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Abstract. The negligibly radioactive materials from a control area can be fed into further material cycles, to an incineration
plant or disposed according to the type of clearance after clearance procedure, which is described in the German Radiation
Protection Ordinance (Deutscher Bundestag, 2024b). The clearance values of the Radiation Protection Ordinance are based
on the 10 uSv concept that limits the additional radiation exposure for the population or worker. In the past, analytical models
were used to calculate radionuclide concentrations for groundwater path dose estimation. In this work, numerical groundwater
models are used to simulate the distribution of radionuclides and provide spatial information on concentrations, which can be
used as input data for dose estimation.

The transport processes of advection, diffusion, dispersion, sorption and decay are implemented in the simulation codes
“distributed density-driven flow (d3f++)” (Fein and Schneider, 1999; Fein, 2004), “Dune for Multiphase flow and transport
(DuMu*)” (Flemisch et al., 2011; Koch et al., 2021) and “Simulation of Processes in Groundwater (SPRING)” (delta h, 2024).
To compare the codes and their implemented transport processes, a simple 2D column and a generic 2D landfill body were
modelled. The study demonstrated a good agreement between the three computational codes, thereby strengthening trust in
numerical modelling for future applications in dose estimation. The differences in the concentration breakthrough curves can
be attributed to the differences in the implementation of initial conditions (IC) for saturation, the influence of dispersion in the
different codes and the upwind methods, highlighting the sensitivity to these parameters and numerical solvers. Although minor
discrepancies emerge in the results, the study demonstrates that the concentrations and the times of maximum concentration

are largely comparable.

1 Introduction

With the nuclear phase-out, Germany decided to shut down all conventional nuclear power plants in Germany by 15th April
2023 at the latest (Deutscher Bundestag, 2022). Non-contaminated or slightly contaminated materials are produced in large
quantities during the decommissioning and dismantling of nuclear facilities, or in significantly smaller quantities in medicine,
research or the operation of nuclear facilities. After undergoing an officially approved clearance or release procedure regu-
lated by the Radiation Protection Ordinance, these materials and objects are returned to the material cycle for recycling or

further use or disposed of in a proper manner. In compliance with the clearance values from the German Radiation Protec-
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tion Ordinance (Deutscher Bundestag, 2024a), the 10 uSv concept of the International Atomic Energy Agency (IAEA) (1988)
is not violated. By being below the clearance values, the decommissioning wastes are released by the responsible author-
ity from radiation protection control. After release, the material can be disposed into the conventional waste and economic
cycle. One option of disposal is the storage in landfills. Another option is the unrestricted clearance of land area on the for-
mer plant site. The regulatory requirements offer various clearance paths for decommissioning waste and exposure paths for
dose estimation. From the inhalation of dust by an employee at landfill sites to the additional radiation exposure of a private
individual through natural eating habits, various contamination paths are mapped. An important pathway in relation to the sim-
ulations here is the consumption of contaminated groundwater or the consumption of plants irrigated with contaminated water
(Strahlenschutzkommission, 2006). In this work, the radionuclide concentration was simulated in accordance with regulatory
requirements using numerical groundwater models. The outcome of radionuclide concentrations can be used for dose estima-
tions. The focus was on a comparison of different numerical codes in order to gain additional confidence in the simulation of
the radionuclide concentration using numerical groundwater models, as until now mostly analytical methods have been used

to calculate the radionuclide concentration for the subsequent dose estimation.

2 Simulation Codes

In addition to the analytical calculations regarding the concentration of radionuclides in groundwater (Thierfeldt and Wérlen,
2004), only a few numerical simulations were carried out on groundwater flow and mass transport in connection with radionu-
clides (Merk, 2012; Seher et al., 2016; Artmann et al., 2020; Winter et al., 2022). The comparison carried out here is intended
to highlight problems and differences in the implementation of numerical groundwater codes, where differences exist. Numer-
ical groundwater models are used for different problems and in several work areas, as final disposal, groundwater salinisation,
water management, e.g. for federal states or, at a regional level, for croplands or landfills or geothermal energy (Nordbotten
et al., 2012; Ahusborde et al., 2015; Class et al., 2021; Riibel and Gehrke, 2022; Winter et al., 2022; Suilmann et al., 2025).
With advancing technical development and increasing computing power, models can be made increasingly complex and com-
prehensive. Although a model is not capable of reproducing reality exactly, it creates the possibility to make well-founded
estimates and gain a better understanding of the system. The three groundwater modelling codes used are briefly introduced

below.
2.1 DuMu*

“Dune for Multi-{phase, component, scale, physics, ...} flow and transport in porous media” (DuMu*) is a research code
written in C++ based on Dune (Bastian et al., 2021). The code is open source and freely available at https://dumux.org (Koch
et al., 2021). Its main intention is to provide a sustainable and consistent framework for the implementation and application of
porous media model concepts and constitutive relations. It has been successfully applied to gas storage scenarios, environmental
remediation problems, transport of therapeutic agents through biological tissue, root-soil interaction, subsurface-atmosphere

coupling, pore-network modelling, as well as flow and transport in fractured porous media.
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2.2 d3f++

The “distributed density-driven flow” code (d3f++) is a finite volume code (FVM) that was developed under the auspices of
Gesellschaft fiir Anlagen- und Reaktorsicherheit (GRS) in cooperation with various universities in order to be able to deal
with specific problems relating to groundwater flow with a focus on density-driven flow in large, complex areas (Fein and
Schneider, 1999; Fein, 2004). The code is open source and freely available at https://github.com/UG4/app_d3f. d3f++ can be
and has already been used in the long-term safety analysis for the search for a repository, the modelling of the salinisation
of near-surface aquifers on the coast, the modelling of fractures and fracture networks and the consideration of subrosion

processes in the subsurface (Schneider et al., 2022; Fliigge et al., 2024).
2.3 SPRING

The code “Simulation of Processes in Groundwater” (SPRING) was developed by delta h Ingenieurgesellschaft mbH and
commercialised as conventional proprietary software (delta h, 2024). It combines the functions of geographical information
systems (GIS) with numerical modelling. With the help of the finite element method (FEM), 1D, 2D, 2D/3D and 3D models
can be created. SPRING allows the simulation of multi-dimensional groundwater flow, surface water, heat and mass transport

models.
2.4 Flow and transport processes

The various codes implement the flow and mass transport processes in the same way for fluid flow and mass transfer. In DuMu*,
a two-phase flow can be modelled, which is not possible in d*>f++ and SPRING. Due to this difference, identical discretisation
and parametrization is not possible without converting pressures within the model domain, and this may account for minor
differences in the results. Firstly, the mathematical implementations for the transport equations are described, afterwards the
results of the comparison of the equations of the three codes are explained. For the mass balance of water, Richards equation
is used (Simiinek et al., 2003; Nayagum et al., 2004). It is a simplification of the two-phase equations under the assumption of
an infinitely mobile gaseous phase. This assumption implies that the pressure of air is a static constant value over the whole

domain of interest and that, therefore, mass conservation only needs to be considered for water w, namely,

0(ow®Se)
ot

Above, ¢ indicates the dimensionless porosity, g,, the water phase density in kilogram per cubic meter, S, the effective water

+ v'(@wvf) — Owqw = 0. (1)

saturation, the Darcy velocity v in meter per second, and g,, the volumetric source term in per second. This formulation
is equivalent to a storage term written in terms of the volumetric water content 6, using the relation given in Eq. (4). The

momentum balance is used to calculate the velocity in Eq. (1) after Darcy, namely,
k

Vf = _*Vp, (2)
"

with the permeability & in square meter, the dynamic viscosity p in Pascal second and the pressure gradient Vp in Pascal per

meter. According to van Genuchten (1980), the effective saturation S, (dimensionless) depends on the capillary pressure p. in
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Pascal as follows

Selpe) =1+ (ape)" )™, m=1-—, 3)

with material parameters « per centimetre, n and m which have to be estimated from soil parameters and n > 1. The effective
saturation S, describes the hydraulic state of the pore space and is used for the determination of capillary pressure and flow
properties. The effective saturation is defined in terms of the volumetric water content as

-6,
703_9r’

Se “)

where 6,. denotes the residual water content and 6 the saturated water content, both in cubic centimetre per cubic centimetre.

Combining Eq. (3) and Eq. (4), the volumetric water content can be written as
e(pc) = 97“ + (95 - 97) [1 + (apc)n]_m (5)

For the transport of dissolved substances in the fluid, further processes are taken into account. These include advection, dif-
fusion, dispersion and adsorption. The following is a brief description of the mass transport processes based on the equations
mentioned in Koch et al. (2021)

0(0,0X")

ot
—_———
Storage + Adsorption

—|—V'(QwXHVf)—V-(Qw( D + Dgisp VX)) =gq, (6)
— ~ ~—~—

Advection Diffusion  Dispersion

with 6 the volumetric water content and the mass fraction X* in kilogram per kilogram. The effective diffusion coefficient in

Eq. (6) is defined as

Dfy = 07D~ )

w)

with tortuosity 7 and the binary diffusion coefficient D7, . In unsaturated porous media, solute transport occurs only within the
water-filled pore space. For the dispersion in Eq. (6), the approach after Scheidegger (1961) is used, namely,
Vivy

Dgsp:(&l—at)m+0ét‘Vf|I. (8)

Sorption, the chemical retardation of substances on the surface of solid material, considers the change of adsorbed mass

a(Qng)

ot €))

with the solid rock density o, in kilogram per cubic meter. To describe the sorption, we choose the commonly used K -
approach. The partition coefficient Ky describes the relation between the concentration X" dissolved in the fluid and the

concentration X7 adsorbed on the solid matrix as

_ X

Ki= %5

(10)
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Sorption coefficients can vary over several orders of magnitude, depending on the radionuclide, soil characteristics, the oxi-
dation state, pH of the soil and redox conditions. It is therefore hard to estimate the correct sorption coefficient without mea-
surements for the exact conditions (United States Environmental Protection Agency (US EPA), 1999; Stockmann et al., 2017;
Noseck et al., 2018). A value of Ky =1 x 1073 m3kg ™' represents a medium sorbing radionuclide (Sheppard and Thibault,
1990; Thierfeldt and Worlen, 2004; Artmann et al., 2020).

The sorbed concentration X in Eq. (9) is substituted by X[ = K4X". The resulting equation is

OOX"+ (1= ¢)osKaX")
ot

vivE
+V.(X"€Vf)—v- <<97’DZ+(O&[—O(,§)|J;]|C+O(tIVfI> VX“> =q. (11
f

The effective saturation S, is solely used to determine flow properties such as capillary pressure and relative permeability,
whereas solute transport is governed by the volumetric water content 6. g, denotes the solid density per bulk volume. For a
more detailed insight into the implementation of the transport processes of the individual codes, the reader is referred to delta

h (2024); LH2 (2024); Fein and Schneider (1999); Fein (2004).
2.5 Code comparison

In the following, the governing transport equations implemented in the different numerical codes are compared. While the
formulations presented in the respective code documentations appear substantially different at first glance, these differences
primarily arise from varying choices of state variables and notations. By consistently mapping the variables and writing the
equations in a unified form, it becomes evident that the underlying physical implementation is largely equivalent. The com-
parison therefore focuses on identifying and discussing the remaining differences, which are related to specific modeling
assumptions and implementation details. The full transport equation in SPRING is documented as:

00X "+ (1—¢)osKaX")
ot

FV - (X50v) = V- (0(DEI+ Dg)VX"™) = q, (12)

with the average interstitial velocity v, which is defined in an unsaturated porous medium as:

V= %Vf. (13)

where v denotes the Darcy flux, while v represents the average interstitial velocity. The transport equation in d3f++ is described
as (Fein and Schneider, 1999; Fein, 2004)

OOX" + (1= ¢)osKaX")
ot

vevl
+V- (X“Vf) -V <<9DZI—|— (Oél — Oét)ﬁ +Oét|Vf|I> VX“) =q. (14)
f

During the comparison process, disparities in the differential equations were identified. The disparities between the equations
in DuMu* compared to SPRING and d3f++ are denoted in red, while disparities between DuMu* and d3f++ compared to
SPRING are indicated in green:

00X "+ (1—¢)osKaX")
ot

A\ VT
+V- (Xﬁvf) -V ((9 DyI+ (o) — Oét)ﬁ + at|vfl> VX”) =q. (15)
f
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The source code for the DuMu* model was modified to accommodate certain discrepancies. Specifically, the sorption term was
expanded to encompass the term (1 — ¢), which is not implemented this way in the DuMu* source code normally. It should
be noted that the inclusion of the factor (1 — ¢) in the sorption storage term is not indicative of a different physical model,
but rather results from different definitions of the sorbed concentration used in the respective codes. In particular, the necessity
of explicitly scaling the sorbed mass with the solid volume fraction depends on whether the sorbed concentration is defined
per unit bulk volume or per unit solid mass. The modification applied in DuMu* was therefore required to ensure consistency
of variable definitions and a common volumetric interpretation of the governing equations across all codes. The tortuosity
was defined as 1 (default value in DuMu* is 0.5), d®>f++ uses a default value of 1 and SPRING has no tortuosity in the code

documentation. These adjustments were made to allow a direct comparison of the three codes.

3 Model description
3.1 Soil model

A simple quasi-1D model of a 9 meter high soil profile was developed. The first meter at the model surface represents contam-
inated soil, which is excavated at a potential nuclear power plant site and deposited at a landfill. Percolating rainwater leaches
the pollutants from the soil and transports them further into the ground. With its simple generic quasi-1D structure, the soil
model provides a good basis for code comparison. No stochastic heterogeneous parameter distributions were applied in the soil
layers. The transport simulations are carried out to determine the clearance pathway after StrlSchV 2024 Column 7 "specific
clearance of soil in Bequerel per gram".

The model is 9m high, 1 m wide and is divided into the three areas as depicted in Figure 1: the contaminated soil, the un-
saturated and the saturated zone. At the top of the model a steady Neumann boundary condition (BC) with an inflow rate of
0.25myr~! is set and at the base of the model a Dirichlet BC of 9 m (saturated model cases) or 5 m (unsaturated model cases)
is applied. The lateral model boundaries are no-flow boundaries. The unsaturated and saturated zones differ only in the BC due
to the different Dirichlet BC for the saturated and unsaturated cases, not in any material characteristics. Only the permeabil-
ity of the contaminated soil layer is different compared to the underlying layers. Effective porosity and rock density remain

constant in the model, all material properties are shown in Table 1.

Table 1. Material parameters for the soil model in Figure 1.

Layer Height [m] Permeability [m?] Porosity [-]  Rock density [kg m~?]
Contaminated soil 1 1.3x 107 0.2 1800
Vadose zone 3 1.3 x 10712 0.2 1800
Aquifer 5 1.3x 1072 0.2 1800
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Figure 1. Schematic setup of the soil model. 1 m contaminated soil (grey), 3 m vadose zone due to BC (dark blue) and 5 m saturated zone
(light blue). Arrow represents a Neumann BC with a steady inflow rate of 0.25 myr~*. At the model basis an observation point is located

for the concentration comparison of the codes.

The initial saturation and pressure conditions are simulated with a transient flow model, which runs until a steady state is
reached. So the saturation within the soil column is already stationary at the first time step of the transport simulation. The
saturation conditions in the model are strongly dependent on the van Genuchten parameters (van Genuchten, 1980) for the
unsaturated flow after the Richards equation with o (1.4 x 1073 m?N~1) as reciprocal of the water inlet pressure, n (3 [-]) the
pore space index, Se , (1.0 [-]) the water content and .S), ,- (0.2 [-]) the residual water content. The van Genuchten parameters
used are valid for well sorted sands (Benson et al., 2014).

The initial concentration in the 1 m thick contaminated soil is 1 kgkgfl, and O kg kgf1 for the rest of the soil column. The

1

infiltrating rainwater has a concentration of 0 kgkg™ " so the maximum mass is already entered at the start of the simulation and

no additional tracer is given into the model afterwards. The fluid density and viscosity are fixed with values of 1 x 103 kgm ™3
and 1 x 103 kgm~'s~ .

To identify possible differences between the codes, ten different parameter sets were selected for the soil model. These ten
simulation cases were run for both saturated and unsaturated soil conditions. The parametrization is described in Table Al.
The first simulation case considers only advection, the other three consider advection with dispersion, diffusion, and sorption,
respectively. In the remaining cases, the parameters were varied without aiming to completely cover their parameter spectrum.
To compare the model results, the saturation and pressure distribution are plotted as well as the concentration breakthrough

curve at the coordinates (0, 0) over time.
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3.2 Landfill model

The transport simulations of the 2D landfill are carried out to determine the clearance pathway after StrlSchV 2024 Column 10
"Specific clearance of solid materials up to 1000 Mgyr~! for disposal on landfills in Becquerel per gram".
The model includes a 300 m wide and 25 m high landfill. Underneath is a 0.5 m thick drainage layer, followed by a 1 m thick
geological barrier according to DepV. Below these three compartments a 20 m thick aquifer with a total length of 850 m is
located. In order to reduce numerical boundary effects at the transition between the geological barrier and aquifer, the landfill
is not directly located at the model edge but is oriented slightly towards the center (Figure 2).

The model geometry has a gradient of 0.025 mm ™! to represent a hydraulic gradient in the aquifer (table C1). This gradient

is also present in the landfill geometry. A steady Neumann BC with an inflow rate of 0.25 myr—!

is applied at the model
surface. A Dirichlet BC with a water column height of 14 m is applied at the left and right model boundaries. The sides of the
landfill, the drainage and the geological barrier are closed with a no-flux boundary. Infiltration water from the surface of the
landfill is not able to drain out of the model at this point. This results in higher concentrations in the geological barrier and the
aquifer and therefore can be regarded as conservative for the groundwater path, as the whole input mass is transported through
the geological barrier into the groundwater instead of being collected at the landfill base and later treated in a sewage treatment

plant.

300 m landfill length

/0.5 m drainage eP1 eoP2

25 m landfill height
o o 19 /1 m geol. barrier Vadczse zZone ©P3 *P4

La———— |

20 m aquifer

Figure 2. Schematic setup of the landfill model (y-axis two times exaggerated). 25 m height landfill (grey) with a 0.5 m drainage layer, a
1m thick geological barrier. A 20 m thick aquifer adjoins to the geological barrier with a Dirichlet BC of 14 m defining a vadose zone of
6m at the start of the flow simulations. Several observation points (P1 to P4) are located in the model for the concentration comparison of

the codes.

The initial concentration in the landfill is 1kgkg ™!

over the whole landfill height of 25 m. The remaining compartments
have an initial concentration of 0 kgkg™'. The infiltrating rainwater has a concentration of 0 kg kg™ *. Initial saturation and
pressure conditions are simulated with a transient flow model until a steady state. Viscosity, fluid density and van Genuchten
parameters equal the values for the soil model.

Porosity and rock density remain constant across the different layers. The permeability values vary in relation to the assumed
permeability for landfill material, a hydraulically well connected aquifer (conservative) and the required permeability values

for the geological barrier with 1 x 10~2 ms~! after DepV. The material properties for the different layers are shown in Table 2.

Several simulations were performed, but due to repetitive results, only three are described in detail here. The parameters of
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Table 2. Material parameters for the different layers of the landfill model.

Layer Height [m]  Permeability [m?] Porosity [[] Rock density [kgm ]
Landfill 25 1.3x 10712 0.2 1800
Drainage 0.5 1.3x 107 0.2 1800
Barrier 1 1.3x 10716 0.2 1800
Vadose zone 6 1.3x 10712 0.2 1800
Aquifer 14 1.3x 10712 0.2 1800

these simulation cases are shown in Table B1. To compare the model results, the concentration breakthrough curves at the

coordinates, shown in Table 3, are plotted over time.

Table 3. Observation points for concentration evaluation of the landfill model.

Observation point ~ X-coordinate [m]  Y-coordinate [m]

P1 200 37.25
P2 200 36.25
P3 440 21.60
P4 707 14.00

4 Results
4.1 Soil model
4.1.1 Tracer transport times - saturated simulation cases

For the evaluation, several simulation cases are shown in one figure. However, due to the large number of simulation cases, not
all breakthrough curves were plotted in one diagram to ensure readability. The figures shown in this section originate from the
simulations for the saturated soil model. The first four simulation cases show the individual transport processes and possible
differences in the codes. Apart from advection, no other transport process is taken into account for simulation case 1. The
results show identical concentration curves for all three codes (Figure 3). This also applies to simulation cases 3 (diffusion)
and 4 (sorption). For simulation case 2 (dispersion), stronger dispersion results in a lower peak concentration for DuMu*. The
origin of this effect could not be identified, as the mathematical description of the dispersion is the same in the codes. An
in-depth search in the code also did not reveal any bug leading to this difference.

With the boundary conditions and parameters used, dispersion leads to a stronger distribution of the concentration relative to
the influence of the diffusion flux. In contrast to dispersion and diffusion, sorption does not lead to a stronger distribution of

the concentration, but to a retardation of the radionuclides on the material surfaces in the porous medium. With a sorption
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Figure 3. Concentration breakthrough curves for the simulation cases 1 to 4 (saturated cases) for the three different Codes DuMu* (solid

line), d*f++ (dotted line) and SPRING (dashed line). Blue curve: advective transport; orange curve: advection and dispersion; grey curve:

advection and diffusion; black curve: advection and sorption.

coefficient of 1 x 10~4 m3 kg_l, the pollutant takes almost twice as long to be transported to the observation point at the model

base as without sorption.

Fully saturated - SC 5-7

0301 —— Dumux SC5
X - Dumux SC6
— 0.25 A ﬂ Dumux SC7
ICD === SPRING SC5
é 0.20 SPRING SC6
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c
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Figure 4. Concentration breakthrough curves for the simulation cases 5 to 7 (saturated cases) for the three different Codes DuMu* (solid
line), df++ (dotted line) and SPRING (dashed line). All cases use the same dispersion (0.1 m) and diffusion coefficient (1 x 107° m?s™1)

and vary in the sorption coefficients. Blue curve: 1 x 107° m®kg™'; orange curve: 1 x 10~* m®kg™*; grey curve: 1 x 1073 m®kg !,

10
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The influence of variable sorption coefficients, which correspond to the value range for some radionuclides, are shown in
simulation cases 5 to 7 with the same dispersion coefficient and diffusion coefficients (Figure 4). The processes of disper-
sion and diffusion result in a stronger distribution of the pollutant in the model compared to purely advective transport. The
breakthrough curves of all codes show good agreement, solely the effect of the stronger dispersion in DuMu* differentiates the
concentrations in the range of 0.25 kg kg_l. With increasing sorption, the transport through the model is retarded considerably.

With a sorption coefficient of 1 x 1072 m? kg™, it takes almost 50 yr to reach the maximum concentration of 0.27 kgkg *.

Fully saturated - SC 8-10

0.12 - —— Dumux SC8
:’\; Dumux SC9

— I & Dumux SC10
fun i 1
5 0.10 i \ ——- SPRING SC8
é i SPRING SC9
20084 |1} SPRING SC10
5 il d3f++ SC8
= 0.06 i \ d3f++ SC9
:»;J Ty ‘\ d3f++ SC10
© 0044 i\ \
o L}
(@] 1

0.02 2\

LY
A,
S
0.00 T T T T T T
0.0 0.5 1.0 1.5 2.0 2.5 3.0
Time [s] 1e9

Figure 5. Concentration breakthrough curves for the simulation cases 8 to 10 (saturated cases) for the three different Codes DuMu* (solid
line), d3f++ (dotted line) and SPRING (dashed line). All cases use the same dispersion (1 m) and diffusion coefficient (1 x 1072 m?2s™ 1)

and vary in the sorption coefficients. Blue curve: 1 x 107° m®kg™'; orange curve: 1 x 10™* m3kg™*; grey curve: 1 x 103 m®kg ™!

Increasing the dispersion coefficients by factor 10 results in greater differences between the breakthrough curves of d3f++
and SPRING compared to DuMu*. The DuMu* results show an earlier and lower concentration maximum for the simulation
cases 8 to 10 (Figure 5). For d*f++ and SPRING the peaks are at 0.12 kg kg™ ', for DuMu* at 0.05kgkg . These simulation

cases show that higher dispersion coefficients lead to a stronger discrepancy between the concentration breakthrough curves
for the codes.

4.1.2 Tracer transport times - unsaturated simulation cases

Simulation cases 11 to 20 represent the unsaturated simulations of the soil model. As with the saturated simulations, the
breakthrough curves are largely consistent for all codes, as for the simulation cases 1 to 4 (Figure 6). There is a temporal
offset in the concentration maxima between the codes. The temporal offset is negligible within the scope of the model size
and the simulation period. The concentration peak is lower in the unsaturated simulations compared to the saturated cases.

This is the case due to the changes in the water content compared to the saturated tone and change the transport behaviour
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Figure 6. Concentration breakthrough curves for the simulation cases 11 to 14 (unsaturated cases) for the three different Codes DuMu* (solid
line), d*f++ (dotted line) and SPRING (dashed line). Blue curve: advective transport; orange curve: advection and dispersion; grey curve:

advection and diffusion; black curve: advection and sorption.

in the unsaturated zone. The concentration curves for DuMu* and d3f++ show slight differences. The DuMu* simulations
show a higher concentration peak in SC11 and SC14, as well as flatter concentration gradients at the base of the concentration
curves (at low concentrations). The SPRING simulations show similar concentration curve profiles. For all simulation cases
using SPRING, the concentrations reach the observation points slightly earlier. With the change to the unsaturated cases, the
differences in concentration due to dispersion (orange curve (SC2) in Figure 3) is less visible in simulation case 12. Transport
through the soil column is accelerated by the lower saturation compared to the saturated cases. The lower saturation means
less water mass at the same flow rate. This leads to a higher velocity per volume and faster transport and stronger mixing with
lower concentrations. For SC1-4 and SC11-14 the time difference between the concentration peak is around 1.6 yr due to the
saturated or unsaturated conditions.

The concentration maxima in the model with unsaturated zone are at lower concentrations compared to the simulations in the
fully saturated model for simulation case 15 and 16, depending on the sorption coefficient and the saturation (Figure 7). In un-
saturated simulations, the amount of solute initially stored in the porous medium depends strongly on the sorption coefficient.
A lower sorption coefficient implies less mass retained in the solid matrix under unsaturated conditions. This results in lower
concentrations observed at the observation point, even though the timing of breakthrough remains largely unaffected from the
unsaturated conditions. With lower sorption coefficients (1 x 10~% m3kg™') the concentrations are instead of 0.27 kgkg ™" at
0.19kgkg ™" in d*f++ and SPRING and 0.11 kgkg ™" with a sorption coefficient of 1 x 10~° m3kg ™' comparing the saturated
and unsaturated cases. So the sorption coefficient and the consideration of unsaturated conditions impact the height of the max-

imum concentration peak. For the simulation cases (SC17) with sorption coefficients 1 x 10~3 m3kg ™', a higher concentration

12
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Figure 7. Concentration breakthrough curves for the simulation cases 15 to 17 (unsaturated cases) for the three different Codes DuMu* (solid
line), d*f++ (dotted line) and SPRING (dashed line). All cases use the same dispersion (0.1 m) and diffusion coefficient (1 x 107 2m?2s™ 1)

and vary in the sorption coefficients. Blue curve: 1 x 107% m®kg™!; orange curve: 1 x 10~* m®kg™*; grey curve: 1 x 103 m®kg !,

is simulated in the unsaturated case compared to the saturated case in DuMu*. This tendency is not recognizable for d3f++
and SPRING. With 1 x 1075 m? kg_1 (SC15) and 1 x 10~*m3 kg_1 (SC16), the concentration curves of DuMu*, d*f++ and
SPRING overlap and do not diverge, as was the case in the saturated model.

Higher dispersion coefficients in the simulation cases 18 to 20 again show a reduced maximum concentration in DuMu*
compared to d*f++ and SPRING (Figure 8), as it was in the saturated cases (Figure 5). The combination of a higher dispersion
coefficient and a small element length in the numerical grid lead to a significant mixing of the concentration in the saturated

and unsaturated simulation using DuMu*.
4.2 Landfill model

In the landfill model, the breakthrough curves are created at four coordinates (Table 3). The first two points P1 and P2 are
located in the center below the landfill body directly above and below the geological barrier (Figure 2). Point P3 is located in
the nearby downstream of the landfill and point P4 is located at a distance of 500 m from the center of the landfill. Differences
in the flow and transport processes and their implementation have already been considered in the soil model, so that simulation
cases without dispersion and diffusion were not used here. The simulation cases differ in the varying sorption coefficients,
representative of the sorption behavior of different radionuclides, and the change in dispersion coefficients. As the dispersion
in the soil model had a clear effect on the concentration curves, the influence should also be investigated in the landfill model.
Simulation case 1 takes into account advection, dispersion and diffusion. Sorption is not considered; the sorption coefficient is

0m3 kg_l. The tracer is transported by the assumed groundwater infiltration rate to the base of the landfill. The concentration
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Figure 8. Concentration breakthrough curves for the simulation cases 18 to 20 (unsaturated cases) for the three different Codes DuMu* (solid
line), d3f++ (dotted line) and SPRING (dashed line). All cases use the same dispersion (1 m) and diffusion coefficient (1 x 1072m?2s™ 1)

and vary in the sorption coefficients. Blue curve: 1 x 107% m®kg™'; orange curve: 1 x 10™* m®kg™*; grey curve: 1 x 103 m®kg !,

at the observation point above the geological barrier quickly rises to the initial concentration within the landfill of 1 kg kg_l in

the area of the geological barrier (Figure 9). Without drainage water extraction in the model, the water is pushed through the
landfill body towards the groundwater. All the tracer mass is transported through the geological barrier, which can be consid-
ered as a conservative assumption. With a potentially lower recharge rate at the top of the landfill through sealing during the
backfilling and water drainage extraction above the geological barrier, the concentration in the groundwater would be signifi-

cantly lower (Artmann et al., 2020).

The different initial saturation conditions in DuMu* are the reason for the deviations from the d*f++ and SPRING concen-
tration curves. Flow simulations were performed for d3f++ and SPRING and the results were used as initial conditions for
the saturation of the model compartments. In DuMu*, the selected boundary conditions did not lead to a converging solution.
For this reason, the initial saturation condition for the transport simulations was averaged from d>f++ saturation results across
the landfill and the result was used as the initial condition for saturation in DuMu*. These differences in the initial conditions
lead to different concentration curves at observation points P1 and P2. At P3, the tracer has already been transported through
the unsaturated zone and parts of the aquifer. After just over 11 yr, the concentration in d*f++ and SPRING is 0.54kgkg ™",
while in DuMu* the maximum concentration is 0.38 kgkg ~'. A slight time lag can be seen in the peaks in the d*f++ results,
compared to DuMu* and SPRING. The transport of substances through the geological barrier and the aquifer is slightly faster
in d3f++. The concentration maxima of SPRING and DuMu* occur at approximately the same time. In SPRING and DuMu*

the concentration maximum occurs about one and a half years later at observation point P3. A reason for the different concen-
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Simulation case 1

Dumux P1
Dumux P2
Dumux P3
Dumux P4
SPRING P1
SPRING P2
SPRING P3
SPRING P4
d3f++ P1
d3f++ P2
d3f++ P3
d3f++ P4

Concentration [kg kg™1]

Time [s] 1e9

Figure 9. Concentration curves at the different observation points in the landfill model for simulation case 1 (o =0.1 m and Kz =0m®kg™!)
for the three different Codes DuMu* (solid line), d®f++ (dotted line) and SPRING (dashed line). Locations of the observation points are shown

in Figure 2.

trations at P3 is the mass distribution in the aquifer and the dispersive flux. The results were also compared by visualizing the
two-dimensional concentration plots. In DuMu* the concentration plume is distributed stronger over the whole aquifer depth.
In d*f++ and SPRING the plume is focused stronger in the area of the observation point and leads to higher concentrations at
P3.

SPRING simulates without the upwind method, whereas in d*f++ stabilisation by upwind can be partially or fully activated.
DuMu* converges only with small time steps without the upwind method, so upwind was used here. In further simulations
with d?f++, upwind was also used to test the influence of upwind methods on the results. The results are shown in Figure Al
and are similar to the results of DuMu*. The differences at observation point three can therefore be attributed to the stronger
dispersion and the additional upwind method in DuMu*. At observation point P4, the time lag of the maximum concentration
becomes more prominent. The maximum concentration is first reached in d*f++, about 3 yr before the peak in SPRING. In
DuMu* the peak is between the other two simulation code results.

In simulation cases 2 and 3, the dispersion coefficient is increased from 0.1 m to 1 m compared to simulation case 1. In the soil
model, a dispersion coefficient of 1 m represents a high value in relation to the grid size, but in the landfill model this value
may be quite realistic. Higher dispersion coefficients results in stronger concentration distribution in all model layers. None of
the codes reaches a maximum concentration of 1 kgkg ™" at the four observation points.

In simulation case 2, DuMu* shows the highest concentrations at observation points P1 and P2 and a slower discharge from the
landfill into the aquifer, corresponding to the less steep concentration curve compared to SPRING and d3f++ (Figure 10). These

codes show lower concentrations at points P1 and P2 compared to DuMu*, as for simulation case 1. The concentration curves
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for P1 and P2 are very similar for SPRING and d3f++. In DuMu* the concentration remains higher for a longer time period
at P1 and P2 with a steeper curve gradient after the peak. At observation points P3 and P4, the higher dispersion coefficient
leads to an equalisation of the concentrations of the various simulation codes compared to simulation case 1. Downstream, the
concentration curves of all codes differ slightly, with an earlier peak in d3f++, the highest concentration in SPRING and the
lowest concentration in DuMu*. The time difference between the maximum peak concentration is around 1 yr for the simula-
tion cases 1 and 2 at P4 due to the higher sorption coefficient (K =1 x 10~°> m3kg ™).

The results of simulation case 2 show no significant differences for the time of maximum concentration compared to simulation
case 1, so dispersion has a small influence on the timing of the peak. However, the dispersion coefficient does have an influence
on the concentration distribution and the concentration peak. Due to the stronger dispersion, the tracer is mixed more strongly
with the fresh water from the aquifer. At observation point P3, the maximum concentration is lower compared to simulation
case 1, while at observation point P4 the effect is less strong. With a smaller dispersion coefficient, the freshwater mixes with
the groundwater less quickly than with a higher dispersion coefficient, so that at P3 the mixing for simulation case 1 is not yet
as strong as in simulation case 2. Transport in the groundwater causes the tracer to mix increasingly with the fresh water, and

at P4 the mixing is so advanced that the different dispersion coefficients do not make a significant difference.

Simulation case 2

—— Dumux P1
Dumux P2
Dumux P3

—— Dumux P4

=== SPRING P1
SPRING P2
SPRING P3

=== SPRING P4
== d3f++ P1
d3f++ P2
d3f++ P3
s e

QM -
06 08 10
Time [s] 1e9

Concentration [kg kg™1]

Figure 10. Concentration curves at the different observation points in the landfill model for simulation case 2 (o = 1m and K4 =1 X
1075 m3 kg 1) for the three different Codes DuMu* (solid line), d*f++ (dotted line) and SPRING (dashed line). Locations of the observation

points are shown in Figure 2.

Simulation case 3 shows a stronger influence of the sorption coefficient (/) on the transport times through the model
(Figure 11). The travel times are nearly doubled with concentration peaks for P4 after 35 yr instead of 18 yr before for DuMu*.
The trends regarding the codes remain the same even with increased sorption coefficients. The concentrations at P1 and P2

are highest in DuMu* due to the modified initial saturation condition and increase to 1kgkg ™" despite the higher dispersion
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coefficient. While the concentration curves in simulation case 2 for P1 and P2 were almost identical between d3f++ and

SPRING, d3f++ now shows a slightly faster concentration peak as in the simulation cases 1 and 2 at the observations points P3

330 and P4.

335

340

Simulation case 3
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Figure 11. Concentration curves at the different observation points in the landfill model for simulation case 3 (o = 1m and K4 =1 X

10~ 4 m3kg™!) for the three different Codes DuMu* (solid line), d*f++ (dotted line) and SPRING (dashed line). Locations of the observation

points are shown in Figure 2.

5 Discussion

The topic of the disposal of decommissioning waste from nuclear power plants is becoming increasingly important due to
the phase-out of nuclear energy in Germany in 2023. To ensure that the population is not exposed to any additional radiation
doses, dose estimations are carried out for various disposal pathways. The IAEA’s 10 uSv criterion must be respected in this
process. The groundwater pathway beneath a landfill site is a possible contamination pathway. As only very small quantities of
decommissioning waste have been disposed of in landfills to date, there are no calibration or validation options for the model
simulations carried out here. The models and parameters are of generic origin. The focus of this work was on comparing the
numerical groundwater flow and transport codes d>f++, DuMu* and SPRING.

This work has also shown that supposedly simple model geometries can lead to different simulation results in the three codes
if the implementation of the flow and transport processes are not compared adequately. An initial comparison of codes using
simple examples serves as a valuable approach for transparently identifying similarities and differences. The presented results
show good agreement between the three numerical flow and transport codes. Differences in the results could be identified and

attributed to individual processes or numerical factors like the upwind method and dispersion.
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This includes increased grid-dependent dispersion, which causes a greater distribution of concentration in the DuMu* simula-
tions with high dispersion coefficients for the grid size. Another difference is the implementation and use of upwind methods,
which are not used in SPRING, can be switched on or off in d3f++, and are necessary in DuMu* for the solutions to con-
verge well with some parameter combinations. As described in Section 4.2 the deviations in the concentration curves can be
attributed to the averaged initial saturation conditions used in DuMu* to reach a converging solution and the higher dispersion
flux resulting in a lower concentration at observation point P3 because the concentration plume is more concentrated at this
point in d3f++ and SPRING. The differences between the FE and FV method of the simulation codes had no visible influence
on the results. In d*f++ and SPRING, saturation is calculated in initial flow simulations until a steady state is reached, and the
saturation conditions calculated at the steady state are used as initial conditions for the transport simulations. In DuMu*, such
calculated flow conditions cannot be implemented in the same way as in d>f++ and SPRING; therefore, the steady-state satu-
ration from the d3f++ simulations was averaged and used as the initial condition for the saturation conditions in the landfill, so
that the amount of material remains comparable. The differing saturation distributions led to different concentration curves at
the start of the transport simulation in DuMu*. The differences are apparent in the steeper rise in concentration and the sharply
changing concentration profile immediately after the start of the transport simulation in DuMu*. The model assumptions were
chosen to be as simple and conservative as possible in order to ensure good comparability of the codes. No drainage water
extraction was assumed in the landfill model at the drainage layer, where a large part of the contamination would be discharged
to a wastewater treatment plant. The entire amount of tracer is therefore transported through the landfill into the underlying
groundwater under constant infiltration water. The sorption coefficients used in the landfill model are in the lower range of
sorption coefficients, so significantly longer transport times are to be expected for most radionuclides. The comparison simula-
tions show good overall agreement in the results, with differences attributable to individual processes and methods used in the

codes.

6 Conclusions

Several numerical groundwater simulation cases were carried out in this work to compare the three codes d3f++, DuMu* and
SPRING. A soil model and a landfill model were set up. As only very small quantities of decommissioning waste from nuclear
facilities have been sent to landfill to date, there is no way of calibrating or validating the numerical models with real data. This
code comparison was done to strengthen the trust and to identify differences in the implementation of mass transport processes
in numerical simulation codes. In addition, parameter variation simulations were carried out for the two models in order to
investigate the effects of parameter changes on tracer concentration.

The equation systems for the flow and transport processes were successfully compared with each other. Differences were
identified in the description of sorption and tortuosity in the diffusion term, which were adjusted in DuMu* for the simulations.
The mass transport terms of advection, dispersion, diffusion, sorption and decay are mathematically implemented in the same
way. The breakthrough curves for almost all simulation cases show good agreement for all three numerical simulation codes.

The transport times of contaminated soil in a soil column and from a landfill to groundwater depend primarily on the potential
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sorption capacity of the radionuclides. Transport parameters such as diffusion played a smaller role in these simulations in more

permeable materials. Dispersion is more related to the grid size and model size and must be adjusted accordingly depending on

the model size. The material properties and especially the radionuclides under consideration with their chemical characteristics

have a major influence on transport behavior. The difficulty lies in determining the sorption coefficients for the radionuclides.

In the model simulations shown here, different sorption coefficients were applied to demonstrate possible effects on transport

times, with the focus on code comparison. A positive conclusion can be drawn from this comparison. The concentrations are

within the same order of magnitude and the processes causing the deviations have been identified. The work has shown that a

code comparison with a supposedly simple grid is necessary in order to reliably identify differences in the codes that could be

obscured by different processes in more complex models. The investigations increase the robustness of numerical codes as a

basis for simulating concentrations in the groundwater pathway, which can be used for later dose estimation in the future.

Appendix A: Tables with simulation cases and parameters

Table A1l. Transport parameters for different simulation cases for the soil model.

Simulation case ~ saturated/ unsaturated oy [m] o [m]  DZ;; [m*s™']  Kg[m’kg ']

1 saturated 0 0 0 0

2 saturated 0.1 0.01 0 0

3 saturated 0 0 1x107° 0

4 saturated 0 0 0 1x107*
5 saturated 0.1 0.01 1x107° 1x107°
6 saturated 0.1 0.01 1x107° 1x10~*
7 saturated 0.1 0.01 1x107° 1x1073
8 saturated 1 0.1 1x107° 1x107°
9 saturated 1 0.1 1x107° 1x107*
10 saturated 1 0.1 1x107° 1x107?
11 unsaturated 0 0 0 0

12 unsaturated 0.1 0.01 0 0

13 unsaturated 0 0 1x107° 0

14 unsaturated 0 0 1x107*
15 unsaturated 0.1 0.01 1x107? 1x107°
16 unsaturated 0.1 0.01 1x107? 1x107*
17 unsaturated 0.1 0.01 1x107? 1x107°
18 unsaturated 1 0.1 1x107° 1x107°
19 unsaturated 1 0.1 1x107° 1x107*
20 unsaturated 1 0.1 1x107° 1x1073
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Table B1. Transport parameters for different simulation cases for the landfill model.

Simulationcase oym azm Dfpm’s™'  Kgm’kg!

1 0.1 0.01 1x107° 0
2 1 0.1 1x107° 1x107°
3 1 0.1 1x107° 1x107%

* higher upwind value used in DuMu® due to convergence issues
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Table C1. Boundary coordinates for the model design.

X [m] Y [m] Description

0 21.25  Aquifer bottom left

0 41.25  Aquifer surface left

50 40 Contact aquifer to barrier left
50 41 Contact barrier to drainage left
50 41.5  Contact drainage to landfill left
50 66.5  Landfill surface left
350 59 Landfill surface right
350 34 Contact drainage to landfill right
350 33.5  Contact barrier to drainage right
350 32.5  Contact aquifer to barrier right
850 20 Aquifer surface right
850 0 Aquifer bottom right

Appendix D: Additional breakthrough plots for different landfill models

Simulation case 1

Concentration [kg kg™!]
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Figure Al. Landfill model concentration curves for simulation case 1 (oy = 0.1 m and K4 = 0m®kg™") with full upwind in d*f++ at

different observation points.
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