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In this report a description is given of the coaputer code METROPOL. This 

code simulates the three dimensional flow of groundwater witli varying 

density and the simultaneous transport of contaainants in low concentration 

and Is based on the finite eleaent aethod. The basic equations for 

groundwater flow and transport are described as well as the aatheaatical 

techniques used to solve these equations. 

Preprocessing facilities for aesh generation and postprocessing facilities 

such as particle tracking are also discussed. 
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1 INTRODUCTION 

Final disposal of nuclear vaste has recently become an environmental issue 

in many countries all over the world. In The Netherlands, several disposal 

alternatives have been considered. Amongst these, disposal in a salt 

formation has turned out to be one of the most promising possibilities. 

Safety assessment studies will be carried out in all phases of the process 

of selection of geological fomation and site, and site characterization. 

From the evaluation of possible release scenarios in a rock-salt-specific 

safety evaluation for NE Netherlands it becane obvious that in almost all 

cases groundwater acts as the main transport aechanisn leaching nuclides 

from its containment and transporting then to the biosphere (Onshore 

Disposal Committee, 1989). Events considered in one of the most important 

scenarios studied are: the ingress of water via a permeable connection from 

the overburden into the mined cavities, and subsequent outflow of brine 

contaminated with dissolved radionuclides back to the aquifer system.. The 

outflow is caused by converging of the mined galleries after complete 

filllng-up of the remaining space in the post-closure period. A second 

important combination of events is: combined diapirism and subrosion of 

salt domes by groundwater untill the disposal area is exposed, followed by 

dissolution of radionuclides. For a complete overview of all scenarios one 

is referred to Onshore Disposal Committee (1989). The events mentioned 

above all have one feature in common high-density (brine) flow is 

involved and radionuclides might migrate with groundwater of variable 

density, due Co nixing of brine with less saline water. 

For the investigation of radionuclide migration in the geosphere under 

these conditions a numerical model specifically developed for this problem 

is essential. Many requirements need to be met in any geosphere transport 

modelling, such as the ability to handle a large number of dissolved 

species and to take into account phenomena such as rock-type-specific 

r>eochemical properties, radioactive decay and density variation. This coulrf 

not easily be incorporated into existing models. Therefore, RIVM decided to 

develop a new three-dimensional model of groundwater flow. The model, 

called METROPOL, which stands for simulation HEthod for the TJtansport Of 

fOLlutants, consists of a family of packages. These are used for mesh 

generation, computation of steady-state groundwater flow, simulation of 

transient flow, and the solution of coupled flow and transport equation». 

Special care has been taken to treat the flow of groundwater containing a 
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high concentration solute (e.g. salt) correctly. Another package simulates 

the transport with groundwater of low concentration solutes undergoing 

decay and adsorption/desorptlon. Furthermore, several post-processing 

packages (particle tracking, plotting of coaput«i results) srs cv-Ilsbls. 

Although the METROPOL code Is primarily developed for application in safety 

assessaents of geologic disposal of radioactive waste, it can also he 

applied for other types of hazardous waste. Some recently added features 

make the model also applicable for the simulation of groundwater pollution 

from sources at the surface. 

This report summarizes the work in the field of code development performed 

under contract with the Commission of the European Communities. For 

detailed information, one is refered to the interim-reports (Sauter. 1987; 

tfries and Sauter, 1988; Hass nlzadeh et el., 1988). 
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2. THE HETROPOL PACKAGE 

METROPOL is a faaily of three-dimensional groundwater flow node Is developed 

at Rivn. Presently, the package consists of the following programmes: 

- METROMESH : a three -dimensional mesh generator; 

- METROREF : a programme for automatic rzfinement of the mesh; 

• METROPOL-1: a prograaae for modelling steady state groundwater flow with 

constant fluid density; 

- METROPOL-2: a programme for modelling transient groundwater flow with 

constant fluid density; 

• METROPOL-3: a programme for modelling transient groundwater flow and 

coupled salt transport with (strongly) varying density; 

• METROPOL-4: a programme for the modelling transient transport of tracers. 

including adsorption/desorption and decay; 

- METROPART : a postprocessing programme for computing particle 

trajectories in a steady state velocity field; 

• METROPLOT : a postprocessing prograaae for plotting results of 

simulations with METROPOL faaily 

METROPOL-4 is still being extended and modified. A version accounting for 

aatrix diffusion has been developed recently. 

Basic characteristics of the METROPOL faaily are: 

• transport takes place in a saturated porous nediun; 

- permeability is anisotropic, although the main axes of the permeability 

tensor must coincide with the coordinate systca; 

- penteability and porosity may vary in space; 

- porosity and fluid density are dependent on the pressure; 

• fluid density is a function of the salt mass fraction (METR0P0L-3), 

- fluid viscosity is a function of the salt mass fraction (METROPOL-3); 

- the full velocity dependent dispersion tensor is included in the 

formulation of the transport equations (METROPOL-3 and METROPOL-A); 

• radioactive decay and production of species is taken into account for 

tracers (METP.0P0L-6); 

- adsorption/desorption of tracers is taken into account (METR0P0L-4) 

s linear adsorption isotherm is assumed with a tiae-independent 

distribution coefficient; 
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- tracer concentration does not Influence the fluid density (METROPOL-4); 

- matrix-diffusion can be taken into account (METROPOL-4); 

- boundary conditions and sources/sinks are allowed to change in Claw; 

In the following sections, soae more information concerning the METROPOL 

package will be given. For • more detailed description, the reader is 

referred to the users manuals (Sauter, 1987). 
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3, THE BASIC EQUATIONS 

METROPOL-3 solves a set of partial differential equations describing the 

coupled transport of fluid and dissolved salt in a porous «euiü». Thcce 

are the classical equations following fro» the conservation of aass of the 

fluid and the salt. The equations can be written as: 

S. (np> + V.[pq) - , I - p l (3.1.) 
at 

£ Cnwp) + V.[pvql + V.J - w t o - P t a I t ' *V I ( 3 - 2 . ) 
at 

with: 

p - fluid density * [M/L ] 
s 

p. - density of injected fluid [M/L J 

n - porosity [ - ] 

q - specific discharge, Darcy velocity vector |L/T] 

v - B A S S fraction of salt in the fluid [ - ] 

W, - salt nass fraction of injected fluid [-] 

J - dispersive salt nass flux [M/L T] 

I. , I - infiltration, abstraction rate [1/T1 
in ex 
t - tine [T] 
V - spatial derivative UAJ 

The specific discharge q and the dispersive nass flux J are related to the 

primary variables p (pressure) and u (mass fraction of the solute) by 

Darcy's lav and Fick's lav, respectively. It should be noted that here, the 

classical form of these laws are given and not the extended ones as derived 

by Hassanizadeh (1986b). However, modifications to METROPOL-3 are carried 

out recently to incorporate these extensions. 

q - - I (Vp - pg) (3.3.) 

J - - pD. vu (3.4.) 

with: 

i 
P - pressure [M/LT ] 

V - fluid viscosity [MAT] 
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2 
k - intr ins ic permeability censor IL ] 
• - acceleration of gravity IL/T ) 
* 2 
S - dispersion tensor IL /T] 

The elements of the dispersion tensor are defined in the classical way as a 

function of the specific discharge and the longitudinal and transversal 

dispersivities. assumed to be independent of pressure and salt BUSS 

fraction. 

To solve the set of equations (3.1.) through (3.4.), both the fluid density 

and the viscosity must be defined by an equation of state. In METRGPOL-3. 

both the density and the viscosity are defined *s an exponential function 

of the salt Bass fraction. The relations are in close agreement with the 

real data. 

Summarizing, METROPOL-1 solves the steady state for* of equation (3.1.) 

together with Darcy's law (3.3.), METR0P0L-2 solves the transient for» of 

these two equations, and METROPOL-3 solves all (cocpled) equations in the 

transient fora. 

In METROPOL-4 the equations of mass conservation for a number of low-

concentracion solutes are solved. Some solutes auty be the decay produce of 

others. That is to say that a chain of solutes involved in radioactive 

decay is considered. The solutes nay also undergo adsorption/desorption 

processes. The velocity field must be calculated separately (e.g. by 

METROPOL-1, -2, or -3) or be specified for all paints. 

The mass conservation equation for a solute reads: 

3 i , . 
Rnp ™ - + V. (p u q) + V.J + ARnp t* 

- p, u* I. - p w1 1 • R . (3.5.) 
*in in in r ex prod v ' 

with 

R : retardation factor, [-] 

f . w,n : «ass fractions of the tracer in the 

system and the incoaing fluid IM/M] 

A ; decay rate, [1/TJ 

R p r o d : production rate for the tracer per 

unit volume, i.e. the production of 
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«ass by decay of the Bother nucl ide 
3 

in A decay chain (M/L TJ 

Other variables are as defined after equation (3.2.). In particular, the 

dispersive mass flux J Is given by an equation siailai ZÜ (J i.). 

Note that in (3.5.) adsorption is taken into account by the retardation 

factor R, which Is given by the relation 

R " X + Kd ( Lt J 2> "r °-6-> 
3 

with: p : the rock density. [M/L ] 
r s 
K : the distribution coefficient, (L /M] 
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4. MESH GENERATION 

The region in which the flow takes place is assumed to be a three-

dimensional domain topologlcally equivalent Co a cube. This means that the 

cube may be distorted, but all angles in the cube mist be between 0 and 

180°. The preprocessing prograame METROM.ESH divides the domain in a number 

of cube-like elements. One of the restrictions in generating a three-

dimensional mesh is that the number of nodes in the "x-direction" must te 

the same on all YZ-planes. This also holds for the number of nodes in the 

y- and z-direction. This method of generating a three-dimensional mesh 

combines one of the advantages of a finite difference method (FDM), i.e. 

the fixed structure of the nodal points, with some of the flexibility of 

the finite element method (FEM). Clearly, part of that flexibility is lost 

by this method. 

In NETROKESH, coordinates of nodal points are either read or generated 

dependent on the input data. Repositioning of the generated nodal points, 

making the elements as square as possible, can be performed. In most cases, 

repositioning will make the computation process easier. 

All relevant output is written to an unformatted output file, which can be 

read by either one of the finite element programs METROPOL-1 through 

METROPOL-4. The sane file can serve as input for the postprocessing 

programme METROPL0T in order to make a plot of a cross section of the 

generated mesh, with or without the node and/or element numbers. 

The programme METROREF has been developed to enable the uier to refine the 

mesh. This Is often needed in a later stage of the modelling process. By 

using METROREF, a complex mesh can be built, with relatively few input data 

(see fig. 1). 

KETROREF also takes care of the redistribution of input data (e.g. 

permeability) defined on a coarse mesh, on the refined mesh. 
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Fig. 1. Examples of different grids. 
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5. NUMERICAL METHODS 

The METROPOL family of computer codes is based on a Galerkin finite element 

formulation of the governing partial differential equations describing the 

flow of water and/or transport of dissolved substances in a porous medium. 

For constant density (flow) calculations in HETROP0L-1 and METROPOL-2, the 

Calerkin finite element formulation results in a systea of linear equations 

with a symmetric matrix. This system of equations is solved by one of the 

available iterative solution methods: Jacobi, Gauss-Seidel, SOR, conjugate 

gradient method (with or without preconditioning). Generally the conjugate 

gradient method is the most efficient one. 

The salt transport problem (METROPOL-3) is described by two strongly non

linear, coupled partial differential equations. The Galerkin finite element 

formulation results in two sets of non-linear, coupled equations. These 

sets of equations are solved by Picard iteration method. In principle, in 

each time step, the fluid mass balance is solved for the pressure, using 

old values of the salt mass fraction. A new velocity field and dispersion 

tensor is then determined. Next, from the salt mass balance, new values for 

the salt mass fraction are found, new values for the fluid density and 

viscosity are determined and the process is repeated with the calculation 

of the new pressure distribution. Thus, in each tine step two types of 

iterations are carried out: linear iterations for the solution of the 

(linearized) pressure equations or the salt mass fraction equations, and 

the "non-linear" iteration between the two sets of equations. 

While the system of linear equations for the pressure is symmetric, the 

system of linear equations for the salt mass fraction is non-symmetric. 

This non-syne trie set of equations is solved by a conjugate gradient 

squared method (Sonneveld, 1964). 

For the transient simulations, the time integration scheme is an Euler 

implicit method. Time steps are selected on the basis of maximum allowable 

changes in salt mass fraction and pressure. 
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6. VELOCITY CALCULATIONS 

In METROPOL-1 and -2, the constant fluid density groundwater flow codes, 

two different procedures are available for the calculation of the velocity 

field. These two procedures can, depending on the physical system and the 

discretisation, give very different results. In principle, there is no 

general rule as to which of the two methods gives better results. The first 

method of calculating the velocity field consists of applying Darcy's law 

locally. This method results in a discontinuous velocity field across 

interelement boundaries. Thus normal velocities, and hence mass fluxes, are 

not continuous across the internal element boundaries, violating locally 

the conservation of mass. As a consequence, it may happen that, when using 

this method, particles travel from grid blocks with a high permeability 

into adjacent grid blocks having a (very) low permeability. Physically, one 

would not expect such a behaviour. The second method consist of calculating 

the velocity field from a Galerkln finite element formulation of Darcy's 

law. This method results in a continuous velocity field, so that normal 

velocities, and hence mass fluxes are continuous across interelement 

boundaries. However, using this method, we also obtain continuous 

tangential velocities across interelement boundaries, even if 

permeabilities in tangential direction differ some orders of magnitude from 

one element to the next one. Consequently, this method results in a 

velocity field that locally may violate basic physical laws. For example it 

may happen that due to the smearing effect Inherent to this method, 

velocity vectors are locally not perpendicular to the pressure profiles. 

This can result in particles travelling in low permeable zones more or less 

parallel to the bounding high permeable zones without entering the latter. 

Basically, one might expect the different methods to give different 

results. However, refining the grid should result in convergence of the 

different methods to the same (true) solution. 

For the calculations of saline water transport, a different problem arises 

altogether in the calculation of the velocity field. In METR0P0L-3, linear 

basis functions are being used for both the pressures and the salt mass 

fractions. Consequently, the variations of the pressure gradients across an 

element are of a different order than the variations in the fluid density. 

For example, in a rectangular block, the pressure gradient in the z-

direction is simply a constant, while the density varies linearly. Because 

the velocity (according to Darcy's law) depends on both the pressure 
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jradient and the liquid density (the gravity coaponent), a strftightforvar< 

ipplication of Darcy's law will result in velocities strongly varying ovei 

>ne eleaent. The solution to this problen is found by using « depti 

iveraged value of the liquid density for the gravity component of t&t 

relocity instead of the local value (Voss, 1984). 
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7. PARTICLE TRACKING 

The particle tracking program METRO PART, which can be used as a 

postprocessor for the groundvaterflow program METROPOL or for other finite 

element or finite difference codes, enables one to get a quick insight of 

the flow direct .on in a modelled domain. A velocity field with values in 

the corners of the elements in a mesh has to be given as input for 

HETROPART. The velocity field used in METROPART is a so-called nixed 

velocity field (MVF); it combines the advantages of a velocity field which 

is continuous across element boundaries and one which is discontinuous due 

to discontinuous soil parameters. 

The two basic principles of the particle tracking algorithm are the 

interpolation of the corner velocities in the interior' of an element and 

the step by step movement of the particle by integration in time. The time 

integration method chooses a timestep such that the error in the 

approximation of the next position of the particle is kept below a certain 

error bound. In this way flow paths with strong curvature are approximated 

accurately. 

HETROPART can also calculate trajectories using an inverse flow field 

(inverse particle tracking). 
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8. POSTPROCESSING 

A single programs», METROPLOT, Is available for the postprocessing of 

results obtained with either one of the programmes in the package. With the 

postprocessing programme the folioving "graphs" can be generated: 

- a cross section of the f in i te element sesh in two distensions; 

- coloured areas which represent a certain parameter distribution (for 

input checking); 

• pressure contours or sa l t nass fraction contours in two dinensions, 

either at regular intervals or at discrete values or both; 

• horizontal projection and/or vertical projection of particle 

trajectories; 

- ve loc i ty vectors in two dimensions. 

* 



-15-

9. TESTING AND VALIDATION 

Since METROPOL consists of very large programmes, special attention has 

been paid to the quality of software development and maintenance. Use has 

been made of RIVM-developed subroutine libraries, consisting of snail 

modules, each performing a specific task. Maintenance of programmes and the 

development of new ones is made easier in this way. 

Because METROPOL runs on different computer systems, only strict Fortran-77 

has been used. Rigorous language checking has been performed using FORCHECK 

(Kruyt, 1988). In this way, transfer of the code to other computer systems 

does not give any problems in general. Moreover, the versions used on 

different systems can be kept identical. In order to enable transfer of 

subroutines between programmers, documentation of sources Is important. 

Momentarily, a semi-automatical documentation programme is used for that 

purpose. 

The next testing phase consists of running the code with several benchmark 

problems. Simple flow problems, for which analytical solutions are 

available, have been used. More complicated problems from the HYDROCOIN and 

INTRAVAL study are described below. However, a fixed benchmark, to be used 

whenever a new version of METROPOL must be tested, has not yet been 

defined. 

When the code is used, several possibilities for mesh checking and input 

data checking (also in graphical form) are available for the user. 

The above mentioned policy for quality assurance and quality control which 

has been used for METROPOL is not yet been formally described in a report 

or manual. 

The code has also been verified as far as possible by comparing with 

problems for which analytical solutions are available. The problems were 

taken from the HYDROCOIN and INTRAVAL projects. Additional tests were 

performed by intercomparison of the results from different models used by 

project-teams participating in the two above mentioned projects and by 

validation against field observations for which data sets have become 

available within these two projects. These validation exercises were not 

part of the study presented In this report, but for sake of completeness 

the main conclusions are presented here. For a more detailed description of 

test cases and results one is referred to Sauter and Hassanizadeh (1969), 
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Leijnse and Hassanizadeh (1989a and 198Sb), and Slot and Nijhoff-pan 

(1989). 

The transient flow problem (HYDROCOIN case 1.1, transient flow fro» a 

borehole in a permeable rock intersecting a single fracture) and the steady 

state problem (HYDROCOIN case 1.2, steady state flow through a rock BASS 

with two straight Inclined intersecting fracture zones) have been 

satisfactorily simulated with the aid of METROPOL-2 and METROPOL 1, 

respectively. Results of calculations with METROPOL-2 agree very well with 

an analytical solution. Calculations with METROPOL-1 were In good agreement 

with those of other codes, participating in HYDROCOIN. Close to boundaries 

with large contrasts in permeability values, layers of thin elements have 

to be employed in order to avoid problems with velocity calculations. 

Another problem studied (HYDROCOIN case 2.2) concerned the analogy between 

heat induced flow and density flow. The conclusion was that the comparison 

between experimental results for the heat transport problem and numerical 

results for the salt transport problem is not actually meaningful. For a 

proper validation of salt transport problems an experiment specifically 

designed to deal with this kind of transport is necessary. 

Simulation of steady state groundwater flow in a layered system of low 

permeable rocks on a regional scale, with a comparatively small amount of 

data (HYDROCOIN case 2.4 Piceance Basin, Colorado) was satisfactory with 

METROPOL-1, taking into account that only a rather coarse mesh was being 

used. Improvement of the results can be expected by refining this mesh 

considerably. 

The METROPOL-3 code has been successfully employed Co simulate the 

HYDROCOIN test cases 1-5 and 3-A. Both test cases represent a simplified 

vertical cross section of an aquifer overlying a salt dome. In a global 

view, there exist general agreement between results of METROPOL and those 

obtained with other codes by research teams from other countries. That is 

to say, the general pattern of the salt mass fraction distribution, the 

velocity field and pathlines seem rather similar. Locally, however, large 

differences are observed. This is probably caused by the difference In the 

discretization pattern and whether or not steady state has been reached. 

Direct steady state calculations, i.e. solution of the steady state 

equations, is impossible because of the strong dependence of the results on 



-17-

che starting iteration values. This dependence is due to the nonlinear 

nature of che problem. Instead, one should either employ a parameter-

stepping technique or seek the solution of the transport problea at large 

tines. The results are very sensitive to the discretization pattern. A very 

fine grid is needed near the salt dome boundary and the lover half of the 

model area. Coarser grids will give rise to excessive dispersion which in 

turn gives rise to a different velocity field. 

In HYDROCOIN case 3.4 effects of variation of boundary condition, model 

dimensions, and anisotropy on results of case 1.5 are studied. It appears 

that if the nodel area is Bade longer - i.e. a larger aspect ratio- with 

the sane boundary conditions, both horizontal and vertical components of 

velocity will decrease and as a result advectlve and dispersive transport 

of salt is reduced. Therefore, in a longer model, les$ salt enters the 

domain. If the model is assumed to be anisotropic vtth the vertical 

permeability one order of magnitude smaller than the horizontal 

permeability, then a stronger horizontal flow of fresh water is created and 

the vertical spread of salt is Inhibited. Two of the three different salt 

done boundary-conditions considered provide almost the same results. In 

both cases the transfer of salt from the salt c*->me to the groundwater is 

assumed to take place without any resistance. In the third boundary 

condition, the existence of a salt dome caprock is taken into account and 

the rate of salt transfer to the groundwater is related to the rate of 

dissolution of salt from the salt dome. Obviously, the spread of salt in 

the modelling domain would depend on the value assigned to this rate of 

dissolution. Nevertheless, for a realistic set of values, results are 

obtained which are very different from those obtained with the other two 

boundary conditions. The spread of salt would be very slow and it remains 

confined to the vicinity of the salt done. One has to carry on the 

simulation for a very long time (probably few tens of thousands of years) 

to reach steady state. 

After discussion in HYDROCOIN meetings there was a consensus that this kind 

of exercise and Intercomparison of models applied to a hypothetical 

situation of brine migration, although providing insight Into the working 

of models and identifying potential problems, does not tell us much about 

the validity of models involved. Even if all models predict the same 

results, one can only say that those models are equally good or equally bad 

(containing the same type of errors)! 
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It was concluded that proper validation of brine transport models was not 

possible without experimental data. Also the comparison with the heat 

transfer experiments described by Elder in case 2.2 did not give the result 

desired. Therefore, an experimental study on the transport of a. high 

concentration solute (salt) in a porous medium was set up and carried out 

at RIVM (Hassanizadeh et al. 1988). This experiment was later incorporated 

in the INTRAVAL project as test case 13. 

The general layout of the experimental set-up is depicted in Figure 2. A 

sample of "soil" (instead of soil, glass beads are used as the porous 

medium) Is placed between two parallel plates which form a two-dimensional 

vertical column. The plates are made of plexiglass and have a thickness of 

12 am. They are spaced 10 ma apart. Inner dimensions of the column are 60 

cm (b) by 125 cm (h). Upper end of the column Is open. There is one row of 

inlet/outlet holes at the very bottom of the column and one at the top. In 

principle, vertical flow both in upward and downward directions is 

possible. There are two seperate flow circuits: fresh-vater and salt-water. 

Each circuit consists of a main reservoir, a pump, a constant-level inflow 

reservoir and a constant-level outflow reservoir. By regulating the 3-way 

valves, one can let the fresh water or the salt water flow through the 

column. 

Simulation of the low-concentration experiments with the METROPOL-3 code 

based on classical formulations of Darcy's and Pick's laws has been done 

satisfactorily. However, there are some differences, between monitored and 

simulated breakthrough curves for high-concentration experiments. Given the 

fact that METROPOL-3 allows for nonlinear dependence of mass density and 

viscosity on salt mass fraction, these differences are bound to sten from 

shortcomings of Darcy's and/or Fick's lavs at high salt concentrations. 

Results of numerical experiments by Hassanizadeh and Leijnse (1988) 

suggested that the difference between monitored and calculated breakthrough 

curves may be eliminated by introducing additional terms in Carey's and 

Pick's laws. Recently a version of METROPOL-3, containing the extended form 

of Darcy's and Fick's law has been developed, and simulation of the 

experiments with this version is being performed. 

Presently, the results of both simulations are being compared and evaluated 

and no definit conclusion is obtained yet. 
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Fig. 2. Experimental set-up. 
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10. APPLICATIONS 

In the framework of safety assessment of geologic disposal of radioactive 

waste in salt formations the METROPOL code has been employed in * number of 

studies. 

The groundwater flow in aquifers overlying the Gorleben salt dome has been 

modelled with METROPOL. The one-density simulations were compared with 

results of the SWIFT code and density dependent flcv was also simulated 

with METROPOL-3 (Leijnse et al.. 1989). This work was part of the PACIS-

project of the CEC. 

The METROPOL code was also used in another CEC project: PACOMA. 

Calculations were performed with METR0P0L-4 for radionuclide migration 

through the formations overlying three types of sale structures,i.e. bedded 

salt, deep-lying salt domes, and shallow-lying salt domes (Slot et al.. 

1990). The source term in these calculations was the release at the rock-

salt boundary as calculated with the EMOS-eode. The output of the METROPOL 

calculations were sets of radionuclide concentrations as function of time. 

These were later used as input for the BIOS model to calculate the doses 

(Prij et al.. 1989). 

The same procedure with another series of nuclide inventories as source 

term, was also followed in the Dutch safety evaluation project for disposal 

of radioactive waste in salt formations (Glasbergen et al.. 1989). 
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