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ABSTRACT 

The Odiel river, in southwest Spain, forms an estuarine system which is 

ujfected by waste disposal from a fertilizer complex. Uranium and thorium 

concentrations in waters and suspended matter, activity ratios and distribution 

coefficients, kd, have been measured along the river during two different tidal 

states. The results have shown that a radioactive impact is being delivered to 

the river, as well as a signtjiicant variability depending on the sampling point 

and the tidal state. Thus, a quantitative study of the distribution of radio- 

nuclides can be carried out best bq’ means of a mathematical model. The model 

includes the partition of radiotracers between four phases (water, suspended 

matter and two sedimentfractions) and has been designedfor non-equilibrium 

conditions. Thus, radiotracer transfers are described in terms of kinetic 

transfer coefficients instead of kds. The model simultaneously solves the 

hydrodynamic equations, the suspended matter equation (including depostion 

and resuspension processes) and the equations which describe the time evolu- 

tion of radionuclide concentrations in each one of the four phases. The model 

has yielded good results in predicting U and Th concentrations in water and 
suspended matter, distribution coefficients and ThjU mass ratios. o 1997 

Published by Elsevier Science Limited. All rights reserved 

1 INTRODUCTION 

The Odiel river is located in the southwest of Spain. At its lowest reaches, 
it forms a tidal estuarine system which discharges into the Atlantic Ocean. 
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The estuary is close to a large industrial area in which a phosphate ferti- 
lizer processing complex operates. This complex processes around 1.6 MT 
of phosphate rock per year from Morocco, Senegal and Togo. Part of the 
waste is released directly into the Odiel river. 

It is well known (Van der Heijde et al., 1988; Laiche & Scott, 1991) that 
such wastes contain significant amounts of natural radionuclides: U, Th, 
Ra and their daughters. The presence of 226Ra and 224Ra in water and 
suspended matter samples collected from the Odiel river has already been 
investigated (Periafiez & Garcia-Leon, 1993; Periaiiez et al., 1994a). These 
studies have revealed that a radioactive impact is being delivered to the 
river since, for instance, levels up to 670mBq 1-l of 226Ra have been 
measured in a water sample collected close to the fertilizer complex. 

Although there are data on the U- and Th-isotope content in the Odiel 
river water and suspended matter (Martinez-Aguirre et al., 1994a), a more 
detailed study is reported in this paper. The objective of this work is to 
understand the U and Th dispersion mechanisms in dynamic aquatic 
systems, including the distribution between the solid and liquid phases as well 
as the effect of tidal oscillations. Thus, water samples were collected along the 
Odiel river at two different tidal states (high and low water) and the U- and 
Th-isotope contents in water and suspended matter were measured. The 
distribution coefficients kd were also calculated. A qualitative description of 
the results is not straightforward as there is significant variability in activity 
concentrations and kd, depending upon the sampling point and the tidal 
state. This is a logical result since we are dealing with an open system in 
which some different effects are taking place at the same time: non-constant 
input from the source, adsorption of radionuclides on to suspended matter 
and bottom sedimens, desorption, and water and suspended matter move- 
ments due to tides. Thus, a quantitative understanding of the U and Th 
dispersion can be achieved best by means of mathematical models. 

A two-dimensional model, that includes the transfer processes between 
four phases (water, suspended matter and two grain size fractions of 
bottom sediments), has been applied to the Odiel river. The model simul- 
taneously solves the hydrodynamic equations, the suspended matter 
dynamic equation (including the resuspension and deposition processes) 
and the equations that describe the time evolution of radionuclide 
concentrations into each of the four phases. Although the model has been 
previously applied to study the dispersion of 226Ra in the Odiel river 
(Periaiiez et al., 1996a), there are two main objectives in applying it to U 
and Th: to achieve a quantitative understanding of the experimental 
results and to provide extra validation of the model, that is, to validate the 
model for elements with very different geochemical behaviours, such as U 
and Th. 
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In the next section, the sampling and experimental methods are descri- 
bed. Next, the experimental results are discussed. The modelling work is 
described in Section 4. 

2 EXPERIMENTAL 

Water samples were collected in plastic bottles along the Odiel river basin 
(see Fig. 1) during July 1990. Two samples were collected from each 
sampling station: one during high water and the other during low water so 
as to study the influence of tidal oscillations on the results. The water was 
filtered as soon as possible through previously weighed Nuclepore filters 
(0.4pm pore size) to separate the suspended matter. The filter was then 
dried and weighed to calculate the mass of recovered matter. Typical 
suspended matter concentrations in the Odiel river ranged from 24 to 
50ppm, depending on the sampling point and the tidal state during 
sampling. The filter was then covered with HCI and introduced into an 
ultrasonic bath for half an hour, during which, the suspended matter was 
separated from the filter and dissolved. The filter was then washed with 

Fig, 1. Map of the Odiel river showing the sampling points. The rectangular box is the grid 
used in the model. 
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HNOs which was added to the HCI to form aqua regia. This solution was 
slowly heated to dissolve all remaining particles. 

Uranium-232 and 229Th spikes and Fe carrier were added to the filtered 
water and to the solution obtained after the dissolution of suspended 
matter particles. Precipitation of Fe with oxyhydroxides with concentrated 
amonium then followed. 

Uranium- and Th-isotopes were extracted from the precipitates by using 
anion exchange resins (DOWEX AGlX8, HCl form) and electroplated on 
to stainless steel planchets. Activities were measured with Si ion-implanted 
detector alpha spectrometry. Details of the radiochemical and measure- 
ment methods can be found in Martinez-Aguirre (1991). 

3 EXPERIMENTAL RESULTS 

Water samples are denoted by ‘0’ and suspended matter samples by ‘SO’. 
The numbers given to each sample identify the sampling stations (see 
Fig. l), which are distributed along the low reaches of the river, close to 
the fertilizer complex. Station 1 is, however, far upstream of this area. As 
it is not believed to be affected by tidal oscillations, only one sample was 
collected there. 

The results for low and high water suspended matter samples are 
presented in Tables 1 and 2, respectively. In the case of the low water 
samples, there is a high concentration peak at station S04, for both U and 
Th, revealing the presence of a local source of activity. Up to 86 and 
116 pg g-r of U and Th, respectively, have been measured in this sample, 
values which are much higher than those previously found for suspended 
matter samples collected from other rivers. Indeed, U concentrations 
ranging from 1.8 to 2.4 pg gg’ have been detected in the Amazon and 
Mississippi rivers (Moore, 1967). On the other hand, Th concentrations in 
these rivers range from some 8 to lOpgg_’ (Moore, 1967). In some Japa- 
nese rivers, Th concentrations range from some 2.2 to 6.7 pg g-’ (Miyake 
et al., 1973). Thus, it seems clear that samples SO4 and S05, collected 
close to the fertilizer complex, are affected by the waste disposal from the 
complex. 

In the case of the high water suspended matter samples, the distribution 
of Th and U is different. The maximum Th concentration is 0.7pgg-‘, 
and there is a general homogenization of concentration levels. This could 
be due to tidal mixing, input of non-contaminated suspended matter from 
the sea and a non-constant input of contaminants from the source (the 
fertilizer complex). On the other hand, U concentrations are also lower 
than during low water, although there is still an important peak in sample 
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TABLE 1 
Concentrations of U and Th (pgg-‘) for the Suspended Matter Samples Collected During 

Low Water, and Activity Ratios 

Sample fU1 [Th/ 234 Ui23R U 230Th/232Th ThjU 

so1 l.lOztO.24 1.2 It 0.3 

so2 1.08 f 0.13 0.07 It 0.04 1.27 f 0.14 7*4 0.06 i 0.04 
so3 2.03 i 0.24 0.11 f0.05 1.39zto.17 9f4 0.05 xt 0.03 
so4 86 It 10 116&6 0.98 f 0.05 5.28 z!z 0.13 1.35f0.17 
so5 25.3 zt 1.3 31 f3 1 .OO f 0.07 6.1 f 0.7 1.22zto.13 
SO6 13.4 f 1.5 0.052 zt 0.024 1.07 f 0.17 2.4 & 1.4 (3.9 + 1.8) x 1O-3 
so7 19.1 It 1.7 1.06 zt 0.06 

Errors are la. 

TABLE 2 
Concentrations of U and Th (pg g-‘) for the Suspended Matter Samples Collected During 

High Water, and Activity Ratios 

Sample 

so1 
so2 
so3 
so4 

so5 
SO6 
so7 

l.lOztO.24 

3.9 * 0.5 
2.8 f 0.3 

9.ozt 1.0 

69 i 3 
1.6 IIZ 0.4 
2.4 zk 0.4 

F”hl 

0.12 f 0.07 
0.19 zt 0.07 

0.27 f 0.13 

0.06 f 0.04 
0.7 * 0.2 

234u1238u 230Th/232Th ThjU 

1.2zlco.3 
1.12 f 0.16 13f8 0.031 f 0.018 
1.09 f 0.10 3.2 f 1.4 0.07 * 0.03 

1.24f0.10 1719 0.030 zt 0.015 
1.04 * 0.07 

0.9 k 0.3 8f5 0.04 f 0.03 
0.91 f 0.17 5.1 * 1.9 0.29 k 0.10 

Errors are la. 

S05, which is close to the fertilizer complex. This effect has already been 
observed for 226Ra (Periafiez et al., 1994a). 

In general, 234U/238U activity ratios are compatible with the existence of 
secular equilibrium in samples in which high U concentrations have been 
detected. This is not a typical feature of rivers, but it is typical of the 
minerals used for fertilizer production (Martinez-Aguirre et al., 1994a). 
The secular equilibrium found suggests an external origin for the suspen- 
ded matter particles, which must be the fertilizer complex. 

The 230Th/232Th activity ratios are higher than 1 all along the river for 
both high and low water suspended matter samples. This reveals the high 
contamination by members of the 238U radioactive chain. 

The existence of an external source of activity is confirmed from the Th/ 
U mass ratios. Since U is considerably more soluble than Th, it is often 
found in deficit with respect to Th in the solid surface environment. Thus, 
suspended matter in unperturbed rivers usually has ThjU mass ratios 
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above 1. This is not the case with the Odiel river. It can be seen, in Tables 
1 and 2, that, with the exception of samples SO4 and SO5 in low water, 
the Th/U mass ratios are below 1. This confirms the existence of an 
external source of U contaminated particles to the river. The exceptions 
mentioned above show ratios above 1, values which are typical of unper- 
turbed rivers’ suspended particles (although they are the most contami- 
nated samples). These results will be discussed further, with the help of the 
mathematical model. 

The results for the water samples are presented in Table 3. Unfortu- 
nately, only the low water samples could be measured (due to technical 
problems in the laboratory). Sample 01 shows an anomalously high U 
concentration with respect to the rest of the data. The very low pH of the 
water, 2.86 (Periaiiez & Garcia-Leon, 1993) due to local geology condi- 
tions (Martinez-Aguirre et al., 1994b), accounts for the enhanced U 
concentration. The acid waters around station 1 provoke a dissolution of 
U from the solid phase (suspended matter and bottom sediments) to the 
liquid phase. This effect has also been observed for Ra-isotopes (Periaiiez 
& Garcia-Leon, 1993). The pH of waters downstream from station 01 
ranges from 6.3 to 7.6; thus, this effect does not take place (Periaiiez & 
Garcia-Leon, 1993). High U concentrations are also observed all along the 
studied area with a peak around sample 04, close to the complex. Indeed, 
U concentrations in river water range from some 0.02 pgll’ in the 
Amazon river (Bertine et al., 1970) to some 3.5 pgll’ in the Nahe river 
(Mangini et al., 1979). Similar values were found in some Indian rivers 
(Bhat & Krishnaswamy, 1969). Thus, it seems that an input of U- 
contaminated water is taking place around the sampling station 04. This 
input is again probably related to the operation of the fertilizer complex. 

In the case of Th, concentrations at least one order of magnitude higher 

TABLE 3 
Concentrations of U and Th in Water Samples (pgl-‘) Collected During Low Water, and 

Activity Ratios 

Sample [VI [Th/ 234 v38 u 230 Th/232 Th Thl U 

01 7.5 f 0.3 1.89 f 0.03 
02 2.85 f 0.16 0.102 f 0.018 1.09 & 0.05 7.9 f 1.4 0.014 f 0.003 
03 3.09 f 0.18 0.147 f 0.020 1.02 f 0.04 7.5 f 1 .o 0.048 & 0.007 
04 6.9 & 0.4 8.4 f. 1.0 1 .oo f 0.05 5.4 * 0.02 1.22f0.16 
05 5.3 f 0.3 0.58 f 0.19 1.06f0.09 11 zt4 0.11 f0.04 
06 4.5 f 0.3 0.29 f 0.05 1.09 &O.ll 5.8 f 1.1 0.064 f 0.012 
07 4.98 zt 0.24 0.14 f 0.02 1.08 zt 0.04 7.4 f 1.2 0.028 f 0.004 

Errors are la. 
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than in other non-perturbed world rivers (Moore, 1967; Miyake et al., 

1973) have been detected. A high concentration peak (8.4pgl-‘) has been 
found in sample 04, probably related to the operation of the complex. 

The 234U/238U activity ratios are, in general, compatible with the exis- 
tence of secular equilibrium. This is not the typical disequilibrium 
observed in river waters (Scott, 1982) but is typical of the minerals used 
for fertilizer production. The high ratio observed in sample 01 must be 
due to the higher trend of 234U to be dissolved. The 230Th/232Th activity 
ratio is above unity all along the river, indicating greater contamination 
by radionuclides of the 238U radioactive chain. Finally, the ThjU mass 
ratio is, with the exception of sample 04, below unity. This is consistent 
with the trend of Th being associated with the solid phases in rivers. The 
exception must be, as in the case of suspended matter, related to the 
contaminants. This will be discussed later, with the help of modelling. 

kd distribution coefficients between suspended matter and water for 
238~ 232Th and 230Th are presented in Table 4. In the case of 238U, our 
results are in agreement with the values found in literature. Indeed, kd for 
U in coastal water can range from 0.2 to 5 lg-‘, the mean value being 
1 lg-’ (IAEA, 1985). The kds are very similar for both Th-isotopes, indi- 
cating that they are distributed between water and suspended matter in the 
same way. However, values below the range of variation which can be 
found in the literature (IAEA, 1985) have been obtained. Nevertheless, a 
clear conclusion of these results is the large kd variation between different 
sampling points (up to two orders of magnitude). This variation comes 
from the kd definition itself: it assumes an equilibrium situation for the 
exchanges between the solid and liquid phases. This situation is not always 
achieved when an in-situ measurement of kd is performed, especially in 
sites where the input into the system is changing with time (man-made 
pollution). Thus, when a kd measurement is carried out, an extensive 

TABLE 4 
Distribution Coefficients (1 g-‘) for the Low-water Samples 

Sample 238 
I/ 232Th 230Th 

01 0.15 zt 0.3 
02 0.38 zt 0.05 0.7 It 0.4 0.59 IO.17 
03 0.91 * 0.12 0.7 4 0.3 0.91 rt 0.17 
04 12.5 zt 1.6 13.8 f 1.8 13.3 Sr 1.6 
0.5 4.8 IIZ 0.4 531t 18 30f4 
06 3.0 f 0.4 0.2 * 0.1 0.07 xt 0.02 
07 3.8 zt 0.4 

Errors are lo 
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description of the sampling conditions (pH, temperature and salinity) 
should be made in order to interpret the result. In open dynamic systems, 
such as in an estuary, equilibrium conditions will probably never be 
reached. Thus, mathematical models designed for non-equlibrium condi- 
tions are important tools to study the dispersion of radionuclides in 
dynamic aquatic systems. 

4 THE MODELLING STUDY 

4.1 Model description 

The first models which were developed to study the dispersion of non- 
conservative radionuclides in aquatic systems were averaged box models 
in which the exchanges of radionuclides between the liquid and solid 
phases were described in terms of kd, assuming complete equilibrium in 
the system (Howorth and Eggleton, 1988; Abril & Garcia-Leon, 1993). 
However, in open systems where the input is changing with time (as in the 
case of man-made pollution) and when studying the dispersion of radio- 
nuclides in small coastal regions (such as estuaries), the equilibrium 
approach will not hold. This is due to the fact that, because of the high 
spatial and temporal resolutions that are imposed by the numerical 
scheme, the equilibrium will not be reached in each time step (Periafiez et 

al., 19966). In these cases, a kinetic approach is more appropriate. Thus, 
the equilibrium will be the dynamic balance between two opposite chemi- 
cal reactions (Nyffeler et al., 1984). The model developed to study the 
dspersion of radionuclides in the Odiel river estuary (which, of course, 
could be applied to any other site) makes use of this kinetic approach. The 
model is presented in detail in Periaiiez et al. (1996b); thus, only a brief 
description of the processes that are included will be given here. 

The system under study is divided into a number of grid cells or 
‘compartments’. Four phases or subcompartments are present in each 
grid cell, which are water, suspended matter and two sediment grain 
size fractions. In Fig. 2, a grid cell is shown. Radionuclides can be 
dissolved or associated with suspended matter. As tides produce a 
continuous movement of water, radionuclides in both phases will be 
transported from one grid cell to another by advective and diffusive 
processes. Only particles with a diameter 4 < 62.5 pm are considered to 
be present in the water column as suspended matter (Gurbutt et al., 

1987): larger particles will rapidly sink to the bottom. In sediments, we 
will consider two grain size fractions: particles with diameter 
4 < 62.5 ,um (small grain size fraction) and particles with 4 > 62.5 pm 
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advection 
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diffusion 

0 

0 

Fig. 2. Grid 

.# 
ce lame fractions 

cell in which the radionuclide transfer processes between the four phases are 

represented. 

(large grain size fraction). Only the small grain size fraction can be 
resuspended in the water column and incorporated into suspended 
matter. On the other hand, when suspended matter is desposited on the 
estuary bed, it will be incorporated into the small grain size fraction of 
the sediments. Thus, the deposition and resuspension processes produce 
an exchange of radionuclides between the suspended matter and the 
small grain size fraction of the sediment. The water is in contact with 
the other three phases; thus, adsorption and desorption reactions take 
place. These reactions are described in terms of kinetic transfer coeffi- 
cients. Finally, external sources of radionuclides (in dissolved and 
suspended phases) may exist in each grid cell. 

We will consider that the adsorption process (transfer from water to the 
solid phases) is governed by a coefficient kl and the inverse process 
(desorption towards the liquid phase) by a coefficient k2. 

The adsorption process is a surface phenomenon and will depend on the 
surface of particles per water volume unit into the grid cell. This quantity 
will be denoted the exchange surface. If we now consider only suspended 
matter as the solid phase (neglecting sediments), we have: 

kl = xl &> (1) 



290 R. PeriSez, A. Martinez-Aguirre 

where S, is the exchange surface for suspended matter. x1 has the dimen- 
sion of velocity and will be described as the exchange velocity, which 
depends on the selected radionuclide and the water conditions (salinity, 
temperature and pH). As a first approach, assuming a step function for 
the grain size distribution of particles, it can be easily shown (Periaiiez 
et al., 1996b) that: 

&!? 
s 

PR’ (2) 

where yy1 is the suspended matter concentration in water, p the suspended 
matter particles density and R their mean radius. 

We must now consider that radionuclides will also be incorporated into 
bottom sediments by direct adsorption. The water-sediment interface can 
be considered as a high m environment (Li et al., 1984). Thus, the total 
exchange surface will be S = S, + S,r + Stf, where S,r and Srr are the 
exchange surfaces for the small and the large grain size fractions of sedi- 
ments, respectively. It can be shown (Periafiez et al., 19966) that the global 
k, is: 

k, =x1 (3) 

where L is the average mixing depth (the distance until which the 
dissolved phase penetrates the sediment), f is the dry weight fraction of 
small particles in the sediment, R1 is the mean radius of the large grain 
size fraction particles, H is the height of the water column and $ and $’ 
are geometrical accessibility factors (one for each sediment fraction) 
which take into account that not all the mass of the sediment is in 
contact with water. 

Four equations are then obtained, which give the time evolution of 
specific activity into each phase, including all the above-mentioned 
processes. These equations can be seen in detail in Periaiiez et al. (19963) 
and a summary is presented in the Appendix. The equations have to be 
solved at each time step. Thus, the water column height, the water velocity 
and the suspended matter concentration must be known for each time step 
and for each grid cell since kl and the advective-diffusive transport have 
to be calculated. 

The water circulation is obtained from the shallow-water hydrodynamic 
equations, whose solutions give the instantaneous water displacement 
from the mean level due to tides and the water velocity for each grid cell. 
The equations include the convective terms, Coriolis term, bed friction, 
response to wind stress and response to changes in atmospheric pressure. 
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They can be seen in detail in, for instance, Pugh (1987) and Prandle 
(1984). A spatial and temporal discretization of the equations is carried 
out and a finite difference scheme is adopted to solve them. This numer- 
ical scheme can be seen in detail in Flather and Heaps (1975) and Flather 
(1994). Resolutions of the model (grid cells size and time step) are selected 
so as to satisfy a stability condition (Prandle, 1974) and to minimize 
numerical dispersion (Periafiez et al., 1994b). 

As stated above, not only the instanteneous water state, but also the 
suspended matter concentration, m, into each grid cell for each time step 
must be known. An advective-diffusive dispersion equation governs the 
horizontal movement of suspended matter. The vertical movement is 
governed by deposition and resuspension processes (Periafiez et al., 
1996~). These have been formulated in terms of critical deposition and 
resuspension 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 the water turbu- 
lence. 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 energy to lift particles from the sediments. To solve the suspended 
matter equation, the advective-diffusive dispersion equation must be 
written in terms of finite differences. This numerical scheme can be seen in 
Periaiiez et al. (19943). 

The resolution of the hydrodynamic equations to obtain the water 
circulation in the Odiel river and the resolution of the suspended matter 
equation to study the sedimentology of the same river can be seen, 
respectively, in Periafiez et al. (1994b,c). As an example, Fig. 3 illustrates 
the grid used to solve the equations, a map of water elevations and 
currents during the flood tide and a map of the averaged sedimentation 
rates. The model resolutions are: Ox = ny = 100 m, At = 6 s. 

Thus, for each time step and for each grid cell, the hydrodynamic 
equations must be solved to obtain the water elevations and velocities. 
Next, the suspended matter equation is solved to obtain the suspended 
matter concentration and the resuspension and deposition terms. Finally, 
the four equations that govern the time evolution of specific activity in 
each phase are solved. 

4.2 Model results 

The parameters involved in the model used to simulate the dispersion of U 
and Th are those that were used to simulate the 226Ra dispersion, with the 
exception of the kinetic transfer coefficients. Of course, the mean radius of 
suspended matter, for instance, does not depend upon whether we are 
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dealing with Th, U or Ra. These parameters have been obtained from 
literature data and direct field measurements. They are the mean radius 
and density of suspended matter particles, bulk density of the sediment, 
mean radius of the large grain size fraction of sediment particles, mixing 
depth and the dry weight fraction of small particles within the mixing 
depth. These parameters are presented in Periafiez et al. (1996~). The 
geometrical accessibility factors were obtained from a calibration exercise 
(Perianez et al. 1996~). 

As the rate of change of activity in the sediment is slow, there are no 
significant changes during periods of several days (typical simulated 
times). Consequently, we use experimental values of U and Th concen- 
trations in sediments as initial conditions, instead of considering zero 
concentrations at t = 0. These experimental values have been obtained 
from Martinez-Aguirre et al. (1994b). 

Coefficients x1 and k2 were obtained, in the case of 226Ra, from labora- 
tory experiments (Periifiez, 1995). These experiments were carried out with 
unfiltered water of the Odiel river, in such a way that laboratory conditions 
were as close as possible to the natural conditions in the estuary. In 
previous work (Nyffeler et al., 1984), kinetic transfer coefficients were 
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measured for a wide set of elements. It was found that there was a very 
small variation in k2 (less than an order of magnitude) for elements that 
have a very different behaviour, such as Th, Sh, Hg, Pa, Zn, Sb, Cs, Se, Cd, 
Ba, Sr and Na. This small variation opens up the possibility (Nyffeler et al., 
1984) of estimating xi for elements without laboratory experiments. Thus, 
the x, of U and Th can be calculated using the kz of 226Ra and the kd of U 
and Th, since a relationship between kd, kz and x1 (Periafiez et al., 1996a) 
can be obtained. The value of kZ, from the laboratory experiments (Peria- 
iiez, 1995) is k2 = 8.17 x lop6 s-l. The mean value of the distribution 
coefficient of U has been obtained from IAEA (1985) since it is in agree- 
ment with measurements in the Odiel river (Table 4). In the case of Th, 
however, the mean kd has been calculated from Table 4 since results in the 
table are smaller than the mean value of the Th distribution coefficient 
(2000 1 g-l; IAEA, 1985). Then, for U, x1 = 1.06 x 1O-7 m s-l and for Th, 
x, = 1.46 x 10-6ms-1. The exchange velocity, x1, of Th is an order of 
magnitude larger than that of U, revealing the larger affinity of Th to be 
fixed to the solid phases. These exchange velocities, although perhaps not 
exact values, seem to be good estimates since the model produces, as will be 
seen, results in good agreement with the experimental data. 

The source terms of dissolved and particulate U and Th to the river 
were unknown (in both temporal sequence and magnitude). Thus, they 
were changed, by trial and error, until the model reproduced the experi- 
mental data. The source is located in compartment (7,23) since high peaks 
of U, Th (see Tables 1 and 3) and 226Ra (Periafiez & Garcia-Leon, 1993; 
Periaiiez et al., 1994a) were measured at this point. The results for U are 
presented in Fig. 4, for both low- and high-water samples. 

High- and low-water samples were collected with a time difference of 
18 h between them. Generally speaking, peaks should correspond with 
discharges performed shortly before or during sampling, while, when a flat 
distribution is measured, it should correspond with the background that 
remains in the river after the homogenization of discharges performed 
earlier than sampling. As the experimental data used to model the 226Ra 
dispersion were obtained from this same set of samples in which U and Th 
have been measured, the time sequence of the input must be the same as 
that for 226Ra. A first activity input began in tidal cycle 1 and lasted for 
3.3 h. High water concentrations were obtained two cycles later (cycle 3). 
A second input started in cycle 4 and lasted for 9 h. Low water concen- 
trations were obtained from this cycle. In this way, 18 h elapsed between 
the timepoints in which concentrations for high and low water are 
obtained. Thus, the sampling campaign conditions are reproduced. A 
more detailed discussion about the reasons for selecting this time sequence 
for the input rates can be seen in Periafiez et a/. (19946). 
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Fig. 4. Model results for U dispersion, for the (A) low- and (B) high-water samples. 
Uranium concentrations in water are given in pgl-’ and in suspended matter in pgg-’ 
Points are the measured concentrations and lines are the model results. The x-axis is the 

position in the grid. 

The first input rates were 1.4 x lo6 and 1.1 x lo2 mg of U per time step 
for the dissolved phase and suspended matter, respectively. For the second 
input, the input rates were 1.3 x lo6 and 1.0 x lo2 mg per time step for 
water and suspended matter, respectively. The ratio between the U 
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discharged in dissolved and particulate forms was obtained from a trial 
and error exercise. The first input is used to create the U background that 
exists in the river, although there are no discharges from the fertilizer 
plants. Meteorological conditions (wind speed and direction and atmo- 
spheric pressure) for the sampling date (Periaiiez et al., 1994b) were also 
introduced in the model. 

It can be seen in Fig. 4 that there is a good agreement between the 
computed and measured U-concentrations in both phases and in both low 
and high water samples. Unfortunately, computed U-concentrations for 
the dissolved phase high water samples could not be compared with 
experimental data. Nevertheless, the model result must be a good estimate 
of the U content in water during high water since the remainder of the 
experimental data are well reproduced and the ratio between the U 
discharged in water and suspended matter is the same for the two inputs. 
Because the rate of change of concentrations in sediments is slow, there 
are no significant changes during some tidal cycles and they are not 
included in this discussion. 

Measured and computed distribution coefficients for the low water 
samples can be seen in Fig. 5. The model reproduces the general behaviour 
of the kd along the river, giving a good agreement with the experimental 
data. Thus, the kd variability, between different points, commented on in 
Section 3, can be reproduced by the model. It seems that the description of 
the partition of radiotracers between solid and liquid phases in terms of 
the kinetic transfer coefficients and the exchange surface is adequate. 

The time sequence of the discharges of Th is, of course, the same as that 
for 226Ra and U. The first input rates (used to create the background) 
were 3.3 x lo4 and 2.6 x lo2 mg per time step for dissolved and suspended 
Th, respectively. For the second input, the input rates were 1.9 x lo4 and 
1.5 x lo2 mg per time step for water and suspended matter, respectively. 

The experimental and model results are presented in Fig. 6(A-C). The low 
water results are presented in different figures because, otherwise, the 
different scales would not permit an appreciation of the details. It can be 
seen that the general behaviour of Th is well reproduced by the model. It is 
interesting to note that the model is able to reproduce spatial variations of 
Th concentrations of three orders of magnitude (see Table l), which shows 
the goodness of our description. As in the case of U, the model results for the 
dissolved phase high water samples could not be compared with the experi- 
mental data. However, for the same reasons as in the case of U, the model 
result must be a good estimate of the Th content in water during high water. 

The computed kd for Th can be seen in Fig. 7. The general behaviour is 
again reproduced by the model. The ThjU mass ratios have also been 
investigated with our model. They are presented in Fig. 8(A-C). The 
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Fig. 5, Computed (line) and measured (points) distribution coeffkient (I g-‘) for U during 

low water. 

general behaviour of the Th/U mass ratios is well reproduced by the 
model in all cases. It was mentioned in Section 3 that the U excess with 
respect to Th in suspended matter indicates the existence of an external 
source of U contaminated particles to the river. There was, however, an 
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tions are given in pg 1-l and pg g-’ for water and suspended matter samples, respectively. 
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Fig. 6. Continued. 

exception (samples SO4 and SO5 which were the most contaminated). 
Indeed, more Th than U is discharged into the river, in both dissolved and 
suspended forms. From the second input rates (the first are not indicative 
because they are used just to create the background), it can be shown that, 
in solution, ThjU = 2.4, and in suspended matter, Th/U = 1.5. Thus, 
more Th than U is discharged and, as a consequence, there is an excess of 
Th in water and suspended matter near the source. However, there is an 



298 R. Peribiez, A. Martinez-Aguirre 

100 

80 

20 

1 I I I I I I 

exp. - 

model ..~_ 

,,-- 
>’ I ‘.\\ 

,/- Y_ 
I’ -._ 

_______.-._____-I 
--._________.----.-_ 

ok ” I I I I I I IA & 1 

0 5 10 15 20 25 30 35 40 
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excess of W in the rest of the river in both liquid and suspended phases. It 
seems clear that the dissolved Th that is released to the river is quickly 
fixed to solid particles, and these particles (together with the particles that 
are released from the source and are rich in Th) are deposited on the river 
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Fig. 8. Continued. 

bed near the source. In this way, a U excess would exist in the rest of the 
river, as confirmed by the experimental and the model results. This 
hypothesis is also supported by the fact that an excess of Th has been 
measured in sediments collected close to the fertilizer complex (Martinez- 
Aguirre et al., 19946). 

The sensitivity of the model to the different parameters, the way of 
creating the background and the magnitude of the source term have 
already been studied (Periafiez et al., 19943, 1996a,c). 
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5 CONCLUSIONS 

Uranium and Th concentrations have been measured in water and 
suspended matter samples in an estuarine system affected by waste dispo- 
sal from a fertilizer processing complex. Distribution coefficients have also 
been calculated. The results have shown a radioactive impact and a 
significant kd variability. In order to perform a quantitative study on the 
distribution of U and Th, as well as on the kd variability, a modelling 
study has been carried out. 

The model includes the partition of radiotracers between four phases, 
and this partition is based on a kinetic approach. The model solves the 
hydrodynamic equations, the suspended matter equations and the four 
equations that govern the time evolution of the radiotracer concentrations 
in each one of the four phases. 

The model results are in good agreement with the experimental data for 
both U and Th, and for both water and suspended matter samples. The kd 
variability is reproduced by the model, as well as the ThjU mass ratios. 
This shows the goodness of the description of the transfer processes, since 
good results are obtained for elements with a very different chemical 
behaviour (Ra, U, Th) by simply changing the value of a parameter: the 
exchange velocity. 
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APPENDIX 

Dissolved phase 

acL4 
---Z 

at 
-ki Cd j!$ + k2 C,m g + k2 (sed, + sedi) + (adv + dif), (Al) 

where Cd and C, are the radionuclide concentrations in water (mgmh3) 
and suspended matter (mgg-‘), respectively, m is the suspended matter 
concentration (mgl-‘) and H is the water column height. The time deri- 
vative must be interpreted as in a forward finite differences scheme. The * 
means that the corresponding quantity must be evaluated in the new time 
step. The first term represents the transfer of radionuclides from water to 
the three solid phases. Thus, kl is given by eqn (3). adv + dif represents 
advective plus diffusive transport of dissolved radionuclides from one grid 
cell to another. The third term is the transfer of radionuclides from the 
two fractions of sediments to water: 

sed 
s 

H* 

sed 
I 

(A21 

(A3) 

where a, and aI are the radionuclide concentrations in the small and the 
large grain size fraction of the sediments, respectively (mgg-*). The bulk 
density of the sediment, pm, is given in kgme3. 
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Suspended matter 

303 

acs 
at= m*H* kl x - k2Cs s + (res - dep) + (adv + dif). (-44) 

As the first term is the transfer of radionuclides from water to just 
suspended matter, kl is given by the first term of eqn (3). adv + dif is the 
advective plus diffusive transport of radionuclides in suspended matter. 
The second term is the transfer of radionuclides from suspended matter to 
water, and res and dep represent the resuspension and deposition proces- 
ses: 

vd C,m 
dep = - 

m*H* 

vrfiws 9 res = ___ 
m*H’ ( > 

-- I 103, 
VC, 

(A% 

where vd and v, are the mean deposition and resuspension velocities, vCd 
and v,, are the critical deposition and resuspension velocities and q is the 
water flux velocity. 

Both in the dissolved phase and in the suspended matter equations, the 
external sources of radionuclides must be included in the grid cells in 
which they exist. 

Sediments 

The equation for the small grain size fraction is: 

&I, CdH 

at= kl - 
P&f 

lo3 - kza,t,b + (dep - res). (A7) 

The first term is the transfer from water to the small fraction of the sedi- 
ment. Thus, kl is given by the second term of eqn (3). The second term is 
the transfer of radionuclides from the sediment to water and dep - res 
represents the transfers between the sediment and suspended matter 
(through deposition and resuspension): 

dep = (A@ 

vr a, ( > z-1 
res = 7 v,, . 

(A9) 
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The equation for the large grain size fraction of the sediment is: 

8 al 

at= (AlO) 

where the first term is the transfer of radionuclides from water to the 
sediment [kl is given by the third term of eqn (3)], and the second term 
represents the inverse process. 


