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ABSTRACT 

A 20 four-phase model to study the dispersion of non-conservative radio- 
nuclides in tidal waters, in conditions of disequilibrium for ionic exchanges, 
has been developed. At disequiIibrium conditions, ionic exchanges cannot be 
formulated using distribution coefficients kd. Thus, kinetic transfer coeffi- 
cients have been used. The model includes ionic exchanges among water 
and the solid phases (suspended matter and two grain size fractions of 
sediments), the deposition and resuspension of suspended matter and 
advective plus diffusive transport. In the second part of this work, which is 
presented in a separate paper, the model is applied to simulate 226Ra 
dispersion, discharged from a fertilizer processing plant, in an estuarine 
system in the south-west of Spain. 

1 INTRODUCTION 

The use of mathematical models to study the dispersion of radionuclides 
in aquatic systems has increased during the last few years. There are 

127 



128 R. PeriLiEez et al. 

some good models which successfully describe the dispersion of 
dissolved radionuclides in marine environments (see, for instance, Pran- 
dle, 1984). These models allow the study of the dispersion of conserva- 
tive radionuclides. However, every substance has some affinity to the 
suspended matter in the water column and to the bottom sediments. 
Thus, ionic exchanges among the phases (water, suspended matter, and 
sediments) must be taken into account in order to improve the model 
predictions when studying the dispersion of radionuclides in aquatic 
environments. 

The first models were annually averaged box models in which ionic 
exchanges among the above mentioned three phases were described by the 
distribution coefficient (kd). The water circulation was obtained by fitting 
the predictions of the model to observations when the dispersion of an 
‘almost’ conservative radionuclide was simulated (137Cs) (Kershaw et al., 
1988; Howorth & Eggleton, 1988). 

The model of Abril and Garcia-Leon (1993a, b) included ionic exchan- 
ges among four phases (water, suspended, matter, and two fractions of 
sediments) and the water circulation was calibrated by using salinity as a 
conservative tracer. The model worked with residual water circulation 
with a time step of 1.75 h, thus it was assumed that ionic exchanges had 
reached the equilibrium inside each time step and that they could be 
described by kd. 

Nevertheless, when studying the dispersion of non-conservative radio- 
nuclides in small coastal regions or estuaries, these models cannot be used. 
The reason is related to the fact that high spatial and temporal resolution 
is required. Thus, ionic exchanges do not reach equilibrium inside each 
time step and then the kd (which are deIined at equilibrium conditions) 
cannot be used. 

High temporal resolution is needed because of its relationship to the 
spatial resolution. As can be seen in, for instance, Prandle (1974), spatial 
and temporal resolutions must satisfy a stability condition (the Courant- 
Friederich-Lewy criterion). Moreover, in environments like estuaries the 
influence of tides in the dispersion of any contaminant is significant, since 
they produce a constant movement of waters and to study the effect of 
tides, high temporal resolution is required. 

In this paper, a model to simulate non-conservative radionuclide disper- 
sion in tidal waters (under non-equilibrium conditions for ionic exchanges) 
is presented. For each time step, the hydrodynamic equations are solved to 
obtain the instantaneous water state. Then the suspended matter dispersion 
equation, which contains the deposition and resuspension terms, both 
depending on the water state, is solved. Finally, ionic exchanges of radio- 
nuclides among four phases (water, suspended matter, and two grain frac- 
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tions of sediments) are included by using transfer coefficients instead of the 
kd, because they do not require an equilibrium state for the exchanges. 

The interest in studying radionuclide dispersion in coastal waters and 
estuaries is related to the fact that important human and industrial 
concentrations are often located beside those environments. The last may 
produce, through waste disposal, a radiological impact on the population. 

In the second part of this work (Periaiiez et al., 1996) the model is 
applied to study 226Ra dispersion in an estuary system in the south-west of 
Spain, in which a phosphate fertilizer plant releases its waste. Thus, high 
226Ra concentrations have been measured in waters (Periafiez & Garcia- 
Leon, 1993) suspended matter (Periaiiez et al., 1994a) and sediments 
(Martinez-Aguirre et al., 1994). 

In the next section we present the conceptual model. The hydrodynamic 
and suspended matter dynamic is briefly presented in Section 3 and the 
equations for the four phases in Section 4. In Section 5 the computational 
scheme is summarised. 

2 CONCEPTUAL MODEL 

The system under study is divided into a number of grid cells. Four phases 
are present inside each cell, which are water, suspended matter and two 
grain size fractions of sediments. 

In Fig. 1 a grid cell is presented. Inside it, the processes included in the 
model are shown. Radionuclides can be dissolved and associated with 
suspended matter. As tides produce a continuous movement of water, 
radionuclides in both phases will be transported from one cell to another 
by advection and diffusion. 

As is usual, we will consider that only particles with a diameter 
4 < 62.5 pm will be present in the water column as suspended matter. 
Larger particles will quickly sink to the bottom (Gurbutt et al., 1987). In 
sediments, we will consider two grain size fractions: particles with 
4 < 62.5pm (small grain fraction) and particles with 4 > 62.5pm (large 
grain fraction). Only the small grain size fraction of sediments can be 
resuspended into the water column and incorporated into suspended 
matter. On the other hand, when suspended matter is deposited on the 
estuary bed, it will be incorporated in the small grain size fraction of the 
sediment. Thus, the deposition and resuspension processes will produce an 
exchange of radionuclides between suspended matter and the small grain 
size fraction of sediments. 

The dissolved phase is in contact with the other three phases, thus ionic 
exchange takes place among them. The dissolved phase may penetrate 
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Fig. 1. Grid cell in which the radionuclides transfer processes among the four phases are 
presented. 

inside the sediment to a mean depth L, due to the sediment porosity. It is 
necessary to know the proportion of sediments of small and large grain 
size fractions inside this effective thickness L. This information is descri- 
bed by the parameter f, which gives the dry weight fraction of small 
particles in the sediment. But not all the sediments are in contact with the 
water, that is, not all the sediment mass of each fraction will participate in 
the ionic exchanges. This is due to geometrical reasons. Thus, two 
geometrical accessibility factors (one for each sediment fraction) are 
introduced. They will be estimated from a calibration exercise. Finally, 
external sources of radionuclides (in dissolved and suspended phases) may 
exist in each grid cell. 

The formulation of the ionic exchanges is presented in what follows. 
Consider a two-phase closed system. Let activities Ai and A2 be present in 
each one of them. The rate of flow of radionuclides (or any other 
substance) between phases is described by transfer coefficients. Thus, 
radionuclides will leave the phase at a rate which is proportional to the 
activity present in the phase, being the proportional factor the transfer 
coefficient. The equations for the time evolution of the activity in each 
phase are (see, for instance, Robertson, 1983): 

3Al - z 

dt 
-k,Al + kzA2 
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aA 
__ = klAl - k2A2 

at 
(2) 

ki and k2 being the transfer coefficients which link both phases. 
In a similar way, the transfer from water to the solid phases (suspended 

matter and the two fractions of sediments) is governed by a transfer coeffi- 
cient kl and the inverse process by a coefficient k2, as it is shown in Fig. 1. 

The process of transfer of radionuclides from water to the solid phases 
is a surface phenomenon, that is, it happens at the surface of particles. 
Consequently, it will depend on the amount of particles (suspended matter 
and sediments), or more explicitly, on the surface of particles per water 
volume unit in the grid cell. In what follows, we call such a ratio the 
exchange surface. The transfer to the solid phase will increase when the 
exchange surface in water increases since radionuclides, which are moving 
randomly through the water, will have a larger probability of colliding 
with particles of suspended matter. The transfer coefficient kl will be 
proportional to the exchange surface: 

where S, is the exchange surface for suspended matter. This is true if the 
surface density of charge in suspended matter particles is constant, since it 
governs ionic exchanges. As the dimensions of kl are [T]-’ and S, is 
surface per volume unit (dimensions [L]-‘), x1 has dimensions of [L][T]-‘, 
which is a velocity. This coefficient is then related to the molecular velo- 
city of the dissolved radionuclides, which at the same time is related to the 
temperature of the water. As a first approach, a step function, ranging 
from 0 to 60pm, has been assumed for the grain size distribution of 
suspended matter particles. Indeed, the mean radius for this distribution 
will not be very different from that obtained by using the real grain size 
spectrum. The exchange surface will be: 

m 4nR2 ,3” s, = ~ 
p$R3 PR 

where m is the suspended matter concentration, p the density of particles 
in suspension and R is the mean radius of such particles. As will be seen 
(Periafiez et al., 1996), it is possible to obtain xi and k2 from laboratory 
experiments. 

Some of the activity in water will be incorporated in 
sediments. The small grain size fraction sediment mass 
cell of surface dxdy is: 

both fractions of 
present in a grid 

Mf = dxdy-O,f$ (5) 
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where pm is the bulk density of sediment, L the effective thickness of the 
sediment and $ is the geometrical factor. It is introduced to take into 
account only the mass which is accessible to water. If we divide eqn (5) by 
the total water volume into the grid cell (dxdxH if H is the water column 
height) then we will have the concentration of small grain size sediments in 
the grid cell. By applying eqn (4), the exchange surface for the small grain 
size fraction of the sediment is: 

S =3Lf$ 
sf ~ 

RH 
(6) 

where the mean radius of particles is supposed to be the same for suspen- 
ded matter and for the small grain size fraction of sediments. 

In a similar way, the large grain size fraction mass into the grid cell is: 

M, = dxdyLp,(l -f)r,G’ (7) 

$’ being the geometrical accessibility factor for the large fraction of the 
sediment. Now, the exchange surface will be: 

& = 3L(l -f)$’ 
RtH 

if RI is the mean radius for the large grain size particles. The total exchange 
surface is S = S, + Ssf + Str and the transfer coefficient is written as: 

kl =x1 ( 3m 3Lf$ + 3L(l -f)$’ 
-+- 
pR RH RiH 

It is interesting to note that ki is proportional to the suspended matter 
concentration. Indeed, some laboratory experiments (Benes et al., 1992; 
Benes & Cernik, 1992) have shown that a direct relation exists among 
them. Equation (9) is the analytical form of such a relation. 

This is the conceptual model for transfer among phases. In the follow- 
ing sections we will present the equations which will describe the consid- 
ered processes. 

3 HYDRODYNAMICS AND SUSPENDED MATTER DYNAMICS 

The water circulation is obtained from the hydrodynamic equations, the 
solutions of which give the instantaneous water state (water displacement 
from the mean level due to tides and water velocity) for each grid cell. 
These equations include the advective terms, Coriolis term, bed friction, 
response to wind stress and response to changes in atmospheric pressure. 
The equations can be seen in detail in Periaiiez et al. (19946) and Pugh 
(1987). They are summarized in the Appendix. 
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As we have a set of partial differential equations with coefficients 
changing in time and space, there is no analytical solution. Thus, a 
temporal and spatial discretisation of the equations is carried out and a 
finite differences scheme is adopted to solve the equations, using forward 
differences in time and centred differences in space. The spatial and 
temporal resolutions of the model (grid cells size and time step) are selec- 
ted so as to satisfy a stability condition and to minimise numerical 
dispersion (Periaiiez et al., 1994b). 

A calibration was carried out, which consists of selecting the best value 
for the bed friction coefficient and the boundary conditions in such a way 
that the behaviour of water in conditions of neap and medium tides is 
reproduced by the model. Details of the model and its calibration can be 
seen in Periaiiez et al. (1994b, c). 

Once the hydrodynamic model is calibrated, the advective-diffusive 
dispersion equation (see Appendix), which governs the dispersion of a 
conservative substance, can be included. This equation must be calibrated 
as well. This calibration consists of selecting good values for the diffusion 
coefficients and good boundary conditions. It has been performed by 
applying the model to study 226Ra dispersion. As a first approach, 226Ra 
was considered as a conservative radionuclide. When calibrating both the 
hydrodynamics and the dispersion equation, appropriate initial conditions 
must also be given. Details can be found in Periafiez et al. (1994h, c, d). 

The dispersion equation governs the horizontal movement of suspended 
matter, the vertical movement is governed by the resuspension and deposi- 
tion terms. They have been formulated using critical deposition and resus- 
pension 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 the 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 energy to lift 
up particles from the sediment. The equations and their application to study 
the suspended matter distribution and sedimentology in an estuarine system 
in south-west Spain can be seen in Periafiez et al. (in press). The mathematical 
form of the deposition and resuspension terms can be seen in the Appendix. 

4 EQUATIONS FOR THE TRANSFERS AMONG PHASES 

4.1 The dissolved phase 

The equation which gives the time evolution of the radionuclide concen- 
tration in the dissolved phase (Cd, in Bqmp3) in each grid cell is: 
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acd 
-= 
at 

-kl Cd g + kzC,m g + kz(sed, + sedi) + (adv + dif) (10) 

The time derivative is interpreted as in a forward finite difference scheme. 
The first term is the transfer of radionuclides from water to suspended 
matter and both fractions of sediments. Thus, k, is given by eqn (9). The 
second term is the transfer from suspended matter to water (C, is the 
radionuclide concentration in suspended matter in Bqg-‘) and the 
following terms are the transfer of radionuclides from the small and the 
large grain fractions of sediments to water. adv + difmeans advective plus 
diffusive transport of dissolved radionuclides from one grid cell to 
another. Advective and diffusive transport is done by solving the disper- 
sion equation (eqn (A5) in the Appendix) previously written in finite 
differences (see Periaiiez et al., 1994b for details). The * means that the 
corresponding water column height must be computed in the new time 
step. The external source of radionuclides should be added to this equa- 
tion if it exists. 

Terms H/H* appear because transfer coefficients are defined for total 
activities in each phase, while Cd and C, are specific activities. 

The activity which can be transferred from the small grain fraction of 
the sediment to the water in the grid cell is: 

a,Ldxdyp,f+ x lo3 (11) 
if a, is the specific activity of that grain size fraction (Bqg-‘) and the 
density is given in kg rnp3. Dividing by the water volume in the grid cell we 
have that the transfer of radionuclides from the small grain size fraction of 
the sediment to the water may be written as: 

sed 

s 
= asLP,fil/ 

H* 
x 103 (12) 

And similarly, for the large grain size fraction of the sediment: 

sedl = alLp,(l -fIti’ x 103 

H* 

where al is the specific activity in the large grain fraction of 

4.2 Suspended matter 

The equation for the time evolution of specific activity 
matter (in Bqg-‘) is: 

8CS ‘%f 
at= m*H* 

k, -- k& g + (res - dep) + (adv + df) 

(13) 

the sediment. 

in suspended 

(14) 
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where again adv + difis advective plus diffusive transport of radionuclides 
in suspended matter and m* is the suspended matter concentration in the 
new time step. The first term is transfer from water to suspended matter, 
thus in this case (from eqn (4)) we have that: 

kl = Xl 2 (15) 

The second term is the transfer of radionuclides from suspended matter 
to water. The transfers between the suspended matter and the small grain 
size fraction of sediments are governed by the resuspension and deposition 
processes. The formulation of these processes, from which the terms dep 

and res terms are obtained, can be seen in Periafiez et al. (in press). 
The activity in Bq which is deposited on the bottom for each unit time is: 

(16) 

where vd is the mean deposition velocity, q the water flux velocity and v,d the 
critical deposition velocity. The suspended matter content in the new time 
step is dxdyH*m*. The deposition term (in Bq g-’ s-l) is then written as: 

VdCsm 
dep = mad* (17) 

In a similar way, the activity in Bq which is incorporated in suspended 
matter from the small grain size fraction of sediments in the unit of time is: 

dxdyLfp af m 

The resuspension term (Bq gg’ s-l) is then: 

res = 

(18) 

(19) 

where v, is the mean resuspension velocity, v,, the critical resuspension 
velocity, pm is given in kg rnp3 and m in mg 1-l. 

As in the case of the dissolved phase, external sources of radionuclides 
in suspended matter should be added if they exist. 

4.3 The sediments 

The equations for the small and the large grain size fractions will be writ- 
ten separately. The first fraction will exchange radionuclides with water 
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and suspended matter, while the second fraction will exchange only with 
water. 

The equation for the time evolution of the small grain size fraction 
specific activity, ar, is: 

auf k Cd 
at= l p,Lf 

x lop3 - k,afll/ + (dep - res) 

where af is given in Bq g- ‘. 

The first term is the transfer of radionuclides 
small fraction of the sediment. Thus: 

3-V-$ 
kl = Xl RH 

(20) 

from the water to the 

(21) 

The second term is the transfer from the sediment to water. The 
deposition and resuspension terms, which take into account the transfer of 
radionuclides between the suspended matter and the small grain size frac- 
tion of the sediment, have been written in the following way: 

res = !$f! (M _ 1) 
V CT 

(22) 

(23) 

where dep and res are given in Bq g-’ SC’. 
The equation for the time evolution of large grain size fraction specific 

activity (Bq g-‘) is: 

f% Cd-f 
dt= kl 

h4n(l -f) 
x 10e3 - kzal@ (24) 

The last term represents the transfer from the sediment to water and the 
first one the transfer from water to the large grain size fraction of the 
sediment. Thus: 

kl = x, 3L(1 -f>$’ 
RIH 

4.4 kd description 

(25) 

The distribution coefficients are experimentally obtained as the specific 
activity in suspended matter divided by the specific activity in water. Let 
us consider a spherical particle of density p and radius r. The ionic 
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Fig. 2. Representation of a spherical particle with its central nucleus and surface layer. 

exchanges take place only over a surface layer of thickness 5 (see Fig. 2). 
a, is the specific activity in filtered water, a, is the specific activity in the 
surface layer of the particle and a, is the specific activity in the central part 
of the particle. In the case of a naturally occurring radionuclide a, # 0 
while for a man-made radionuclide a, = 0. 

Abril and Fraga (1995) have obtained that the distribution coefficient 
can be written as: 

This equation is true if Y > l, since otherwise there will not be a central 
nucleus and the whole particle will participate in ionic exchanges. 

When calculating kd with the model, it must be taken into account that 
there will be an activity inside the particles (a, # 0 for naturally occurring 
radionuclides). The model computes the first term of eqn (26) since the 
specific activity in suspended matter is obtained by dividing the surface 
activity by the total mass of the suspended particles. The second term of 
eqn (26) must be added to this calculation. a,(1 - t/r)3 is assumed to be 
constant all over the site where the model is applied since particle proper- 
ties must not change from one point to another. It must be estimated from 
field information. 

5 COMPUTATIONAL SCHEME 

We have developed a code to solve the equations involved in our mathe- 
matical model. The code was implemented on a VAX-VMS computer. 

The equations are computed in the following sequence for each time step: 

(1) The hydrodynamic equations are solved so as to obtain the water 
elevation and velocity for each grid cell. 
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(2) 

(3) 

(4) 

The advectivediffusive dispersion equation is evaluated for suspen- 
ded matter, as well as the resuspension and deposition terms. The 
suspended matter concentrations and the sedimentation rate are then 
obtained for each grid cell. To solve these equations, the instanta- 
neous water state must be known. 
Radionuclide dispersion. Equations (lo), (14), (20) and (24) are 
solved in this sequence to obtain the concentrations of radionuclides 
in water, suspended matter and both fractions of sediments all along 
the grid. 
Sources. Extenal sources of suspended matter, dissolved radio- 
nuclides and radionuclides in particulate form are introduced into 
the grid cells in which these sources exist. 

The output provides detailed information: time evolution of specific 
activities in each of the four phases in desired positions into the grid, 
activity concentration maps at desired instants of time and distribution 
coefficients kd in desired positions and times. This information will be 
compared with experimental information. 

The model was developed in different stages, in such a way that 
every new step includes the previously validated model and it is 
subjected to further validation. The introduction of the transfers 
among phases involves the inclusion of only a few new parameters: L, 
R, RI, p, t,b, I/I’, x1 and k2. Only the geometrical accessibility factors are 
obtained from calibration, the rest of the parameters are obtained from 
laboratory measurements or from current literature, as it will be seen 
in Periafiez et al. (1996). In Table 1, the different parameters involved 
in the model are presented, as well as the way in which they are 
obtained. 

In the second part of this paper (Periafiez et al., 1996) the model is 
applied to the Odiel river, an estuary system at the south-west of Spain, in 
which a phosphate fertilizer processing plant releases its wastes. 

TABLE 1 
Parameters Involved in the Model, and the Source from which They are Obtained 

Parameter 

Bottom friction 
Diffusion coeffkients 

vr, vs, Vcd, vc, 

xi> k2 
L, P, R 
A Pmt a,, RI 

$9 *’ 

Source 

Calibrated in hydrodynamic model 
Calibrated from dissolved 226Ra dispersion 
Studying suspended matter dynamics 
Laboratory experiments 
Literature data 
Field measurements 
Obtained from a calibration exercise 
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APPENDIX 

Hydrodynamic equations 

g + g [(D + z>u] + g [(D + z)v] = 0 

au au au 
z+Vdy+Uz+ ax gSb+K UVGFG 

D+z 

-~&~w~wcose=o 
w 

(AlI 

(A21 

where u and v are the x and y components of the depth averaged water 
velocity, z is the displacement of the water from the mean level D, g is 

gravity, R is the Coriolis term, K the bed friction coefficient, pa and pW are 
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the air and water densities respectively, CD is a dimensionless drag coeffi- 
cient, W the air speed and 8 the direction to which the wind blows 
measured anticlockwise from east. 

C,, = (0.63 + 0.066W)10-3 

Response to changes in atmospheric pressure: 

(A4) 

where AP is the pressure variation from the mean. 

Advective-diffusion equation 

$+uF+vdc=l d HKilC 
x 8y H [a,( ‘8x) +;(HKvg)] (A61 

where C is the concentration of the dissolved substance, H = D + z is the 
instantaneous water level and Ku and K, are the diffusion coefficients 
along the x and y directions. 

Suspended matter dynamics 

Deposition term. 

dm “d 
_-- 

dt- H 
m 1-M 

( ) “Cd 

(47) 

m is the suspended matter concentration (mgl-‘), vd is the deposition 
velocity, v,d is the critical deposition velocity and /q1 = vm. 
Resuspension term. 

am wJ”106 191 1 
-=- ( > -- 
at HP, V CT 

WV 

where v, is the resuspension velocity and v,, is the critical resuspension 
velocity. The dry weight fraction of small particles in the sediment, f is 
fixed since the sedimentation rates are small (Periafiez et al., 1996) and 
therefore there will not be important changes in f over timescale of some 
tidal cycles. In a similar way, bed consolidation is neglected. Flocculation 
processes are implicitly considered when a critical deposition velocity is 
introduced in the deposition term. 




