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Abstract: Twenty-five years ago, a unique long-term and large-scale in situ experiment with 14C-labelled nat-
ural organic matter (NOM)was set up at the HADES underground research facility inMol (Belgium) to study its
migration behaviour. Natural organic matter plays an important role in the mobility of various safety-relevant
radionuclides, which is critical in the context of Safety & Performance Assessment (SA/PA) calculations for a
possible nuclear waste repository. The objective of this work is to enlarge the confidence in current NOM trans-
port models by validating them with the in situ experiment, which is still continued to this day. Stepwise adding
more complexity to the model resulted in a 10-parameter model with which excellent fits to the data are
obtained. The model considers two different fractions that are transported by advection and diffusion and
can be subject to both irreversible and reversible immobilization processes. The associated fitted parameter val-
ues compare well with values determined on small-scale migration experiments. This builds confidence in the
NOM transport model, which in turn contributes to the confidence in the outcome of the radionuclide migration
calculations performed in the context of SA/PA. These results again highlight the incredible value of such long-
running experiments at underground research facilities like HADES.

Supplementary material: Supplementary figures and data are available at https://doi.org/10.6084/m9.fig-
share.c.6315969

Any country deploying nuclear power plants for
electricity production has to find a final solution for
its high- and intermediate-level radioactive waste.
The preferred option adopted by many countries
for the long-term management of high- and
intermediate-level radioactive waste and/or spent
fuel is its disposal in a geological repository, in
which a multibarrier system, combining natural
host rock and engineered barriers, is foreseen. In Bel-
gium, no formal decision on a host formation has
been taken yet, but for R&D purposes, the Belgian
radioactive waste management organization
ONDRAF/NIRAS considers Boom Clay as one of
the potential natural barriers for a geological disposal
facility in poorly indurated plastic clays (ONDRAF/
NIRAS 2013).

For this purpose, Boom Clay shows excellent
properties: pronounced self-sealing capacity (Van
Geet et al. 2008), a geochemical environment
favouring low solubility combined with a substantial
sorption capacity for various radionuclides (RNs)
(Van Laer et al. 2016; Bruggeman and Maes 2017;
Maes et al. 2021) and limited water flow (Yu et al.

2013). The low hydraulic conductivity and low
hydraulic gradient (Yu et al. 2013) over the forma-
tion make molecular diffusion the dominant solute
transport mechanism (Mazurek et al. 2011). As
most radionuclides are prone to sorb on the clay
minerals and likely to (co)precipitate in the clay
porewater, radionuclide migration through the clay
barrier is extremely slow.

However, Boom Clay is rich in natural organic
matter (NOM) with total organic carbon values typ-
ically between 1 and 5 wt%while the porewater con-
tains on average 115 mg C l−1 of dissolved organic
carbon (Maes et al. 2004; Bruggeman and De
Craen 2012). Dissolved organic matter (DOM) is
assumed to correspond to the fraction of organic car-
bon that is smaller than 0.45 µm (Zsolnay 2003).
Natural DOM present in Boom Clay porewater dis-
plays a broad molecular weight distribution ranging
from species of a few hundred Da to aggregates
larger than 100 kDa. Owing to size exclusion, only
a fraction of DOM is potentially mobile throughout
the Boom Clay, which exhibits pore throat diameters
down to c. 20 nm (Hemes et al. 2015), with most of
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the mobile part being smaller than 20 kDa (Durce
et al. 2015).

Many radionuclides (lanthanides, actinides, tran-
sition metals, etc.) show a high affinity towards
DOM and form complexes/colloids (Dierckx et al.
1994; Moulin et al. 1995; Maes et al. 2003; Liu
et al. 2008; Bruggeman et al. 2010). Consequently,
the concentrations of these radionuclides in the
clay porewater can be higher than their thermody-
namic solubility. Moreover, they can also get
attached to the mobile fraction of DOM and be trans-
ported with it. This phenomenon is called colloid-
facilitated transport and can strongly enhance the
long-term migration of otherwise hardly mobile
radionuclides (Salah et al. 2015; Bruggeman et al.
2017a, b).

It is essential to quantify the migration behaviour
of DOM to fully understand its contribution to the
mobility of various safety-relevant radionuclides,
in the context of safety and performance assessments
(SA/PA). To this end, various lab-scale experiments
were performed on Boom Clay cores to study the
transport of DOM and derive transport models (Put
et al. 1998; Durce et al. 2018). Long-term experi-
ments that allow the study of DOM-linked migration
of RNs, which clearly show this enhanced transport,
were also performed and are described in the litera-
ture (Maes et al. 2011; Van Laer 2018).

A sound description of the migration of radionu-
clides that interact with DOM is of key importance
for SA/PA calculations related to poorly indurated
clays with high organic content (like the Boom
Clay). Safety assessment calculations, as a part of
the Safety Case for a geological waste repository,
aim at quantitatively demonstrating the long-term
radiological safety of the disposal system. They con-
sist of a chain of model calculations assessing the
release of radionuclides, their migration through
the host formation, their dilution in surrounding
aquifer layers, transfers between biosphere compo-
nents and eventually health effects for a reference
person. Performance assessment calculations aim at
demonstrating the functioning of the integrated
repository system and testing the robustness of the
main engineered and natural barriers under different
assumptions. Since the demonstration of safety relies
heavily on porous media flow and transport models
that deal with extreme timescales, it is of utmost
importance to assure the validity of those models
so that all stakeholders have confidence in the safety
assessment outcome. In a recent update of the glos-
sary, IAEA (2019) specifies that

modelling the behaviour of an engineered system in a
(geological) disposal facility involves temporal and
spatial scales for which no comparisons with system
level tests are possible: models cannot be validated
for that which cannot be observed. ‘Model validation’
in these circumstances implies showing that there is a

basis for confidence in the model(s) by… comparisons
with appropriate field and laboratory tests, and compar-
isons with observations of tests … at the process level.

So, even if the model in its entirety cannot be vali-
dated, a partial validation is still possible. The most
important processes of the model can be singled
out, and compared with experimental data, in situ
measurements and/or natural analogues. This is
illustrated in the literature (Weetjens et al. 2014;
Govaerts and Weetjens 2017), where the advec-
tive–diffusive transport of tracer radionuclides in a
low-permeable porous medium (Boom Clay) is
numerically modelled and compared with a long-
term in situ migration experiment at HADES under-
ground research laboratory (URL).

The objective of this work is to enlarge the confi-
dence in current DOM transport models (such as
those described in the literature (Put et al. 1998;
Weetjens 2003; Maes et al. 2004; Ionescu et al.
2008; Martens et al. 2010; Durce et al. 2018) by
(partial) validation). This is done by tweaking them
to obtain the best possible fits to the experimental
data of a unique long-term and large-scale in situ
experiment with 14C-labelled NOM, supplied to the
Boom Clay from a horizontally and vertically
inserted piezometer, which was set up in the frame-
work of the TRANCOM-Clay project 25 years ago
(Dierckx et al. 2000). This experiment is referred
to as TDR41HV–TROM. The aim is to keep the
model structure as parsimonious as possible by step-
wise building the numerical flow and transport
model and adding complexity (parameters and pro-
cesses) at each step.

The TDR41HV–TROM in situ experiment:
past and present

The large-scale in situ experiment, referenced to as
TDR41HV–TROM, is performed in the Test Drift
of the HADES URL, more particularly in Ring 41
of the Test Drift, and concerns one horizontal (H)
and one vertical (V) supporting tube (piezonest).
Putting all the bold letters and numbers together
leads to the name of the experiment: TDR41HV.
TROM refers to the 14C-labelled extracted DOM
that is injected during the experiment. This paper
concerns similar modelling efforts as performed in
Martens et al. (2010). In that work, the authors grad-
ually developed an axisymmetric model for the ver-
tical piezometer by increasing the complexity of the
model. First, only diffusion and linear sorption were
included. In a subsequent step advection was added.
Finally, the effect of adding a colloid transport model
was evaluated. The final model was then validated on
the dataset from the horizontal piezometer.

However, in the meantime the experiment has
been continued for 12 more years, and data points
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started to arise at the sampling points farther away
from the injection point. Owing to increased compu-
tational resources, it was now possible to simultane-
ously fit concentrations at both the horizontal and
vertical sampling filters around the URL using mod-
ern optimization algorithms. This allows more pre-
cise quantification of the influence of the Boom
Clay anisotropy on the processes related to the
migration of the organic species. Moreover, detailed
hydraulic modelling of the drainage towards the gal-
lery was included, which accurately represents the
influence of advection on DOM transport. Most
importantly, the influence of the different size frac-
tions of the Boom Clay on transport are taken into
account, which proved to be an essential aspect to
in order describe the experimental data.

Materials and methods

Experimental setup: TDR41HV–TROM

The in situ experiment referred to as TDR41HV was
described in detail in the literature (De Cannière et al.
1996; Dierckx et al. 2000; Maes et al. 2004; Van
Laer 2018). Two piezometers installed in Ring 41

of the test gallery of the HADES URL in Mol
(Fig. 1) and previously used to study iodide migra-
tion (De Cannière et al. 1996) were (re)used. One
is oriented horizontally (migration parallel to the
Boom Clay bedding) and the other is oriented verti-
cally in the formation (migration perpendicular to the
Boom Clay bedding as shown in Fig. 1). In each of
these two piezometers nine porous stainless steel fil-
ters were placed at different distances. Each filter is
equipped with tubing (in and out) allowing water cir-
culation, either for tracer supply or for water sam-
pling. A natural porewater solution (RBCW, Real
Boom Clay Water; De Craen et al. 2004) containing
14C-labelled extracted DOM is circulated every 4 h
in the mixing chambers of injection filters
R41-F8V and R41-F8H, in such a way that constant
activity concentrations of 3.1 × 1010 and 2.2 ×
1010 Bq m−3 solute are permanently maintained in
the filter, for the vertical and horizontal piezometer,
respectively. The total organic carbon values from
the 14C source solutions were 168 and 241 mgC l−1

for respectively R41-H and R41-V. Twice a year,
water is collected (c. 100 ml) from the first two
neighbouring filters, at a distance of respectively
0.35 and 0.85 m (filters R41-F7H, R41-F6H,

Fig. 1. Schematic representation of the emplacement of the horizontal (R41-H) and vertical (R41-V) piezometers in
the HADES URL (SCK CEN, Mol, Belgium) for the migration experiment with 14C-labelled natural organic matter.
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R41-F7V and R41-F6V) and the 14C activity is
determined using liquid scintillation counting
(LSC). A schematic drawing of the injection setup
is given in the Supplementary material.

14C-labelled DOM solution

The 14C-labelled DOM was prepared by Loughbor-
ough University in the framework of the EC
TRANCOM-Clay Project using concentrated
extracted Boom Clay organic matter. Details on the
preparation and the experimental setup are given in
Dierckx et al. (2000). In 2009, a size distribution
analysis was performed on samples from the source
solutions and the first neighbouring filters using fil-
tration with ultrafiltration membranes of different
molecular weight cut-off. Both the UV signal (as a
measure of the organic matter content) and 14C activ-
ity (using LSC) were measured.

Modelling approach

Mathematical model

For most radioactive solutes, transport through (sat-
urated) Boom Clay can be well represented by the
following classical conservation equation for advec-
tive–dispersive transport with linear reversible sorp-
tion in saturated porous media (adapted from Fetter
1994):

(η+ ρbRd)
∂c

∂t
−∇·[η(D+ Dp)∇c− uDarcyc]

= −λ(η+ ρbRd)c+ S (1)

where c is the concentration of a given nuclide in the
porewater (Bq m−3), η is the (accessible) porosity, ρb
is the dry bulk density (kg m−3), Rd is the effective
(solid/liquid) distribution coefficient (m3 kg−1), D
is the hydrodynamic dispersion tensor (m2 s−1), Dp

is the pore diffusion tensor (m2 s−1), uDarcy is the
Darcy velocity vector (m s−1), λ is the radioactive
decay rate (s−1) and S is a generic reaction source
term. In low permeability porous media, like Boom
Clay, advection is usually small compared to diffu-
sion and consequently dispersion terms are therefore
negligible with regards to diffusion coefficients. The
transport equation can then be simplified by dividing
by η and the retardation factor (defined as R = 1 +
ρbRD/η) to

∂c

∂t
− ∇·[Dapp∇c− uappc] = −λc+ S∗ (2)

where Dapp is the apparent diffusion tensor (=Dp/R)
and uapp is the apparent velocity vector according to

uapp = uDarcy
ηR

(3)

Transport of DOM is usually described with a
classical advection–diffusion equation with linear
sorption (equation 1). Reversible straining, filtration
and/or sorption effects, which are typically observed
in transport of colloidal species (Sen and Khilar
2006; Bradford et al. 2007; Porubcan and Xu
2011), are often lumped together into the effective
solid/liquid distribution ratio (Rd) and as such the
retardation factor. Owing to size (and charge) exclu-
sion, not all species are probably able to access the
entire pore space. When this inaccessible part of
the total porosity contributes significantly to the
total (Darcy) water flux through the clay, the value
of uapp might be significantly over- or underesti-
mated as stated in Aertsens et al. (2020). However,
this inaccessible pore fraction for (larger) particles
most likely corresponds to zones of fluid stagnation
while a few high velocity channels control the over-
all ability of the medium to transmit the fluid and
contribute to the total water flow rate (De Anna
et al. 2017). As such, this is not expected to introduce
significant errors, especially in diffusion dominant
systems.

To account for irreversible (immobilization) pro-
cesses like physical entrapment, chemical irrevers-
ible sorption/attachment and/or dissociation of the
14C-label, the reaction source term S* can be used
as a simple first-order decay term:

S∗ = − ηkirr
ηR

c = −k∗irrc (4)

with kirr and k∗irr the lumped kinetic rate constants for
all irreversible processes (s−1). The term capacity
factor is often used for the product of η and R.

Although the permeability of the Boom Clay is
very low, advection cannot be neglected in this
case owing to drainage towards the open gallery
infrastructure of HADES. The Darcy velocity field
is calculated from the steady state solution of
Darcy’s equation:

uDarcy = Kh∇H (5)

where Kh is the hydraulic conductivity tensor (m s−1)
and H is the hydraulic head (m).

Model geometry, boundary conditions and
parameters

Hydraulic model. In order to estimate the hydraulic
effect of the presence of the HADES facility, a
two-dimensional geometry of the experimental
setup was modelled in COMSOL Multiphysics 5.6
(COMSOL Multiphysics® 2020). The URL gallery
was represented as an open cylinder (with a radius
of 1.75 m, at a depth of 225 m) at atmospheric
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pressure in the centre of a Boom Clay volume of 25
by 25 m (by 1 m). Pressure heads at the boundaries
are set to 200 and 250 m at respectively the top
and bottom, with a linear interpolation between
these values at the left and right sides (Fig. 2).

In a clay deposit such as the Boom Clay, low-
porosity clay platelets are dominantly oriented per-
pendicular to the direction in which sedimentation
took place, which becomes even more accentuated
by compaction. Owing to this layered structure,
hydraulic conductivities are higher in the direction
parallel (//) than perpendicular (⊥) to the bedding
plane. The best estimate values for the horizontal
(//) and vertical (⊥) hydraulic conductivity the
Boom Clay formation are 4.5 × 10−12 and 2.1 ×
10−12 m s−1 respectively (Yu et al. 2013), which
will be used in the hydraulic calculations.

Transport model. To model the evolution of the con-
centrations of DOM along the horizontal and vertical
piezometers, two separate 2D axisymmetric models
are constructed in COMSOL Multiphysics 5.6
(COMSOL Multiphysics® 2020). The geometry
comprises the central part of the piezometer within
a limited volume of Boom Clay (2 m radius × 4 m
height). The injection filter is modelled as a constant
concentration boundary. All other boundaries are
assigned no flux boundary conditions (Fig. 2).

Similar to the hydraulic conductivity, diffusion
coefficients for solutes are usually higher in the

direction parallel (//) than perpendicular (⊥) to the
bedding plane of Boom Clay. For instance, in
the case of the non-sorbed tracer RN HTO, a value
of 2 is considered as the best estimate for the ratio
between the horizontal (//) and vertical (⊥) pore dif-
fusion coefficients, although the anisotropy ratio can
range between 1.5 and 3, depending on the degree of
compaction (Bruggeman et al. 2009; Jacops et al.
2017).

The injected solution of 14C-labelled DOM con-
sisted of a complex mixture of organic molecules
spanning a wide size distribution. As a consequence,
to properly model the migration behaviour of the
supplied DOM, more than one species having differ-
ent migration parameters will probably have to be
introduced, similar to Durce et al. (2018). Radioac-
tive decay is neglected owing to the long half-life
of 14C (5730 years) in comparison to the duration
of the experiment (c. 25 years).

Optimization. Different to the previous modelling of
the in situ test in Martens et al. (2010), automated
(global) optimization algorithms are applied (on
data for all filters and in both directions). To avoid
the best-fits being dominated by the high concentra-
tions in the filters closest to the source filter, the sum
of squared relative residuals (SSrR) between model
and measurements was minimized using the MAT-
LAB lsqnonlin and multistart functions (MATLAB

Fig. 2. Illustration of the setup of the numerical 2D cartesian hydraulic (centre, pressure head as surface plot and
velocity distribution as arrow plot) and the two 2D axisymmetric transport models (for the horizontal and the vertical
piezometer, respectively left and right, activity concentration evolution). Velocities along the piezometers are mapped
from the steady-state solution of the hydraulic model to the transport models (these illustrations are not to scale and
exaggerated parameter values are used for illustrative purposes).
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2020). This SSrR is defined as:

SSrR =
∑Nf

j=1

∑N
i=1

ci − cexp,i,j
cexp,i,j

( )2

(6)

with N the number of measurements for each filter,
Nf the number of sampling filters, cexp,I,j the experi-
mentally measured concentration and ci the mod-
elled concentration (being the sum of the
concentrations of both modelled DOM species).

To judge the goodness-of-fit to the individual
sampling filters, a coefficient of determination (R2)
is calculated based on the absolute differences
(Witte and Witte 2017). One must keep in mind
that this overamplifies the importance of points
with a high absolute value. A value closer to 1 indi-
cates a better fit. The value of R2 may be negative
when a non-linear function is used to fit the data.
In cases where negative values arise, the mean of
the data provides a better fit to the measured data
than the simulated values.

Results and discussion

Hydraulic model

Steady-state results from the hydraulic component of
the model are shown in Figure 3. It is clear that the
Darcy velocities and so the pressure gradients are
higher closer to the gallery and smaller at larger dis-
tances from the gallery, which might have a (small)
impact on the predictions of DOM breakthrough,
compared with the fixed velocity which was used
in previous modelling attempts of this experimental
setup (Martens et al. 2010; Aertsens et al. 2013).
Owing to the larger horizontal hydraulic conductiv-
ity, velocities are about two times higher along the

horizontal piezometer. The calculated Darcy veloci-
ties along the piezometer (at 3–7 m from the centre
of the gallery, corresponding to the length of the
transport model domain) are transferred to the trans-
port model, resulting in an imposed velocity field
that is uniform in the radial direction and aligned
with the axis along the piezometer.

DOM transport model

This section contains a description of the stepwise
model building (Table 1), which will illustrate why
and when more complexity (parameters and pro-
cesses) is introduced into the model to better fit the
data. By showing the minimized SSrR-value and
coefficients of determination (R2) for each filter,
the goodness-of-fit of each successive model and
its improvements are quantified. In every step, the
data for all filters are simultaneously fitted by the
optimization algorithm. Table 2 contains a descrip-
tion of the parameters that are used in the final
model. In Table 3, optimal values for each fitting
parameter and the 95% confidence intervals are
given for each step of the model development. Please
note that the R2 for each sampling filter is based on
absolute differences, while the SSrR is based on
relative differences. As such, each data point will
have an equal contribution to SSrR, while data points
with a higher absolute value will have a higher
weight in the individual R2 values. Plots for each
model fit are given in the Supplementary material,
for completeness.

First, a simple isotropic diffusion model with one
species is used to simulate the data in all four sam-
pling locations (step 0, Model_Di). As expected,
this model – with one fitting parameter Dapp – does
not succeed in providing a good fit to any of the data-
sets. Attempts to optimize the fit to one sampling
location, either on the horizontal or vertical piezom-
eter, consistently result in very poor fits to all others.

A reasonable fit at the closest filters (35 cm,
F7H/V) leads to a strong underestimation of the con-
centrations at the farthest filters, while a reasonable
fit at the farthest filters at 85 cm from the injection
point (F6H/V) results in a strong over-prediction
of concentrations in filters F7H/V. It appears clearly
that the anisotropy of the Boom Clay plays a signifi-
cant role as any value of the 14C-DOM diffusion
coefficient is unable to fit either the combination
F7H/F7V or F6H/F6V.

Owing to the layered structure, Boom Clay
shows anisotropy for hydraulic conductivity and
diffusivity with both parameters higher in the direc-
tion parallel (//) than perpendicular (⊥) to the bed-
ding plane. Pore throat orientation analyses on pore
networks extracted from X-ray m-CT and FIB-SEM,
performed in Hemes et al. (2015), show a strong
anisotropy of the pore space connectivity, with
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Table 1. Description of the different steps in the stepwise model building

Step Model name Description Number of
fitting
parameters

0 Model_Di Isotropic diffusion using one species, no advection 1
1 Model_D1 Anisotropic diffusion using one species, no advection 2
2 Model_D2 Anisotropic diffusion using two species, no advection 6
3 Model_AD2 Anisotropic diffusion using two species, advection 8
4 Model_AD2_cap2 Anisotropic diffusion using two species, advection,

different capacity factors used in the vertical and
horizontal piezometer setup

8

5 Model_AD2_cap2_imm Anisotropic diffusion using two species, advection,
different capacity factors used in the vertical and
horizontal piezometer setup, immobilization of the slow
species

9

6 Model_AD2_cap2_imm2 Anisotropic diffusion using two species, advection, specific
capacity factors for the vertical and horizontal
piezometer setup, specific immobilization of the slow
species for the vertical and horizontal piezometer setup

10
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preferred pore throat orientations parallel to the sam-
ple bedding. This orientation corresponds to the hor-
izontal direction in this work. Similar findings
resulted from research using TEM and FIB/SEM
imaging on Callovo-Oxfordian Clay, where the
authors noticed clay particles mainly oriented per-
pendicular to the compaction axis and pores elon-
gated in the same plane (Gaboreau et al. 2016).

The anisotropy of Boom Clay is therefore taken
into account in the next modelling step by fitting
the diagonal coefficients of the diffusion tensor,
with a horizontal (Dapp,h = Dxx = Dyy) and a vertical
component (Dapp,v = Dzz) while still considering
only one 14C-DOM species (Model_D1). This
results in a significant improvement of the fits of
the nearest filters (F7H/F7V) with R2-values rising
to 0.6. However, the concentration values at the far-
thest filters are still largely underestimated. This
could indicate that a small part of the injected
DOM migrates faster than the rest and is able to
travel farther and reach the F6H/F6V filters. So in
a next step, the migration behaviour of the organic
mixture is modelled using two species with distinct
diffusion parameters, one ‘fast’ and one ‘slow’
(Model_D2). The ratio between the concentration
of the slow species and the total concentration in
the inlet filter is fitted separately for the vertical
and horizontal piezometer and is denoted by respec-
tively Fraction_VP_slow and Fraction_HP_slow. These
are defined as:

Fraction slow = cslow,inlet
ctotal,inlet

(7)

with cslow,inlet as the activity concentration of the
slow species, and ctotal,inlet as the total activity con-
centration in the injection filter, which differs for
the horizontal and the vertical piezometer.

These parameters are empirical fitting factors that
are not linked to the actual DOM size distribution.

By introducing the additional fast component, over-
all fit quality improves drastically as seen by the
large drop of the objective function value and
increased R2-values in all four sampling filters.

However, a significantly lower Fraction_HP_slow
compared with Fraction_VP_slow is obtained. It
appears that along the horizontal piezometer setup,
a larger part of the injected DOM population is
able to migrate rather fast than slow and reach the
farthest filter F6H. This can be attributed to the
anisotropy of the pore connectivity and pore throat
orientation/size. In the vertical direction, the pore
throat diameter is smaller, resulting in a smaller frac-
tion of molecules that are small enough to take the
shortest possible pathway towards filter F6V.

The next process considered is advection.
Owing to the drainage towards the open gallery
infrastructure of HADES, advection is present and
its role in the DOM transport is evaluated by adding
it into the model. Velocity profiles obtained from
the hydraulic calculation are mapped to the axisym-
metric transport models (Model_AD2). This intro-
duces two more fitting parameters: the capacity
factors for the fast and the slow species ηR_fast/
ηR_slow which act as a scaling factor to the Darcy
velocity, as seen in equation (3). Only a slight
increase in overall fit quality is obtained, mostly
in the farthest filter, indicating that the contribution
of advection to the total transport must be small.
Moreover, as indicated by the rather large fitted
value (and also associated uncertainty) of ηR_slow,
the slow species is even hardly transported by
advection at all, compared with its diffusive coun-
terpart. Larger particles are more prone to sorb on
mineral surfaces and/or straining in too small
pores and are therefore barely travelling along
with the water flow, hence the low apparent velocity
uapp. Because of the very low sensitivity of the
model to the ηR_slow parameter, in the next model
steps, it is fixed to a value of 4.

Table 2. Parameters that are used in the final model and their description

Parameter Description

Dapp_v_fast Apparent diffusion coefficient of the ‘fast’ species in the vertical direction (m2 s−1)
Dapp_h_fast Apparent diffusion coefficient of the ‘fast’ species in the horizontal direction (m2 s−1)
Dapp_v_slow Apparent diffusion coefficient of the ‘slow’ species in the vertical direction (m2 s−1)
Dapp_h_slow Apparent diffusion coefficient of the ‘slow’ species in the horizontal direction (m2 s−1)
Fraction_VP_slow Fraction of the ‘slow’ species in the source solution of the vertical piezometer relative to the

total amount (—)
Fraction_HP_slow Fraction of the ‘slow’ species in the source solution of the horizontal piezometer relative to

the total amount (—)
ηR_VP_fast Capacity factor of the ‘fast’ species for the vertical piezometer setup (—)
ηR_HP_fast Capacity factor of the ‘fast’ species for the horizontal piezometer setup (—)
ηR_slow Capacity factor of the ‘slow’ species (—)
k*irr_VP_slow Effective kinetic rate of the ‘slow’ species for the vertical piezometer setup (s−1)
k*irr_HP_slow Effective kinetic rate of the ‘slow’ for the horizontal piezometer setup (s−1)
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Table 3. Optimal and fixed parameter values and associated 95% confidence intervals for each step of the model development, SSrR and R2-values for all four
sampling filters

Step 0: Model_Di
Dapp (m

2 s−1) / / / / / / / / / R2

F7V
R2

F6V
R2

F7H
R2

F6H
SSrR

Best fit 2.06 × 10−11 0.052 −1.465 0.302 −1.105 88.419
+ 1.80 × 10−12

Step 1: Model_D1
Dapp_v (m

2 s−1) Dapp_h (m
2 s−1) / / / / / / / / R2

F7V
R2

F6V
R2

F7H
R2

F6H
SSrR

Best fit 2.04 × 10−11 3.03 × 10−11 0.589 −1.467 0.603 −0.989 73.804
+ 1.84 × 10−12 2.97 × 10−12

Step 2: Model_D2
Dapp_v_fast

(m2 s−1)
Dapp_h_fast

(m2 s−1)
Dapp_v_slow

(m2 s−1)
Dapp_h_slow

(m2 s−1)
Fraction_VP_slow

(—)
Fraction_HP_slow

(—)
/ / / / R2

F7V
R2

F6V
R2

F7H
R2

F6H
SSrR

Best fit 9.18 × 10−11 9.60 × 10−11 1.77 × 10−11 2.41 × 10−11 0.984 0.929 0.877 0.783 0.944 0.952 10.958
+ 7.92 × 10−12 6.95 × 10−12 9.84 × 10−13 1.95 × 10−12 0.006 0.023

Step 3: Model_AD2
Dapp_v_fast

(m2 s−1)
Dapp_h_fast

(m2 s−1)
Dapp_v_slow

(m2 s−1)
Dapp_h_slow

(m2 s−1)
Fraction_VP_slow

(—)
Fraction_HP_slow

(—)
ηR_fast

(—)
ηR_slow

(—)
/ / R2

F7V
R2

F6V
R2

F7H
R2

F6H
SSrR

Best fit 8.89 × 10−11 9.08 × 10−11 1.70 × 10−11 2.28 × 10−11 0.985 0.935 0.887 3.999 0.867 0.808 0.922 0.984 10.909
+ 7.84 × 10−12 7.77 × 10−12 2.92 × 10−12 6.40 × 10−12 0.006 0.025 0.545 3.963

Step 4: Model_AD2_cap2
Dapp_v_fast

(m2 s−1)
Dapp_h_fast

(m2 s−1)
Dapp_v_slow

(m2 s−1)
Dapp_h_slow

(m2 s−1)
Fraction_VP_slow

(—)
Fraction_HP_slow

(—)
ηR_VP_fast

(—)
ηR_HP_fast

(—)
/ / R2

F7V
R2

F6V
R2

F7H
R2

F6H
SSrR

Best fit 8.77 × 10−11 9.03 × 10−11 1.72 × 10−11 2.29 × 10−11 0.988 0.937 0.309 0.800 0.847 0.791 0.920 0.984 10.508
+ 7.75 × 10−12 7.71 × 10−12 9.25 × 10−13 1.86 × 10−12 0.005 0.023 0.200 0.502

Step 5: Model_AD2_cap2_imm
Dapp_v_fast

(m2 s−1)
Dapp_h_fast

(m2 s−1)
Dapp_v_slow

(m2 s−1)
Dapp_h_slow

(m2 s−1)
Fraction_VP_slow

(—)
Fraction_HP_slow

(—)
ηR_VP_fast

(—)
ηR_HP_fast

(—)
k*irr_slow
(s−1)

/ R2

F7V
R2

F6V
R2

F7H
R2

F6H
SSrR

Best fit 9.94 × 10−11 9.76 × 10−11 2.47 × 10−11 3.33 × 10−11 0.994 0.955 0.194 0.796 2.22 × 10−9 0.988 0.839 0.963 0.953 6.885
+ 8.47 × 10−12 7.76 × 10−12 1.68 × 10−12 3.33 × 10−12 0.002 0.022 0.090 0.536 5.13 × 10−10

Step 6: Model_AD2_cap2_imm2
Dapp_v_fast

(m2 s−1)
Dapp_h_fast

(m2 s−1)
Dapp_v_slow

(m2 s−1)
Dapp_h_slow

(m2 s−1)
Fraction_VP_slow

(—)
Fraction_HP_slow

(—)
ηR_VP_fast

(—)
ηR_HP_fast

(—)
k*irr_VP_slow

(s−1)
k*irr_HP_slow

(s−1)
R2

F7V
R2

F6V
R2

F7H
R2

F6H
SSrR

Best fit 1.02 × 10−10 9.81 × 10−11 2.67 × 10−11 2.99 × 10−11 0.995 0.945 0.170 0.799 3.15 × 10−9 1.26 × 10−9 0.961 0.837 0.997 0.945 6.288
+ 8.64 × 10−12 7.23 × 10−12 1.85 × 10−12 3.87 × 10−12 0.002 0.022 0.075 0.511 7.06 × 10−10 8.32 × 10−10

Fixed parameters
Hydraulic

conductivity
(horizontal)

4.5 × 10−12 m s−1

Hydraulic
conductivity
(vertical)

2.1 × 10−12 m s−1

Bulk density
Boom Clay

1700 kg m−3
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It can be reasonably expected that colloidal parti-
cles will show a different transport behaviour when
the dominant direction of the water flow is parallel
or perpendicular to the bedding planes of the clay.
When concentrations in the horizontal sampling fil-
ters (R41-7H and R41-6H) are modelled, the main
transport and water flow direction is along the bed-
ding. As such, the particles are able to move through
larger pores that show better connectivity. This effect
is enhanced by a higher water velocity in the hori-
zontal direction towards the gallery compared to
the vertical direction (Fig. 3). This forces particles
preferentially into the larger pores of the pore size
distribution (Sirivithayapakorn and Keller 2003).
Therefore, particles travelling along the horizontal
piezometer will be able to enter a larger fraction of
the total porosity (η), often referred to as the accessi-
ble porosity.

On the other hand, owing to the higher horizontal
water velocities, when particles eventually end up
being strained in narrow pores, it is harder to dif-
fuse out. This effect enhances retardation (R) and
altogether leads to a higher capacity factor ηR of
the fast compounds for the transport along the hor-
izontal piezometer compared with the vertical pie-
zometer. This is confirmed by fitting different
capacity factors for each piezometer setup (Mode-
l_AD2_cap2). The objective function value drops
significantly while individual R2 values decrease
slightly. This means that early breakthrough points
are fitted better at the expense of later data points
with higher concentration values. The capacity fac-
tor fitted for the horizontal piezometer setup is
found to be about 2.5 times higher compared with
the vertical piezometer.

Concentrations at the F7H/F7V filters appear to
be levelling off after 15 years of data collection
(Fig. 4). However, the diffusion model predicts a
steep rise of the concentrations (see Model_AD2
in the Supplementary material), which should even-
tually reach the level of the inlet filter concentrations
once a (pseudo-)steady state is reached. This
indicates that a significant fraction of the ‘slow’
injected DOM is not able to migrate and will be
immobilized along the way towards the sampling
points. By adding a first-order kinetic term to the
model of the slow compounds, irreversible immobi-
lization (equation 4) is introduced: first by using
one constant for both horizontal and vertical pie-
zometers (Model_AD2_cap2_imm), then by using
a specific one for each piezometer (Model_AD2_
cap2_imm2). Kinetic rate constants are only fitted
for the slow compounds, as they are not identifiable
for the fast compounds while the concentration data
in the F6 filters is still rising and not nearing a pla-
teau. Moreover, the fast compounds are not
expected to get immobilized. Adding the kinetic
terms greatly improves model fit quality, as can

be seen in Table 3. By fitting different kinetics
for the vertical and horizontal piezometer, fit qual-
ity improves even more (final Model_AD2_ca-
p2_imm2, Fig. 4). The lower connectivity and
smaller pore size in the vertical direction result in
a more efficient filtering and irreversible entrap-
ment of the larger DOM molecules when water
flow is perpendicular to the bedding plane, leading
to a larger kinetic constant for the vertical piezom-
eter. By introducing the kinetic term, the diffusion
coefficient values increased slightly in order to
compensate for part of the immobilized fraction.

Size distribution

In 2009 (Martens et al. 2010), size distribution
analysis was performed on samples from the source
solutions and the first neighbouring filters using fil-
tration with ultrafiltration membranes of different
molecular weight cut-off. Both the UV signal (as
a measure of the organic matter content) and 14C
activity (using LSC) were measured. Later on, a
new sample from the source solution of the hori-
zontal source filter (F8H) was analysed to deter-
mine the size distribution using the more accurate
HPLC–SEC technique (Durce et al. 2017). These
recent measurements confirmed the earlier results
and they show that the major size fractions of
the mobile organic matter were the ones below
1 kDa and between 1 and 10 kDa, together with
the presence of small fractions of larger molecules
(Fig. 5).

As the distributions of the source solutions show
the same features, the 14C label was homogeneously
distributed over the complete DOM pool. Further on,
an enrichment of the smaller size molecules in the
sampling filters F7V/F7Hwas observed with respect
to the source solutions, which indicates the inability
of the larger molecules to diffuse through the Boom
Clay that appears to act like a molecular filter. The
enrichment of the smallest molecules is less pro-
nounced in the horizontal piezometer setup. This
confirms the modelling results in which a larger
fast fraction is obtained for the HP, together with
smaller immobilization kinetics.

Discussion on the final model

Stepwise addition of more complexity (parameters
and processes) to the DOM transport eventually
resulted in a model with 10 fitting (and one fixed)
parameters with which excellent fits are obtained to
the in situ experiment. No strong correlations
between these parameters are identified, as indicated
by the unique, global solution to the optimization
and the relatively narrow confidence intervals on
the corresponding optimal values. The final model

J. Govaerts et al.154

Downloaded from https://www.lyellcollection.org by Guest on May 04, 2025

https://doi.org/10.6084/m9.figshare.c.6315969


is a straightforward one using the classical advec-
tion–diffusion equation for two different classes of
DOM, a slow and a fast one, similar to work in the
literature (Weetjens 2003; Maes et al. 2004), where
two different classes with different retardation fac-
tors were used to describe lab-scale experiments
under in situ conditions. The relative amounts of
fast/slow compounds are empirical fitting factors
and are not directly derivable from molecular size
distributions. However, it is clear that molecular
size plays a primordial role in the distinction between
a fast and a slow compound, as also noted by Durce
et al. (2018), who derived size-dependent migration
parameters for the whole organic matter size spec-
trum. Finally, a kinetic term is added to account for
irreversible immobilization of the larger subgroup
of the slow compounds. Therefore, the resulting
model is strongly in line with previously derived
models (Maes et al. 2004; Hicks 2008; Ionescu
et al. 2008; Martens et al. 2010; Durce et al. 2018)
which combine classical advection–diffusion
equations with kinetic attachment/immobilization
terms.

Generally, models with many parameters (and
non-linear interactions) require a lot of good-quality
data to constrain their parameters during calibra-
tion. Model complexity and the number and infor-
mation content of experimental data should be
well balanced. If the model contains too many

parameters for the given number of data, it might
show a good fit during calibration, but a high vari-
ance (i.e. the error owing to sensitivity to noise in
the data) and the ability of the model to generalize
beyond the available experiments is reduced. This
effect is known as overfitting. On the other hand,
a model that is too simple needs less data for cali-
bration but shows a high systematic bias between
its predictions and measured data and thus ‘under-
fits’ the system (Lever et al. 2016). For instance,
the first c. 15 years of the experimental data do
not allow the immobilization kinetics to be con-
strained, but can be well described by a simpler var-
iant of the model, as shown in Van Laer (2018).
However, this model would fail to predict correct
concentrations of the last 7–10 years of the experi-
ment, emphasizing the value of continuing in situ
experiments for a sufficient amount of time. By
doing this, a high-quality dataset was obtained
which allowed the accurate calibration of a numer-
ical model for the complex migration behaviour of
DOM, without over- or underfitting.

When upscaling the model to the level of the
host rock scale for safety and performance assess-
ment purposes, one must keep in mind that the dom-
inant transport mode is diffusion and the main
direction of interest is vertically (upwards and
downwards through the Boom Clay towards the sur-
rounding aquifers). This makes the apparent vertical
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Fig. 5. DOM size distribution of the solutions obtained from source filters (F8V/F8H) and sampling filters (F7H/
F7V), based on the measurement of 14C-activity and UV-absorbance on ultra-filtrated samples and using HPLC–SEC.
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diffusion coefficient the most relevant parameter.
The values of the vertical apparent diffusion coeffi-
cient of the fast compound (1.02+ 0.09 × 10−10

m2 s−1) are close to the high end of the range
reported for the most mobile DOM classes in Brug-
geman and Maes (2017) and Durce et al. (2018).
Bruggeman and Maes (2017) suggested 8.9 ×
10−11 m2 s−1 for Boom Clay DOM ,1 kDa and
Durce et al. (2018) suggested 7.5 × 10−11 m2 s−1

for species with log(MW), 3.3. The fact that the
values in the current work are even higher is
because they probably belong to a very mobile sub-
group of those classes: the ones that are able to dif-
fuse through 85 cm of clay in significant quantities.
This also explains the low fraction of these mobile,
fast molecules. The same authors report values for
less or partly mobile Boom Clay DOM: ranging
from 0.5 × 10−11 to 1.0 × 10−11 m2 s−1 (from
Bruggeman and Maes (2017) for .1 kDa) and
from 1 × 10−11 to 3.2 × 10−11 m2 s−1 (from
Durce et al. (2018) for 3.3, log(MW), 4). The
value obtained for the slow compound is in the
same range albeit again at the higher end (2.67 +
0.19 × 10−11 m2 s−1). So, diffusion coefficients
obtained from the best-fit of the in situ experiment
(metre-scale) compare quite well with those
obtained from lab-scale experiments (centimetre-
scale). This means that models based on lab-scale
experiments allow a good approximation to be
made of the transport on larger scales when diffu-
sion is the dominant mechanism, as it is in the
TDR41HV–TROM experiment and as it is expected
on host rock scale. This adds confidence to the
DOM modelling performed within the context of a
safety assessment.

Care must be taken when irreversible immobili-
zation kinetics are applied in an upscaled PA/
SA-type model. Processes that seem irreversible on
the timescale of the in situ experiment (c. 25 years)
might not be on the timescale of a safety assessment
(more than thousands of years). Also, some immobi-
lization processes might be enhanced by the pressure
difference induced by the drainage towards the
HADES URL which is not expected during long-
term operation of the underground disposal facility.
It would be advisable to conservatively neglect
these irreversible processes.

Conclusions

An in situ migration experiment with 14C-labelled
DOM was performed at the HADES URL to study
its migration behaviour at the metre scale, different
orientations with respect to the bedding plane and
on a time scale of 25 years.

Stepwise addition of more complexity (parame-
ters and processes) to the DOM transport eventually
resulted in a model with 10 fitting parameters with

which excellent fits are obtained to the in situ exper-
imental results. The model considers two different
fractions, one that migrates fast and one that
migrates slowly, which are transported by advection
and diffusion and can be subject to both irreversible
as reversible immobilization and retardation pro-
cesses. All of these processes are strongly influ-
enced by the anisotropy of the pore structure of
the Boom Clay.

The dominant process is diffusion and its associ-
ated fitted parameter values compare well with
values determined on small-scale migration experi-
ments. Similar to the findings of Durce et al.
(2018), it was key to explicitly model the migration
of species with different migration behaviours, sub-
ject to irreversible immobilization. This builds confi-
dence in the DOM transport model and its associated
parameter values, which in turn contributes to the
confidence in the outcome of the RN migration cal-
culations performed in the context of a safety and
performance assessment.
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