to take into account the shear effect, the diffusion coefficients have
been formulated as (Prandle, 1984):

A o
K, = Br|v|V u? + v?

where #; and f, are numerical factors to be calibrated for each specific
site.

3 THE NUMERICAL MODEL

A set of differential equations must be solved, so a spatial and temporal
discretization of the site will be carried out.

The spatial and temporal resolution of the model will be selected so as
to verify the Courant-Friederich-Lewy (C-F-L) criterion and to minimize
numerical dispersion.

The first condition establishes that

ax (7)
2gDIH

where D, is the maximum water depth of the river.

However, the hypothesis of instantaneous and homogeneous mixing in
each model compartment produces numerical dispersion. This effect is
equivalent to the addition of an amount K’ to the diffusion coefficient K
(Prandle, 1984), where

At <

K = %(qu — P Ar) (8)

The authors have chosen A7 = 6sand Ax = Ay = 100m. D,, is about 8§ m
for the studied estuarine site, so the C-F-L criterion is automatically
satisfied.

As a first estimate, f§; = f, = 1000s are taken, which are the values
found in current literature (Prandle, 1984). The magnitude of the velocities
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u and v are known from field data (work done by the Puerto Auténomo
de Huelva, 1989); so while levels are increasing and decreasing the abso-
lute values of the velocities are # ~ 0-11ms™" and v ~ 0-56ms'. With the
diffusion coefficients used, we obtain K, = 63 and K, = 320m’>s™'. On the
other hand, K/, = 54 and K, =27m?s™', so that K’ is 8% of K. When
u=yv=0then K, = K, = K, = K, = 0, so there is no diffusive transport.
Finally, if v~ 107 ms™" then K, =10 and K, = 0-05 m2s~' Tt s
concluded that numerical dispersion is greater than diffusive transport
only during a short time at high and low water, and that when it takes
place, its absolute value is very close to zero. Diffusive transport is
important only with high values for the velocities, but then numerical
dispersion is less than the diffusion coefficients, so the diffusive transport
can be calibrated.

The grid used in the model is shown in Fig. 2(a). It includes 456 cells,
each cell containing either water or land. The depth was taken from
marine charts and introduced as input data for each compartment.

A centred finite difference scheme was adopted to solve the hydro-
dynamic equations; the schematic representation is shown in Fig. 2(b). By
centring the bed friction term, an improved convergence of the hydro-
dynamic model is achieved (Prandle, 1984).

Still-water initial condittons (Prandle, 1974) were used in initializing the
model. This consists of taking z=u=v=0 for 1=0. So, before
discharging the contaminants, several tidal cycles must elapse in order to
ailow the model equations to reach a state in which the solutions of the
equations represent the system under study (the estuarine site).

Water elevations were specified along the southern border for each time
step. These elevations were obtained from the work performed by the
Puerto autonomo de Huelva (1989). The hydrodynamic model calibration
has been carried out with hydraulic and meteorological data from 4
October 1989 for a tidal coefficient of 75 (a tidal coefficient is a number
that is used to calculate the water level at high and low water with respect
to the lowest water level during an equinoctial spring tide) by comparing
the real velocities with the calculated ones and by studying the water
behaviour along the northern border (compared with data from tidal
tables). The model does not include the water contribution from the Odiel
river stream flow nor the marsh area (located at the west shore of the
river) flooding, since it occurs only in the case of extreme high tides. The
model has been developed to study low and medium tides. It represents
the most general case since during a normal month there are not more
than six or seven tides with a tidal coefficient higher than 90 over a total
number of 60 tidal cycles.

The boundary condition used in the hydrodynamic model involves



2% Ra dispersion in an estuarine system 165

Odiel river

1]

3000

2000

1000

a 1000

vix,y)

e

side 1 side 2

z(x,y)

—p . L——D

u{x-1y) Clix,Y) ulx,y) X

} oo s

vix,y-1)

Fig. 2. (a) The grid used in the numerical model; white cells represent water and the black

ones land. The crosses (x) are the points at which samples were collected to measure 2°Ra

concentrations. The grid lengths are Ax = Ay = 100 m. (b) The centring scheme used to
solve equations.
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making the water displacement z in row y = 38 (north boundary) equal to
that of row y = 37. This is known as a radiation condition.

To solve the dispersion equation, the following finite difference techni-
que was used (see Fig. 2(b) for graphical illustrations):

AxAy[H"(x,y)C7(x,y) ~ H(x, p)C(x,y)] = AyHju(x — 1,)
[nC(x ~1,y) + (1 — n)C(x, )| At

Clx - 1,y) = C(x,y)
Ax

where * indicates the value to be calculated at the new time step and H, is
the water depth in the centre of side 1 of compartment (x, y). The differ-
ence in the content of particles (***Ra radionuclides) in compartment
(x, y) is written as the sum of the transport (advective + diffusive) of
particles through each side of the compartment. The transport through
sides 2, 3 and 4 has been omitted for simplification. n; and x| are used in
the following way: if side 1 is land, then #) is zero so as to avoid diffusive
transport through that side; in any other case n} = 1. On the other hand,
we have:

)

+ m AyK,(x — 1, p)H, At + ...

m=1lifux—1,y)>0
m=0ifux—-1,y)<0

so the advective flux of particles is always in the same direction as the
velocity.

In the dispersion model, boundary conditions must be specified in both
the southern and northern borders. In the northern border, concentrations
in row y = 38 were made equal to concentrations in row y = 37. This
condition is equivalent to that used in the hydrodynamic model. In the
southern border, the boundary conditions are the following:

C, =0-98C, for all v(x,1) <0
C, = 1.02C, for all v(x,1) >0

So, when water is leaving the grid, we simulate the decay of activity
concentrations. On the other hand, when water enters the grid, the multi-
plicative factor 1-02 produces an increase of concentrations because of the
input of contaminated water.

The dispersion model for **°Ra in the Odiel river was tested by balan-
cing at each time step the number of particles in the system. Thus, for each
time step the particle number inside the grid and those which leave or
enter the southern and northern borders are counted. The total number of
particles counted in such a manner should be equal to the particles which
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entered the grid from the source. In a simulation over six tidal cycles with
a time step of 6s, the difference in the number of particles is always less
than 1%. This can be confidently attributed to the inherent precision of
calculations.

4 RESULTS: WATER CIRCULATION AND ??°Ra DISPERSION

Some different runs have been performed in order to calibrate the hydro-
dynamic model against field data and literature information. Following
this process, the final value of K was selected as K = 0-0025.

In Fig. 3 we can see a map of velocities and elevations in the grid when
the water level is increasing and decreasing. As is shown in Fig. 3, the
water moves along the y-axis. The x-component of the velocity is very
small, so there is no important transversal water movement. Figure 4
shows the time evolution of the elevation and velocity of water in two
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Fig. 3. Velocities and elevation maps: (a) when the water level is increasing (the step between
continuous lines is 3 mm, starting with 0-041 m in the southern border); (b) when the water
level is decreasing (the step is S mm starting with 0-969 m).
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Fig. 4. Time evolution of (a) water elevations and (b) velocities along the y-axis in a
compartment near the southern border (continuous line) and in a compartment in the
middle of the grid (dotted line). The time is expressed in minutes, elevations in metres and
velocities in metres per second. The differences in elevations are a few centimetres, so
elevations for both compartments are represented by the same curve.

compartments of the model during several tidal cycles. Calculated velo-
cities are similar but not equal to those experimentally obtained. Indeed,
maximum and minimum water velocities in the southern border are 0-48
and —0-66ms™', respectively, while the calculated values are 0-38 and
—0-51 ms~'. However, we must take into account that we have calculated
depth averaged velocities (#) and the experimental data are surface velo-
cities (u,). The relationship between them (Pugh, 1987) is:

U = ol

where the experimentally measured values of a range from 0-83 to 0-88.
Thus, by taking o = 0-84, the calculated surface velocities are 0-45 and
—0-61 ms™', which are very close to the experimental results. As can be
seen in Fig. 4, water elevations are practically the same ail along the grid,
which corresponds to the real situation since, as seen in tidal tables, the
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differences in water elevations are a few centimetres along the grid length.
So, the hydrodynamic model results can be considered representative of
the site in a situation of medium tides.

Once the hydrodynamic model has been calibrated, the dispersion
equation is included.

In Fig. 2(a) (grid covering the Odiel river), sampling stations are marked
with an X. The sample in compartment (7,23) was collected in the outlet of
one of the fertilizer factories and a peak of activity was measured there.
Such a compartment will act as the source of activity to the Odiel River.

After some runs, it was observed that no important changes in activity
concentrations occurred when the parameters f, and f, were slightly
varied (see Section 5). So, the authors took f; = f, = 1000s, as is given in
the literature (Prandle, 1984).

As an example, we can see in Fig. 5 the time evolution of an instanta-
neous discharge of activity at compartment (7,23) during a tidal cycle.
Four photographs were taken, with an interval of 3h between each. The
contamination pulse follows the water movement upstream and down-
stream through the effects of tidal oscillations and diffusive transport. The
major part of the activity always remains in the grid, which means that it
was appropriately chosen.

As mentioned in Section 1, samples were collected during high and low
water for each sampling campaign. The results for each campaign will be
discussed separately.

During the campaign of 1990, the high water samples were collected at
about 14:00h of 19 July 1990, while the low water samples were collected
at about 08:30 h of 20 July 1990. In the first case, the wind blew from the
north-west with a velocity of 4-1 ms™' and the atmospheric pressure was
1010-8 HPa. In the second case the wind was calm and atmospheric pres-
sure was 1012-9 HPa. The tidal coefficients were 62 in the first case and 68
in the second case. Thus, the real situation was under conditions for which
the hydrodynamical model has been calibrated.

In Fig. 6 results corresponding to the year 1990 are shown. The points
represent experimental results and the continuous line the calculated
activity concentrations. To plot the calculated activities a longitudinal
section of the river was studied according to the locations where samples
were collected. To reproduce experimental data a simulation over six tidal
cycles was performed. Activity input began in cycle no.3 with an input
rate of 2-13 x 10°Bq per time step. This input lasted 3-3h. A second
activity input began in cycle no. 6 and lasted 9h; the input rate was now
1-35 x 10* Bq per time step. High water activity concentrations were
obtained from cycle no. 5, while the low water ones were from cycle no. 6.
Thus we reproduce the sampling campaign conditions. Indeed, high and
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3h 6 h
High water vi

9 h
Low water

Fig. 5. Time evolution of an instantaneous activity input in the compartment marked with
an asterisk. The input was performed at the beginning of a tidal cycle, when water is at the
mean level, and the time interval between each map is 3 h.
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low water samples were collected with a time difference of 18 h between
them.

The initial conditions used in the dispersion model consisted of taking
C = 0in the grid, but in the Odiel River there is an important background of
226Ra activity. The first activity input is higher than the second one because it
is used to create that background. Thus, before the second activity input we
must allow the first one to be distributed along the river, so two tidal cycles
are elapsed between them. A sensitivity test has been performed in order to
demonstrate that this method of creating a background is not influential on
the results. This will be discussed in the next section.

The input rates were changed until the model reproduced the experi-
mental data. As can be seen in Fig. 6, the agreement is rather good with
the exception of the activity peak. The real peak is more intense than the
calculated one. This is due to the fact that this sample was collected just in
the effluent of one of the fertilizer factories. Thus, the activity should be
very high. On the other hand, we are assuming instantaneous homo-
genization in each compartment. Consequently, the calculated activity
concentration in the source point must be lower than the real one.

The activity concentration differences between both tides are clear from
Fig. 6. They are due not only to the input of non-contaminated water
from the sea, but also to a non-constant activity input from the source.

The magnitude of the input rate has been evaluated in order to show it
is comparable to that of other fertilizer factories. An average input rate of
3036 Bqs~' was used. This number seems too high. However, it corre-
sponds to an input of 9-5 x 10" Bg/year and it has been estimated (Van
der Heijde er al., 1988) that 1-6 x 10'* Bq of ***Ra are annually discharged
in the Nieuwe Waterweg (Netherlands) from fertilizer processing.

The high water samples corresponding to the 1991 sampling campaign
were collected at about 13:00h of 5 March 1991 with an atmosphere
pressure of 1007 HPa and a north-west wind speed of 6ms'. The low
water samples were collected one week later, at about 12:00h of 12 March
1991. The atmospheric pressure was 1006 HPa and wind speed (north-
west) was 7ms .

1991 results are presented in Fig. 7. The samples from high and low water
were collected with a period of a week between them due to technical
problems. So the non-constant input rate from the source is now very
important. To ensure that the concentrations in high and low water are not
related, several tidal cycles were introduced between them during the simu-
lation. For both low and high water activity concentrations, activity inputs
were done in the same way: short discharges during high water were used and
the input rates were 1-52 x 10" and 6-07 x 10° Bq per time step, respectively.
Activity concentrations were obtained three tidal cycles after the discharge.
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Fig. 6. Model results for the 1990 sampling campaign; experimental results are also shown
(white circles). The x-axis corresponds to the position in the grid (see Fig. 2).

As can be seen in Fig. 7, the **Ra behaviour during the 1991 sampling
campaign is well reproduced with the selected source.

It is interesting to note that the weather conditions have not been
included in the hydrodynamical model. In spite of that, both the 1990 (dry
season) and 1991 (wet season) experimental results are adequately repro-
duced. The weather conditions obviously affect the stream flow in the
Odiel river. In fact, during 1990 the stream flow was around 4m?>s™' while
in 1991 it ranges from 25 to 50m>s™'. Therefore, the model seems to be
valid for most of the weather conditions and one can conclude that the
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Fig. 7. As for Fig. 6 but for the 1991 sampling campaign.

225Ra activity concentrations along the Odiel River are essentially influ-
enced by the source term. It is probable that in the case of heavy rainfalls,
when stream flows can reach very high values, weather conditions can be
significant and this model should not be used.

5 SENSITIVITY TESTS

Some sensitivity tests have been performed in order to study the model
response to changes in source term, boundary conditions and diffusion
coefficients. These tests were done only for the 1990 simulation.
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First, the authors studied to what extent variation of the number of
particles (Bq) introduced in the river per time step affects the activity
concentrations. This is shown in Fig. 8. It can be seen that by increasing
the input rates by a factor of two, concentrations which are far too high
occur, especially during low water. On the other hand, if the input rates
are halved, activity concentrations are too low. Nevertheless, the shape of
the distributions is the same in all cases.
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e, _\.’- .
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High water
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mBq/t
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Fig. 8. Sensitivity test to study the model response to a different input rate: (1) results with
double input rates and (2) results when they are half the ones used in this study (see text).
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Fig. 9. Model response to variations in boundary conditions in the southern border.
(D: Cr=11Gifvy=1)>0and C, =09C, if v(y =1) < 0.(2): C, = C».

The response to changes in boundary conditions is show in Fig. 9. As can
be seen, concentrations upstream are not affected by downstream boundary
conditions. If we make the concentrations in row 1 proportional to 1-1 or 0-9
(depending on water velocity direction) times the concentrations in row
y = 2, the calculated concentrations are higher than the measured ones.
Thus, these conditions have not been used. In the other two cases, results are
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Fig. 10. Responses to changes in §, and f,. (1): p, =1100 and B, = 2000s. (2):
B, = B, =500s.

very similar. The authors have chosen 1-02 and 0-98 as proportional factors
instead of 1 because the 1991 results are better reproduced.

In Fig. 10 we can see that there is no clear difference in the results if
changes in diffusion coefficients (8, and f8,) are realized. So, the diffusion
coefficients used in the model are those found in current literature.

As mentioned in the previous section, a sensitivity test has been carried
out by changing the duration of the first activity input (used to create the
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Fig. 11. Model results when the activity background was created in 3-3h and when it was in
9h (1).

226Ra background): the same activity is discharged during 9h instead of

3-3h. The result can be seen in Fig. 11: there are no important changes in
the activity profiles.

6 CONCLUSIONS

A numerical model for the tide and wind induced dispersion of a conser-
vative substance has been developed. It has been applied to ***Ra disper-
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sion in an estuarine system of the south-west of Spain affected by fertilizer
production (Odiel River). The model is based on the resolution of the
hydrodynamic equations considering advection and diffusion as the
transport mechanisms.

The hydrodynamic model has been calibrated against literature and
field data and it is useful under most conditions: medium and low tides
without torrential rains. The selected grid size has shown to be acceptable
to study the dispersion of the 2?°Ra released by the fertilizer plant.

The model has been shown to be able to reproduce experimental results
in 2°Ra concentrations and has allowed the authors to investigate the
magnitude of the activity input from the fertilizer plant, which was not
previously known. It has been found that the magnitude of this input is
comparable to that from a similar European fertilizer plant. The model
has shown that activity concentration differences are mainly due to
different source terms.
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