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This study shows a comparison and analysis of results from a modelling exercise concerning a field experiment 
involving the transport and retention of different radionuclide tracers in crystalline rock. This exercise was 
performed within the Swedish Nuclear Fuel and Waste Management Company (SKB) Task Force on Modelling of 
Groundwater Flow and Transport of Solutes (Task Force GWFTS).

Task 9B of the Task Force GWFTS was the second subtask within Task 9 and focused on the modelling of 
experimental results from the Long Term Sorption Diffusion Experiment in situ tracer test. The test had been 
performed at a depth of about 410m in the Äspö Hard Rock Laboratory. Synthetic groundwater containing a 
cocktail of radionuclide tracers was circulated for 198 days on the natural surface of a fracture and in a narrow slim 
hole drilled in unaltered rock matrix. Overcoring of the rock after the end of the test allowed for the measurement 
of tracer distribution profiles in the rock from the fracture surface (A cores) and also from the slim hole (D cores). 
The measured tracer activities in the rock samples showed long profiles (several cm) for non- or weakly-sorbing 
tracers (Cl-36, Na-22), but also for many of the more strongly-sorbing radionuclides. The understanding of this 
unexpected feature was one of the main motivations for this modelling exercise. However, re-evaluation and revision 
of the data during the course of Task 9B provided evidence that the anomalous long tails at low activities for 
strongly sorbing tracers were artefacts due to cross-contamination during rock sample preparation. A few data 
points remained for Cs-137, Ba-133, Ni-63 and Cd-109, but most measurements at long distances from the tracer 
source (>10mm) were now below the reported detection limits.

Ten different modelling teams provided results for this exercise, using different concepts and codes. The tracers 
that were finally considered were Na-22, Cl-36, Co-57, Ni-63, Ba-133, Cs-137, Cd-109, Ra-226 and Np-237. 
Three main types of models were used: i) analytical solutions to the transport-retention equations, ii) continuum-
porous-medium numerical models, and iii) microstructure-based models accounting for small-scale heterogeneity 
(i.e. mineral grains, porosities and/or microfracture distributions) and potential centimetre-scale fractures. The 
modelling by the different teams led to some important conclusions, concerning for instance the presence of a 
disturbed zone (a few mm in thickness) next to the fracture surface and to the wall of the slim hole and the role 
of micro-fractures and cm-scale fractures in the transport of weakly sorbing tracers. These conclusions could be 
reached after the re-evaluation and revision of the experimental data (tracer profiles in the rock) and the analysis of 
the different sets of model results provided by the different teams.  

INTRODUCTION

The transport of radionuclides by diffusion from 
water-conducting fractures into the stagnant porewater 
of the adjacent wall rock (matrix diffusion), combined 
with retention by sorption in the rock matrix, are the main 
retardation mechanisms for radionuclides in crystalline 
rocks surrounding geological disposal facilities for 
radioactive waste. Radionuclides will be able to access these 
host rocks if they have eventually been released from their 
disposal canisters and surrounding engineering barriers 
(e.g. cementitious or compacted bentonite backfills).

The study of matrix diffusion started as early as 1975, 
when Foster (1975) looked at the issue of tritium in chalk 
and its diffusion into the porous rock matrix. Since then, 
many studies have been devoted to the importance of 
this mechanism for radionuclide retention (Bibby, 1981; 
Carrera et al., 1998; Glueckauf, 1980; Grisak and Pickens, 

1980, 1981; Guimerà and Carrera, 2000; Haggerty et 
al., 2000; Maloszewski and Huber, 1990; Neretnieks, 
1980, 2002; Ota et al., 2003; Polak et al., 2003; Shapiro, 
2001; Skagius and Neretnieks, 1986; Wood et al., 1990), 
including also field experiments (Aalto et al., 2009; 
Birgersson and Neretnieks, 1990; Cramer et al., 1997; 
Cvetkovic, 2010; Hartikainen et al., 1996; Hodgkinson et 
al., 2009; Ohlsson et al., 2001; Soler et al., 2015, 2022; 
Vilks et al., 2003; Waber et al., 2011; Widestrand et al., 
2010b; Zhou et al., 2007).

The Swedish Nuclear Fuel and Waste Management 
Company (SKB) Task Force on Modelling of Groundwater 
Flow and Transport of Solutes (Task Force GWFTS) is an 
international forum in the area of conceptual and numerical 
modelling of groundwater flow and solute transport in 
fractured rock. Task 9 focused on the fractured crystalline 
host rock surrounding present and future repositories for 
spent nuclear fuel and other radioactive waste. Task 9B 
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was the second subtask within Task 9 and focused on the 
modelling of experimental results from the in situ tracer 
test LTDE-SD. The results from this modelling exercise 
were first reported in a SKB technical report (Soler et al., 
2021). 

The experiment was carried out using radioactive 
tracers at a depth of about 410m below sea level within 
the Äspö Hard Rock Laboratory in Sweden by Geosigma 
AB, under the direction of SKB (Fig. 1). It is one of few 
recent in situ studies focusing on tracer transport in the 
stagnant pore water of the crystalline rock matrix. Details 
of the experimental setup and procedures were reported in 
the task description (Löfgren and Nilsson, 2020), together 
with references to relevant laboratory-based experimental 
results for porosities, diffusion coefficients and sorption 
parameters (Vilks et al., 2005; Widestrand et al., 2010a). 
Only a summary is given here.

OVERVIEW OF THE EXPERIMENT

A borehole (KA3065A03) was drilled to intersect a 
target fracture in the host granodiorite (196.5mm diameter 
at the intersection). The granodiorite (Widestrand et al., 
2010a) is composed of quartz (30.4 vol%), plagioclase 
(33.2 vol%), K-feldspar (25.8 vol%), biotite (2.2 vol%), 
chlorite (3.6 vol%), titanite (0.4 vol%), epidote (2.8 

vol%), hornblende (0.6 vol%) and opaques (0.4 vol%). 
The approximate location of the target fracture in the 
experimental borehole had been predicted prior to its drilling 
based on a structural model and geometric considerations. 
The aim was to drill a core 50mm past the fracture surface, 
thus creating a short core stub. This stub was required in 
order to pack-off a section of the fracture plane, using a 
special cup-shaped device, for subsequent performance 
of the tracer test. However, the drilling continued too far 
beyond the target fracture, leaving a 16cm long core stub. 
The stub surface was located at borehole length 10.72m 
(Winberg et al., 2003). Additionally, a 36-mm-diameter 
slim hole was drilled through the centre of the core stub. 
During the experiment, synthetic brackish groundwater 
(Cl-Na-Ca-SO4 dominated, 5810mg/L Cl, ~ 0.17M ionic 
strength, pH~ 7, T~ 15ºC) containing a tracer cocktail 
was simultaneously circulated i) on the exposed fracture 
surface (stub) and ii) in a 300-mm-long packed-off section 
of the slim hole (Widestrand et al., 2010b). The hydraulic 
conditions were stable during the experiment, apart from 
short pressure disturbances mainly due to injection and 
sampling in the borehole. The pressure in the test section 
varied between 3580 and 3600kPa. The experimental setup 
is shown in Figure 2.

A cocktail of both sorbing and non-sorbing tracers was 
allowed to contact the natural surface of the target fracture, 
as well as the unaltered rock matrix surrounding the slim 

11 m

FIGURE 1. Illustration of the LTDE-SD experimental site at the Äspö Hard Rock Laboratory, Sweden (modified from Widestrand et al., 2010a). 
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hole, for a time period of 198 days. The tracer cocktail 
contained 22 radionuclides: Na-22, S-35, Cl-36, Co-57, 
Ni-63, Se-75, Sr-85, Nb-95, Zr-95, Tc-99, Pd-102, Cd-109, 
Ag-110m, Sn-113, Ba-133, Cs-137, Gd-153, Hf-175, Ra-
226, Pa-233, U-236, and Np-237. The injection proceeded 
as described in Widestrand et al. (2010b) and took place 
on September 27th, 2006.

The experiment was terminated by expelling the tracer 
cocktail from the borehole system on April 12th, 2007. This 
was done by rinsing the system with isopropyl alcohol. 
Thereafter an epoxy resin was injected to increase the 
mechanical strength of the rock prior to overcoring. An 
additional objective was to protect the water-rock interface 
of both stub and slim hole test sections from the flushing 
water used in the overcoring. The tracer content of the 
outgoing isopropyl alcohol (later with inmixing of epoxy) 
was monitored (Nilsson et al., 2010).

After termination of the in situ test, the rock volume 
surrounding the contact sections was overcored and 
subsequently drilled and sawn into numerous subsamples 
(Nilsson et al., 2010). The overcoring was performed 
over a number of days, from April 26th to May 3rd, 2007, 
producing a 278-mm-diameter core. During the overcoring 
the tracer activity in the flushing water was controlled. On 
the 4th of May the large core was transported to the Clab 
facility (SKB interim storage facility for spent nuclear 
fuel). Here it was covered with heavy plastic foil to prevent 
drying. About a month later measurement and geological 
mapping commenced. After about another month, on 
the 3rd of August, the large core was covered by a 1-2mm 

thick layer of clear epoxy resin. This was primarily done to 
prevent contamination during further sample preparation, 
but the resin also prevented drying. On the 6th of August the 
exposed part of the core was sawn off from the remaining 
part of the overcored rock. Between the 8th and the 13th 
of August smaller core samples were drilled from the 
overcored rock volume. These smaller core samples, having 
a diameter of 24mm, were divided into the subclasses A and 
D, depending on their location (Fig. 3). A cores correspond 
to the rock at the target fracture while D cores correspond 
to the rock at the slim hole section. During the drilling 
of the smaller core samples, cooling water and debris 
were collected and controlled with respect to their tracer 
contents. Importantly, cores A20 and A21 (the latter not 
analysed), were drilled outside of the stub. These cores had 
not been directly exposed to the circulating tracer solution.

A significant time period of about 120 days went by 
between the termination of the in situ tracer test and the 
drilling of the smaller core samples. During this time the 
overcored rock volume was reasonably well protected by 
heavy plastic foil to prevent it from drying. Hence, further 
water-phase matrix diffusion could have occurred, although 
evaporation-induced water flow (advection) would have 
been prevented.

After the drilling of the small-core samples, they 
were stored in small individual plastic bags, which were 
reasonably air-tight. This should have prevented, or at least 
delayed, the drying of the pore water. Cutting of the core 
slices (perpendicular to the axes of the cores) was not 
performed until December 2007 to January 2008 (Nilsson 

0.3 m

FIGURE 2. Schematic diagram of the LTDE-SD experimental setup (modified from Widestrand et al., 2010b). The solution was circulated on the 
fracture surface and in the slim hole, with tracer diffusion into the rock indicated by arrows.
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et al., 2010). If the core samples were fully or at least partly 
saturated up until the slicing, liquid-phase matrix diffusion 
could have continued for a period of ~240 to ~290 days 
after the termination of the in situ part of the test. It should 
be noted that this time exceeds that of the in situ phase (198 
days; Fig. 4).

The measured radionuclide activities in the rock samples 
at the end of the experiment (rock tracer profiles), and the 
evolution of the activities in the circulated water during the 
in situ phase of the experiment, are reported in the task 
description (Löfgren and Nilsson, 2020). The report also 
includes the geological description of the rock samples 
(mineralogy, structure) and references to the relevant results 
from laboratory studies (porosities, sorption distribution 
coefficients, effective diffusion coefficients).

The measurement of the tracer activities in the rock (see 
Nilsson et al., 2010) led to the observation of very long 
profiles (several cm into the rock). The more distal parts of the 
profiles (tails) were characterised by small activities. These 
tails were identified not only for non- or weakly-sorbing tracers 
(Cl-36, Na-22), but for many of the more strongly-sorbing 
radionuclides as well. This was an unexpected feature which 
could not be explained based on the available knowledge on 
transport and sorption properties for this system (Nilsson 
et al., 2010). Initially, the data set delivered by the principal 
investigators of the Task Force to the modelling teams 
consisted of the original measurements performed shortly 
after the experiment. One of the main objectives of the 
modelling exercise was to try to understand these apparently 
anomalous tracer profiles in the rock. However, during 
the course of Task 9B, the fact that radionuclide activities 
were observed in core A20, which was not exposed to the 
circulating tracer solution (Fig. 3), motivated a re-evaluation 
of the measurement procedures and results and led to the 

identification of potential contamination by sorbing tracers 
of many of the samples during sample preparation (contact of 
high-activity samples with sawing liquids and contamination 
during crushing of samples; appendix 12 in Löfgren and 
Nilsson, 2020). Experimental data for sorbing tracers at low 
activities were completely re-evaluated after the discovery of 
this issue, which led to the revision of detection limits and 
the definition of reporting limits (lowest activity values that 
can be taken into account with some confidence) and risk-
of-contamination limits (lowest activity values that can be 
taken into account with full confidence). In the revised data 
set, the anomalous long tails at low activities were no longer 
present, although a few data points remained for Cs-137 and 
Ba-133 (close to reported potential contamination levels), 
Ni-63 and Cd-109. Profiles for Cl-36 and Na-22 were not 
affected by this revision. Importantly, most measured data 
for strongly-sorbing tracers at long distances (>10mm) were 
now below detection (reporting) limits. The few remaining 
“tail data” for different tracers are not in the same cores 
(apparently random distribution), i.e. not related to a possible 
single structure. As an example, Appendix II illustrates the 
changes in the available rock tracer profile data for Na-22, 
Cl-36, Ba-133, Cs-137 and Co-57.

Due to the revision of the experimental data during the 
course of the modelling exercise, some teams did include 
the anomalous profile tails in their modelling while others 
did not. The inclusion or not of these tails in the model 
concepts is a critical factor that will be addressed when 
discussing the results.

OBJECTIVES OF TASK 9B

The objective of Task 9B was the quantitative modelling 
interpretation of the experimental results from LTDE-SD, 

FIGURE 3. Illustration of drill core samples drilled from the overcored rock volume (diameter 278mm). The A-core samples are drilled from the target 
fracture and the D-core samples correspond to the slim hole. After Nilsson et al. (2010).
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with the aim of understanding the apparently anomalous 
tracer profiles (long profile tails for both non-sorbing and 
sorbing tracers). The use of different concepts by different 
teams was seen as an opportunity to test different possible 
explanations concerning rock transport and retention 
properties. Tracer distribution profiles for the 24 cores that 
were analysed (14 A cores and 10 D cores) were provided 
during the modelling exercise.

In a first stage, the time-dependent data on the evolution 
of the tracer concentrations in the tracer cocktail (Fig. 
5) were assumed to be accurate without further scrutiny. 
Activities for most tracers (except Ni-63 and Cd-109) 
remained approximately constant or decreased only during 
the first few days. Ag-110m activities decreased to levels 
below detection limit very quickly. Activities of Ni-63 
and Cd-109 decreased more gradually during the whole 
experimental period after an initial faster drop. 

In a second stage, the overall mass balances of the 
experiment were to be evaluated for all the included 
radionuclides. This required keeping track of the amounts 
of tracers injected into the borehole, withdrawn from 
the borehole during sampling and termination of the 
experiment, attached to experimental equipment and in 
the epoxy resin, carried away by leakages, and transported 
into the rock matrix of the overcored rock volume. Mass 
balance calculations provided an opportunity to scrutinise 
the reliability of the tracer concentration data. 

MODELS AND PARAMETERS

Ten different modelling teams participated in Task 9B. 
Three main types of models were applied: i) analytical 
solutions to the transport-retention equations, ii) 
continuum-porous-medium-type numerical models, based 
on the use of Representative Elementary Volumes (REVs), 
and iii) microstructure-based models, accounting for small-

scale heterogeneity (i.e. mineral grains, porosities and/
or microfracture distributions) and potential centimetre-
scale fractures. Microstructural characterisation was 
performed at the University of Helsinki and distributed to 
the modelling teams by the principal investigators of Task 
9. Details of the models can be found in the individual 
reports or journal manuscripts from the teams (see Table 
1). The different modelling teams attempted a global fitting 
to the measured tracer profiles, i.e. a fit to the ensemble of 
tracer-profile data, except for the two teams using analytical 
solutions, who performed specific model fits for individual 
tracer profiles from individual cores.

Some of the teams modelled the whole extended period 
during which diffusion of tracers could take place, i.e. the in 
situ phase (198 days, although periods ranging from 189 to 
200 days were considered by different teams) and the period 
until the final slicing of the small core samples (additional 
240 to 290 days), while other teams only modelled the in situ 
phase (see e.g. Appendix I, Tables I and II). This of course 
has some consequences in terms of transport distances and 
parameters obtained from the model fits to the data. No team 
reported calculated tracer profiles at different times, but 
transport distances could be expected to change according to 
Einstein’s equation (i.e. mean transport distance proportional 
to the square root of the product of apparent diffusion 
coefficient and time). For a given value of the apparent 
diffusion coefficient, mean transport distances could be 
expected to increase by 57% from 198 to 488 days if the rock 
samples were fully saturated during the whole period. Below 
is a summary of the models used by the different teams 
(see also Table 1). In all the cases, the experimental data 
(measured activities) were corrected for radioactive decay 
back to the start of the experiment. Radioactive decay was 
then not explicitly included in the models.

Royal Institute of Technology (KTH): Analytical 
solution (1D linear; numerical inversion from Laplace 
space). Homogeneous rock properties. Anomalous profile 

Tracer circulation

Overcoring Small-core slicing
Small-core drilling

FIGURE 4. Timeline of the in situ, overcoring and small-core drilling and slicing phases of the experiment. After Soler et al. (2021).
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tails for strongly-sorbing tracers not considered. An 
estimation of tracer mass balances from the experimental 
measurements was also performed.

University of Helsinki (HYRL): Analytical solution 
(1D linear or radial). Homogeneous rock properties. 
Anomalous profile tails for strongly-sorbing tracers 
included through the addition of a constant background 
(not part of the transport calculations).

Technical University of Liberec (TUL): 1D-linear 
continuum model, with changes in effective diffusion 
coefficients (De), porosities (φ) and sorption distribution 
coefficients (Kd) with depth. Flow123d code (Březina et 
al., 2018). Anomalous profile tails for strongly-sorbing 
tracers taken into account in the calculations.

Czech Technical University in Prague (CTU): 1D-linear 
continuum model with effective diffusion coefficients (De) 
changing with depth. GoldSim code (GoldSim Technology 
Group, 2018). Anomalous profile tails for strongly-sorbing 
tracers taken into account in the calculations.

Gesellschaft für Anlagen- und Reaktorsicherheit 
(GRS): 1D-linear continuum model, with changes in 
effective diffusion coefficients (De) and porosity (φ) with 
depth taken into account. d3f++ code (Schneider, 2016). 
Anomalous profile tails for strongly-sorbing tracers not 
considered.

Japan Atomic Energy Agency (JAEA): 1D-linear and 
1D-radial continuum models, with changes in effective 
diffusion coefficients (De), porosities (φ) and sorption 
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FIGURE 5. Evolution of measured tracer activities in the solution reservoir during the experiment: A) linear-linear and B) linear-log plots. Points plotted 
at 0.1Bq/g are meant to indicate activities below detection limit. Detection limits for Ag-110m and Gd-153 were ca. 1Bq/g and 10Bq/g, respectively. 
After Soler et al. (2021).
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distribution coefficients (Kd) with depth. GoldSim code 
(GoldSim Technology Group, 2018). Anomalous profile 
tails for strongly-sorbing tracers not considered.

Computer-Aided Fluid Engineering AB (CFE): 
Model developed from a micro Discrete Fracture Network 
approach, based on rock structure. 3D cylindrical rock 

domain. Solute transport by particle tracking. DarcyTools 
code (Svensson and Ferry, 2014). Anomalous profile tails 
for strongly-sorbing tracers taken into account in the 
calculations.

Amphos 21 (A21): 3D microstructure-based model 
(square rock prism). PFLOTRAN code (Hammond et 

Table 1. Summary of the model concepts used by the different teams. See subsections below for 

references to symbols. 

Team  Model type  Representation of rock  Scale  Duration 
(days) 

Anomalous 
profiles  References and comments 

KTH  Semi‐analytic, 
Laplace  Homogeneous continuum  Infinite 1D  190  No 

Meng et al. (2020) 
Evaluation of tracer mass 
balances. 

HYRL  Analytic  Homogeneous continuum + 
two‐path variant  Infinite 1D  189+ 

240‐290 

Includes 
background 
level 

Kekäläinen (2021) 
Evaluation of post‐test diffusion. 
Calibration of Da and Kd (Da and  
for Cl‐36). 
Consistency between core and 
reservoir data checked 
separately. 

TUL  Numerical, CPM  1D continuum, 3 zones  1D 14.75cm  189 +245  Included 

Hokr et al. (2020, 2021) 
Evaluation of mass balances and 
post‐test diffusion. 
Calibration of , De and Kd. 
Coupling between core and 
reservoir via multistep. 

CTU  Numerical, CPM  1D continuum, variable De  1D 6cm  189+121  Included 

Hokr et al. (2020, 2021) 
Evaluation of post‐test diffusion. 
Continuous increase in De with 
distance (power law). 

GRS  Numerical, CPM 
1D continuum, DZ with varying 
 and De 

1D 14cm  197+324  No 

Kröhn (2020) 
Post‐test diffusion. 
Model fit to Cl‐36 (conservative) 
ensemble by adjusting  

JAEA  Numerical, CPM 
1D continuum:  
Fracture coating + DZ + 
unaltered rock 

1D core scale  200  No 

Tachi et al. (2017, 2021) 
Predictive model approach 
based on LTD experiment (Tachi 
et al., 2015) using upscaled 
laboratory data. 

CFE 
Numerical, rock 
microstructure, 
particle tracking 

3D micro‐DFN: Intergranular 
pores + cm‐scale fractures 

cylinder 14cm 
diameter 8cm 
long 

200  Included 

Svensson (2020) 
Diffusive transport in inter‐grain 
network with sorption on 
reactive grains. Fast pathways 
for diffusion filled with non‐
reactive mineral grains. 

A21  Numerical, rock 
microstructure 

3D micro‐DFN: Intergranular 
pores based on HYRL XCT  1.74×1.74×1.3cm3  200  No 

Iraola et al. (2017) 
Fitting by adjusting the local 
tortuosity () and surface 
area/volume ratio. 
Sorption by multisite cation 
exchange. 

KAERI  Numerical, rock 
microstructure 

Homogeneous  
Heterogeneous 
Heterogeneous+microfrac.+vein 

6.0×2.4cm2  198+265  Included 

Park and Ji (2018, 2020) 
Post‐test diffusion. 
Transport and sorption 
parameters (, De, Kd) in each 
structural domain used for 
fitting. 

PROGEO  Numerical, 
micro‐DFN 

3D micro‐DFN from HYRL micro 
structure  10×10×20 m3  200  Included 

Hokr et al. (2020, 2021) 
Stochastic 3D micro‐fracture 
networks upscaled to ECPM 
(multiple realisations changing , 
Dp and Kd for microfractures, 
rock matrix and DZ). 

CPM: Continuous porous medium. DZ: Disturbed zone. XCT: X‐ray micro‐computed tomography. DFN: Discrete fracture network 

TABLE 1. Summary of the model concepts used by the different teams. See subsections below for references to symbols



G e o l o g i c a  A c t a ,  2 0 . 7 ,  1 - 3 2 ,  I - X I V  ( 2 0 2 2 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 2 2 . 2 0 . 7

J . M .  S o l e r  e t  a l . Modelling of the LTDE-SD in situ experiment

9

al., 2014), run on the JURECA supercomputer (Jülich 
Supercomputing Centre, 2018). Anomalous profile tails for 
strongly-sorbing tracers not considered.

Korea Atomic Energy Research Institute (KAERI):  
Microstructure-based model (2D, rectangular section). 
COMSOL Multiphysics code (Li et al., 2009; Perko et al., 
2009). Anomalous profile tails for strongly-sorbing tracers 
included through the consideration of “tail data” still 
remaining after data revision.

Progeo: 3D microstructure-based model, upscaled 
from a micro-DFN. 3D square rock prism. ConnectFlow 
(micro-DFN; Hartley, 1998; Jakobs, 2021) and MT3DMS 
(continuous porous medium; Zheng, 2010; Zheng and 
Wang, 1999) codes. Anomalous profile tails for strongly-
sorbing tracers not considered.

The following sections provide a brief description of 
the approaches taken by each team. The groups from the 
Czech Republic (TUL, CTU, PROGEO) where internally 
coordinated through a project with SÚRAO (Czech 
Radioactive Waste Repository Authority).

ROYAL INSTITUTE OF TECHNOLOGY (KTH)

Diffusion into A and D cores was modelled accounting 
for retardation by linear sorption (Meng et al., 2020). Na-
22, Cl-36, Ba-133 and Cs-137 were the tracers considered. 
For both A and D cores a 1D-linear geometry was assumed 
(based on the short transport distances even for the D 
cores). The diffusion-sorption equation was written as

α ∂c/∂t=De  ∂2c/∂x2                                                                     (1)
with
α=φ+ρd Kd                                                                    (2)

and with the following initial and boundary conditions

c(x,t=0)=0                                                                  (3)
c(0,t)=cb (t)                                                                   (4)
c(x→∞,t)=0                                                                 (5)

α is the rock capacity factor (-), c is the tracer activity 
(concentration) in solution (Bq/m3), t is time (s), De is the 
effective diffusion coefficient (m2/s), x is distance (m), φ is 
porosity (-), ρd is bulk dry density (kg/m3), Kd is the sorption 
distribution coefficient (m3/kg) and cb is concentration in 
the reservoir solution (Bq/m3). α and De were adjusted for 
each nuclide in each core.

An analytical solution to the diffusion-sorption 
equation in Laplace space was numerically inverted to real 
space. In this conventional matrix diffusion model, the 

rock was assumed to be a homogeneous porous medium 
with regard to diffusivity and sorption. Porosity and 
sorption distribution coefficients were set to be constant. 
The evolving tracer activities in the fluid reservoir were 
included through the use of a time-dependent boundary 
condition. The modelled duration of the experiment was 
190 days, corresponding roughly to the in situ part of the 
test, before overcoring.

An estimation of mass balances for the different tracers 
was also performed based on the measured tracer activities 
(measured in the reservoir solution, rock matrix, in different 
equipment parts, and activities removed when sampling). 
For non-sorbing and weakly-sorbing tracers, i.e. Na-22 and 
Cl-36, the mass balances were very good. In both cases, 
the location of more than 95% of the injected tracer was 
identified at the termination of experiments. The largest 
part of the recovered tracers was found in the reservoir, 
which agreed well with expectations. For strongly-sorbing 
tracers, mass balances were different depending on the 
type of sorption mechanism. For tracers sorbing by cation 
exchange, i.e. Ba-133, Cs-137 and Ra-226, mass balances 
were rather acceptable since around 80% of the tracers 
were accounted for. For these analysed tracers, most were 
observed in the reservoir and rock matrix as expected. 
In contrast, mass balances for ions retained by surface 
complexation were rather poor, especially for Co-57, Ni-63, 
Cd-109 and Gd-153. More than half of the injected tracer 
activities could not be accounted for.

University of Helsinki (HYRL)

Model fitting to individual profiles (cores) was 
performed using an analytical solution of the 1D-linear (A 
cores) or 1D-radial (D cores) diffusion-sorption equation, 
assuming linear sorption (Kekäläinen, 2021). The 
diffusion-sorption equations were written as

∂c/∂t=Da ∂2c/∂x2                                                                     (6)
or
∂c/∂t=Da (∂2c/∂r2+1/r  ∂c/∂r)                                                           (7)

where r is radial distance (m) and Da is the apparent 
diffusion coefficient (Da=De/α m2/s). Da and Kd (Da and 
φ for Cl-36) were the parameters that were adjusted in 
the fitting procedure. The modelling took into account 
the in situ part of the experiment (189 days) and 
also the extended additional time until the slicing of 
individual core samples (additional 240 to 290 days). 
Initial and boundary conditions during the first 189 
days were equivalent to those given by equations 3 to 5, 
but a no-flux condition was assumed for the far end of 
the diffusion domain (instead of zero concentration). A 
constant average concentration was assumed as boundary 
condition (reservoir) for the first 189 days, while a no-
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flux condition was assumed for that same boundary for 
the additional 240 to 290 days (∂c⁄∂x=0 or ∂c⁄∂r=0 ). The 
tracers considered were Ba-133, Ni-63, Co-57, Ra-226, 
Cd-109, Cs-137, Na-22 and Cl-36. In some cases a two-
component approach, assuming two parallel diffusion 
pathways with the same porosity and sorption properties 
but different diffusivities, provided a better fit to the 
data. Homogeneous rock properties, although specific 
for each core, were assumed. The anomalous profile tails 
for strongly sorbing tracers were accounted for by adding 
a constant background activity (not part of the transport 
calculation).

The consistency of the parameters obtained in 
the fitting of the models to the tracer profiles with the 
measured changes in activities in the solution reservoir 
was checked in separate model calculations. For Ba-133 
and Cs-137 these changes were consistent with average 
values of Da and Kd obtained in the fitting of the profiles. 
The modelling was not performed for Na-22 and Cl-36 due 
to large oscillations in the measured data. The measured 
data for Co-57 did not match the model results. A good 
match was obtained for Ni-63, Cd-109 and Ra-226, but 
with parameter values slightly different from those of the 
penetration profiles. 

Technical University of Liberec (TUL)

The calculations (Hokr et al., 2020, 2021) were 
performed using a discontinuous Galerkin numerical 
approach using the Flow123d code. The diffusion-sorption 
equations were analogous to those given by equations 1 
and 2. Initial and boundary conditions were equivalent to 
those given by equations 3 to 5, but a no-flux condition 
was assumed for the far end of the diffusion domain 
(instead of zero concentration). Calibration of the models 
to the global ensemble of the profile data (not to single 
individual profiles) included the consideration of the 
anomalous profile tails for strongly sorbing tracers, since it 
was performed before the revision of the experimental data. 
Six tracers (Na-22, Cl-36, Co-57, Ni-63, Ba-133 and Cs-
137) were considered. The simulations were divided into 
two stages:

Stage 1. The task was to replicate the measured 
concentration (activity) profiles in the rock matrix. Tracer 
concentrations in the reservoir solution (i.e. their evolution 
over time) were taken from the task description (Löfgren 
and Nilsson, 2020), with the measured values used as input 
data (time-dependent boundary condition).

Stage 2. Takes over the parameters from Stage 1. The 
model was extended by simulating the evolution of tracer 
concentrations in the reservoir solution. Mass balances 
were monitored.

Stage 1

Efforts to model the measured profiles were based 
on the assumption of a Disturbed Zone (DZ) near the 
borehole. The rock was considered to be heterogeneous 
in terms of the parameters continuously changing with 
increasing depth (distance from borehole/fracture plane). 
The transport model considered both the A cores (1D linear 
geometry) and D cores (2D π/90-radian circular-sector 
domain in rectangular coordinates). However, only the 1D 
linear model was applied when matching the experimental 
observations (A cores).

The 1D model domain (0.1475m) was divided into 
three sub-domains (physical groups) when prescribing the 
parameters of the model. The boundaries between the sub-
domains were defined at depths of 3 and 25mm (or 3 and 
30mm for Cl-36). The simulation period was 434 days. The 
rock matrix was in contact with the solution for the first 
189 days. For the rest of the period, only diffusion in the 
matrix itself was simulated, with zero mass flow across 
the boundary (the total amount of the individual tracers 
in the matrix no longer changing). This duration covered 
both the experiment itself and the time between the end of 
the experiment and the final slicing of the individual core 
samples.

The transport of tracers (radionuclides) in the rock 
matrix was controlled by three parameters (porosity: 
φ, effective diffusivity: De and distribution coefficient 
for linear sorption: Kd). Their values were subject to 
calibration, which was performed manually to reflect the 
trends of the measured concentration profiles. φ, De and 
Kd for all tracers decreased with distance along the domain.

Stage 2

The second stage of the LTDE-SD modelling consisted 
of extending the model by simulating the evolution of the 
tracer (radionuclide) solution, with changes being given 
by diffusion into the rock matrix and also by sampling. 
After each single run of the transport model, the solution 
model evaluated the Flow123d outputs (mass flow across 
the boundary representing the solution-rock interface) 
and recalculated the masses of the tracers in solution. 
Before each transport model run, the solution model 
checked whether a sampling occurred. If so, it adjusted 
the volume of the solution and the concentration of the 
tracers dissolved therein. The transport model was applied 
in this stage to both the A cores (1D linear geometry) 
and D cores (π/90 radian circular-sector domain). Model 
parameters were identical to those of stage 1. The best 
agreement with the measured concentration values in the 
reservoir was achieved for Cs-137. The agreement was 
worse for the other tracers.
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Czech Technical University in Prague (CTU)

For the interpretation of the measured data 
(ensemble of tracer profiles) from the in situ 
experiments of LTDE-SD, a model was created in 
the program environment of GoldSim, as reported in 
Hokr et al. (2020, 2021). The commercial license 
(GoldSim + RT (Enterprise)) version 12.0 was used. 
This model represents diffusion into the rock using 
a 1D finite volume network. In order to model the 
heterogeneous nature of the rock environment, the 1D 
linear domain (60mm, A cores) was divided into 15 
parts. The boundary condition at the input was defined 
on the basis of experimental concentration data (time-
dependent boundary condition). This model was used 
to optimise the selected transport parameters so that the 
calculated profile curves represented the shapes of the 
detected profiles as closely as possible. The diffusion-
sorption equations were analogous to those given by 
equations 1 and 2. Initial and boundary conditions 
were equivalent to those given by equations 3 to 5, but 
a no-f lux condition was assumed for the far end of the 
diffusion domain (instead of zero concentration). The 
simulation period was 310 days, which included the in 
situ part of the test and the time between overcoring 
and the drilling of individual core samples. The rock 
matrix was in contact with the solution for the first 189 
days. For the rest of the period, only diffusion within 
the matrix itself was simulated (the total amount of the 
individual  individual tracers in the matrix no longer 
changing). Only Cl-36 and Na-22 were considered in 
the modelling.

Optimisation of the values of selected parameters 
was based on finding the minimum of an objective 
function, which in this case was the sum of the 
squared concentration differences between model and 
experiment in a given rock location (only in places 
where the experimental data were measured) divided by 
the experimental values. 

Heterogeneity in the model was represented only 
by changes in the diffusion coefficient De, whose value 
increased with distance from the source. Three parameters 
were optimised (De0, αd, n) for the chosen function for the 
increase in De

De (d)=De0+αd dn                                                               (8)                                                        

where d (m) is distance from the reservoir-rock interface. 
The minimum difference between the experimental and 
model data for Cl-36 was reached for De0=1.002×10-14m2/s, 
αd=3.18×10-6, n=3.13. For Na-22, the parameters were 
De0=5.314×10-14m2/s, αd=3.18×10-6, n=3.13. Kd, and φ 
were fixed for each tracer.

Gesellschaft für Anlagen- und Reaktorsicherheit (GRS)

The model fit to the ensemble of tracer profiles in the 
rock was performed using a continuum model considering 
a DZ in addition to unaltered matrix and using the d3f++ 
code, as reported by Kröhn (2020). Linear geometry was 
assumed for the modelling of both A and D cores, although 
the geometry and relatively large domain dimensions 
(14cm) were mainly applicable to the A cores. Cl-36, Na-
22, Cs-137 and Ba-133 were the tracers that were considered 
in the calculations.

Modelling proceeded in two steps. In the first step, 
transport of a non-sorbing tracer was to be modelled in 
order to find out about the pore space topology. The only 
candidate was the anion 36Cl-. All other tracers were cations 
that were prone to sorption. However, an effect from anion 
exclusion in narrow pore channels on the Cl-36 tracer could 
not be ruled out entirely.

Without sorption, the only transport-relevant mechanism 
is diffusion. Fick’s second law could therefore be applied in 
case of Cl-36. The diffusion-sorption equation was written as 
in equation 1, with α= φ (no sorption) and with De given by

De=φτD0                                                                      (9)

with τ being a geometrical factor (also referred to as 
tortuosity). Initial and boundary conditions were equivalent 
to those given by equations 3 to 5, but a no-flux condition 
was assumed for the far end of the diffusion domain at x= 
14cm (instead of zero concentration).

Assuming a homogeneous domain, only the diffusion-
limiting factor τ would have to be fitted since the diffusion 
coefficient is well known and the porosity cancels out. 
Adding a DZ to the model increased the number of fitting 
parameters because the factor τ cannot be expected to be the 
same in both parts of the model, and the same applies to the 
porosity. Two more parameters concern the DZ. First, there 
is the unknown depth of the DZ. The assumption was that 
DZ parameters changed gradually from the sample surface 
to the unaltered matrix. This transition was formulated as 
a factor that depended on the distance from the surface 
and the depth of the DZ. The same type of transition 
was assumed for the τ factor. As a result, both φ and De 
increased along the DZ from the reservoir-rock interface to 
the unaltered rock matrix. 

Once the model was calibrated for Cl-36, migration of 
the cations should only add sorption (Kd) to the problem 
(stage 2). It turned out, though, that fitting to the data 
resulted in very low tortuosity values. As a possible reason, 
anion exclusion was suspected. Kd values for each tracer 
were assumed to be constant along the whole rock domain.
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The simulation period was 521 days. The rock matrix 
was in contact with the solution for the first 197 days. 
Constant tracer activities (representative of those measured 
during most of this experimental phase) were assumed 
for the different tracers in the reservoir. For the rest of the 
period, only diffusion in the matrix itself with zero mass 
flow across the interface was simulated. The total duration 
covered both the experiment itself and the time between the 
end of the experiment and the final slicing of the individual 
core samples.

Japan Atomic Energy Agency (JAEA)

Modelling was performed considering 1D-linear (A 
cores) and 1D-radial (D cores) models using GoldSim, 
as reported by Tachi et al. (2017, 2021). The diffusion-
sorption equations were analogous to those given by 
equations 1 and 2. Initial and boundary conditions were 
equivalent to those given by equations 3 to 5. The simulated 
time was 200 days, corresponding to the in situ part of the 
experiment (before overcoring). The evolution of tracer 
activities in the solution reservoir was also calculated in 
the model (i.e. activities were not used as a time-dependent 
boundary condition).

The model concept was based on that developed 
for modelling performed for the Long-Term Diffusion  
experiment at the Grimsel Test Site (Soler et al., 2015; 
Tachi et al., 2015), which considers the upscaling of 
transport and retention parameters from laboratory 
to in situ conditions, with laboratory-derived values 
corresponding to a disturbed zone. The observed fracture 
coating (0.5-mm thick) was explicitly considered in the 
1D-linear model for the A cores. A disturbed zone (5mm) 
was considered for both A cores (between the fracture 
coating and the unaltered rock matrix) and D cores. The 
values for De, Kd and φ for each tracer decreased linearly 
with distance in the fracture-coating zone (A cores) and 
in the disturbed zone (A and D cores). The model concept 
did not include the modelling of the anomalous tails for 
strongly sorbing tracers. Results were provided for Cl-36, 
Ba-133, Na-22, Cs-137, Co-57, Ni-63, Ra-226, Cd-109 
and Np-237.

A predictive modelling approach was followed for 
the whole exercise. In situ porosities and De values were 
determined from the measured depth profiles for Cl and 
Na, which indicated cation-excess diffusion and anion 
exclusion. De values were scaled for the fracture coating 
and disturbed zones by considering the difference in 
porosities and Archie’s law. De values for each RadioNuclide 
(RN) were evaluated by considering the ratios of Dw(RN)/
Dw(HTO), where Dw is the diffusion coefficient in free water 
and HTO refers to tritium. Kd parameters were optimised 
to fit overall trends of tracer depletion and depth profiles 

for a relatively reliable laboratory dataset (Cs, Ra, Ni). Key 
uncertainties related to i) in situ porosity and De values and 
ii) Kd values for matrix and fracture were evaluated based 
on uncertainties in the laboratory dataset.

Computer-Aided Fluid Engineering AB (CFE)

Modelling was performed using a micro-DFN-based 
approach (Svensson, 2020), considering diffusion through 
intergranular porosity and centimetre-scale deterministic 
fractures (based on the observations in the rock by the 
University of Helsinki; Voutilainen et al., 2019), with tracer 
sorption on reactive mineral grains. The deterministic 
fractures were assumed to be fast pathways for diffusion 
and filled with non-reactive minerals (quartz), playing a key 
role in the formation of the anomalous tails for strongly 
sorbing tracers. The model domain was based on the 
geometry of the stub section of the experiment (A cores); 
it was a rock cylinder 14cm in diameter and 8cm in length 
(Fig. 6). A solution reservoir was included explicitly in the 
model (in contact with one end of the cylinder). Tracer 
activities in the reservoir were kept constant. The overall 
initial and boundary conditions were equivalent to those 
given by equations 3 to 5. However, all external boundaries 
of the domain were subject to no-flux conditions (instead 
of zero concentration far from the reservoir). The modelled 
duration of the experiment was 200 days, equivalent to the 
in situ stage of the test. Results were calculated for Cl-36, 
Na-22, Cs-137, Co-57 and Ni-63.

Amphos 21 (A21)

Modelling was performed using an InterGranular 
Network (IGN) approach (Iraola et al., 2017), based on the 
detailed structure and mineralogy of a rock sample from 
Äspö characterised by X-ray micro-computed tomography 
at the University of Helsinki (Voutilainen et al., 2019). 
The dimensions of the rock domain (1.74×1.74×1.3cm3 
rock prism; applicable to both A and D cores; see Fig. 3 in 
Iraola et al., 2017) were based on those of the rock sample. 
Transport was by diffusion through the intergranular pores. 
Results were calculated for Na-22 and Cs-137. Na-22 was 
assumed to be conservative, while sorption of Cs-137 on 
the biotite grains was calculated according to a multisite 
cation exchange model (Kyllönen et al., 2014). Only a 
single effective diffusion coefficient (through a τ factor, 
see equation 9) was adjusted when matching model to 
observations (tracer profiles). This model concept did not 
consider the anomalous tails for strongly sorbing tracers 
(Cs-137 in this case). Boundary conditions were no-flux 
everywhere and the reservoir was explicitly included 
through appropriate initial conditions. Initial tracer 
concentrations in the rock were zero. Fitting the model to 
the evolution of tracer concentrations in the reservoir was 
performed by adjusting the specific surface area of the 
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reservoir, i.e. the volume of reservoir per unit surface area 
of exposed rock. The evaluated changes in this parameter 
did not affect the calculated tracer profiles to any major 
extent. The modelled duration of the experiment was 200 
days, equivalent to the in situ stage of the test.

Korea Atomic Energy Research Institute (KAERI)

The modelling from KAERI is reported in Park and 
Ji (2018, 2020). Three different cases were considered 
when modelling tracer diffusion and sorption from the 
reservoir into the rock (Na-22, Cs-137): i) homogeneous 
medium; ii) heterogeneous medium considering mineral 
grains with intragranular porosities and their intergranular 
pores and iii) heterogeneous medium considering a single 
vein (centimetric) and microfractures as well as porous 
mineral grains and intergranular pores. Sorption was 
strongly reduced along the vein and the microfractures. 
A 2D domain was used in all the calculations (ca. 
60mm×24mm; mainly applicable to the A cores; see fig. 5 
in Park and Ji, 2018). A disturbed zone at the contact with 
the reservoir was considered in all the cases. The overall 
initial and boundary conditions were equivalent to those 
given by equations 3 to 5. However, all external boundaries 
of the domain were subject to no-flux conditions (instead 
of zero concentration far from the reservoir). A solution 
reservoir was included explicitly in the model. The total 
simulation time was set to 463 days, including the in 
situ period (198 days) and the postexperimental period 
including overcoring, core sampling and sample slicing 
(265 days).

The modelling domains for cases 2 and 3 were 
established using 2D microstructure characterisation 
results from analyses performed at the University of 
Helsinki (Voutilainen et al., 2019) including chemical 
staining of minerals and 14C-PMMA (polymethyl 
methacrylate) autoradiography of a rock sample from 
Äspö (the same sample considered by Amphos 21). 
Sorption (Kd approach) was assumed to occur on 
plagioclase and biotite grains. Transport and sorption 
parameters in each different domain were adjusted to 
match model to observations. The numerical models for 
cases 1–3 were calibrated by minimising the discrepancies 
between simulations and observations of the penetration 
profiles and the changes in concentration in the reservoir 
for the tracers (Na-22, Cs-137). The results showed that 
only the calibrated transport parameter values for case 
3 were within reported ranges. It was concluded that 
the sharp decrease in concentrations in the near-surface 
zone in the observed penetration profiles was likely 
to result from increased sorption on disturbed biotite 
grains and the long tails in the observed penetration 
profiles might originate from diffusion along the vein 
and microfractures.

PROGEO

Modelling was performed using a micro-DFN-based 
model which was based on the analysis of the rock structure 
observed in 14C-PMMA autoradiographies of 2 rock samples 
from Äspö taken at the University of Helsinki (Voutilainen et 
al., 2019). Stochastic 3D micro-fracture networks were defined 
from these images. The domain size was 10×10×20cm3 (Fig. 
7; applicable to A cores). The micro-DFN models were then 
upscaled to a micro-continuum model. Diffusion parameters 
were calculated for the microfractures and the background 
rock matrix. A disturbed zone (1mm) next to the solution 
reservoir was also defined. The assembled micro-continuum 
model was simpler than the micro-DFN model, but retained 
the heterogeneity and properties of the micro-DFN model 
and was more suitable for transport simulations. The overall 
initial and boundary conditions were equivalent to those 
given by equations 3 to 5. However, all external boundaries 
of the domain not in contact with the reservoir were subject 
to no-flux conditions (instead of zero concentration). The 
changes in tracer concentrations in the reservoir were also 
calculated. Results for each model were evaluated and 
compared with the measured activities in the tracer profiles 
and in the reservoir. The parameters characterising each 
model run for each tracer were φ, Dp (Dp= De/φ) and Kd for 
microfractures, rock matrix and disturbed zone. The analysis 
was performed for Na-22, Cl-36 and Cs-137. The modelled 
duration of the experiment was 200 days, equivalent to the in 
situ stage of the test.

RESULTS AND DISCUSSION

Results are presented and discussed in this section. 
Figures 8 to 12 show the measured and calculated tracer 
profiles in the rock for the different tracers. In all the cases, 
measurements below the detection limit have been plotted 
at the very bottom of the figures, since this is relevant 
information that has to be taken into account (activities are 
not 10-3Bq/g for these points; see also Appendix II). The 
plots are always given in linear-log and log-log scales, for 
greater clarity.

Na-22

Figures 8 (A profiles) and 9 (D profiles) show the 
measured and calculated Na-22 profiles in the rock. Notice 
also that long profile tails (at distances larger than ca. 
30mm from the tracer source) are much more evident for 
the A profiles (starting at the natural fracture plane) than 
for the D profiles (starting at the artificial slim hole). For 
clarity, the results for different types of models are shown 
in different subfigures: A, B) analytical solutions, C, D) 
continuum models, and E, F) microstructure-based models. 
All plots show all the measured data.
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Figures 8A, B and 9A, B show model results for KTH 
and HYRL. These two teams used analytical solutions 
to the diffusion-sorption equations for a homogeneous 
medium (constant transport and sorption parameters). 
HYRL assumed a two-component (two parallel diffusion 
pathways) approach for most of the profiles. In addition, 
HYRL added a constant background (tail) to account for 
the activities measured far from the tracer source in the A 
profiles (further than ca. 30mm). KTH did not try to adjust 
the model to the points measured far from the tracer source. 
Only two representative model profiles are shown for each 
model (the teams did individual model fits for individual 
profiles) and for each type of profile (A and D cores). 
Appendix I Table I shows ranges of values for the transport 
and retention parameters used in the models. Da values are 
in the range from 1×10-13 to 7×10-12m2/s (with smaller values 
for one of the pathways when a two-component approach was 
used), which are overall consistent with those that could be 
expected from the ranges of measured laboratory values for 
φ(1.6×10-3 to 4.0×10-3; Vilks et al., 2005; Widestrand et al., 
2010a), De (HTO: 1.3×10-14 to 3.8×10-12m2/s; Vilks et al., 
2005) and batch-sorption Kd (Na-22: 1.7×10-4 to 4.2×10-4m3/
kg; Widestrand et al., 2010a).

Figures 8C, D and 9C, D show model results for TUL, 
CTU, GRS and JAEA. TUL and CTU only did calculations 
for A profiles. JAEA provided results for a central case and 
for upper and lower bounds (dashed red lines in the plots), 
based on ranges of values for De and Kd. Their results clearly 

show the effect of the fracture coating (increased φ, Kd 
and De values) included in the concept for the A profiles 
(Fig. 8C, D). The results from TUL and CTU match the 
highest activities measured far from the tracer source. TUL 
implemented relatively large Da values at those distances 
(ca. 6.5×10-11m2/s, Appendix I Table I). Even larger values 
were implemented by CTU, reaching values larger than 
diffusion coefficients in free water. GRS results are similar 
to those from JAEA, except for the fracture coating effect 
implemented by JAEA in the A profiles. Both JAEA and 
GRS implemented a disturbed zone in the profiles. However, 
while φ, Kd and De values decrease along the disturbed zone 
in the JAEA model concept (loosening of the mineral grain 
structure in the DZ), φ and De values increase with distance 
in the GRS model (caused for instance by the presence of 
fines in the DZ), with constant Kd values. Da values in the 
undisturbed matrix are in the 10-12m2/s range for both JAEA 
and GRS, but the trends from tracer source to undisturbed 
matrix are different (decreasing for JAEA and increasing for 
GRS, Appendix I Table I). JAEA did calculate the evolution of 
tracer activities in the reservoir during the experiment, while 
GRS used a constant-activity boundary condition. However, 
activities in the reservoir did not change significantly during 
the experiment (Fig. 5), making the discrimination between 
the two approaches difficult.

Figure 8E, F show model results for CFE, A21, KAERI 
and PROGEO (only A21 applied the calculations to D 
profiles; Fig. 9E, F). Besides the central prediction shown 

X

Y

FIGURE 6. Porosity distribution and deterministic fractures (in red) in a section of the cylindrical rock domain, at 10mm from the reservoir-rock 
interface. Dimensions in m. After Svensson (2020).
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in the figures, KAERI also performed sensitivity analyses 
with respect to the different transport and retention 
parameters, and also with respect to the extension of the 
disturbed zone assumed in the model (not shown). Two 
representative curves from PROGEO are shown (PG545 
and PG2365). Notice that the different model results can 
be considered to match the measured data, except perhaps 
one of the PROGEO curves (PG2365). However, the 
concepts used by the different teams are rather different. 
The grain-scale heterogeneity implemented in the model 
from A21 results in an overall constant Da value (the 
local pore-scale value was 2.5×10-12m2/s). As shown in 
previous works (Iraola et al., 2017), this model is expected 
to behave quasi-homogeneously for non-sorbing tracers, 
although significant deviations from the homogeneous 
behaviour could be expected for sorbing tracers due to the 
implementation of grain-related cation exchange reactions. 
KAERI assumed the presence of a disturbed zone next to 
the tracer source. Intragranular and intergranular pores, 
microfractures and a vein structure were considered in 
their model. Intragranular porosities and De values (quartz, 
plagioclase, K-feldspar) and mineral-specific sorption 
parameters (Kd values on biotite and plagioclase) decrease 
along the disturbed zone, while the transport parameters 
for microfractures and vein remain constant (Table II). The 
vein structure assumed in the model domain is especially 
responsible for the long transport distances (no sorption 
in the vein). In the modelling by PROGEO, transport and 
retention parameters for their assumed disturbed zone, 
microfractures and matrix were varied to obtain different 

possible matches to the observed profiles. Different 
possible combinations were obtained (no a priori concept 
was implemented for the distribution of values of transport 
and retention parameters in the different regions). However, 
for many of the cases, Da values for fracture or matrix were 
similar to or larger than diffusion coefficients in free water. 
This was so for case PG545 (Da in matrix equal to 9.9×10-

8m2/s), but not for case PG2365, showing a poorer match to 
the measured data (Fig. 8E, F). CFE considered centimetric 
fractures and matrix in the model concept. In this case, the 
fractures were assumed to be fast pathways for diffusion (no 
sorption in the fractures).

Cl-36

Figures 10 (A profiles) and 11 (D profiles) show the 
measured and calculated Cl-36 profiles in the rock. For 
clarity, the results for different types of models are shown 
in different subfigures: A, B) analytical solutions, C, D) 
continuum models and E, F) microstructure-based models. 
All plots show all the measured data. No results for D 
profiles were calculated using any of the microstructure-
based models.

Figures 10A, B and 11A, B show model results for KTH 
and HYRL. These two teams used analytical solutions 
to the diffusion-sorption equations for a homogeneous 
medium (constant transport and sorption parameters). 
HYRL assumed a two-component (two parallel diffusion 
pathways) approach for all of the profiles. They are clearly 

BDZ

LONGER 
SIGNIFICANT 

MICROFRACTURES
 µµDFN

LESS SIGNIFICANT 
MICROFRACTURES
 HOMOGENEOUS 

µµCPM

FIGURE 7. Definition of the basic elements characteristic of the rock matrix, Disturbed Zone (DZ), longer significant micro-fractures and less significant 
micro-fractures forming the background of the image. Rock matrix micrograph on the left (modified from Voutilainen et al., 2019) and a micro-
continuum model with a randomly generated network of micro-fractures in the cross-section on the right (after Hokr et al., 2021).
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visible in the figures (two different segments of the curves 
before reaching the implemented constant background 
values). KTH did not try to adjust the model to the points 
measured far from the tracer source. Only two representative 
model profiles are shown for each model (the teams did 
individual model fits for individual profiles) and for each 
type of profile (A and D cores). Table III shows ranges of 
values for the transport and retention parameters used in 
the models. Da values from KTH are in the range from 
ca. 9×10-14 to 1×10-10m2/s, while those from HYRL are 
in two narrower ranges (2-component models used here). 
Values between 5×10-14 and 6×10-14m2/s for Da1, providing 
a good fit for the first few mm in the profiles, and from 
ca. 4×10-12 to 9×10-12m2/s for Da2, providing a good fit 
for distances up to ca. 30mm (flat background values 
provide a fit for distances beyond 30mm). Da values for 
iodide (comparable to chloride) from the data in Vilks et 
al. (2005; Da=De/α) are in the range from ca. 1×10-11 to 
2×10-10m2/s.

Figures 10C, D and 11C, D show model results for TUL, 
CTU, GRS and JAEA. TUL and CTU only did calculations 
for A profiles. JAEA provided results for a central case and 
for upper and lower bounds, based on ranges of values for 
φ and De. In this case there is no great effect of the fracture 
coating on the calculated A profiles, but the effect of the 
disturbed zone (5mm) is obvious. The results from TUL 
match the highest activities measured far from the tracer 
source, with a Da value of 1.2×10-10m2/s for distances larger 
than 35mm from the tracer source, which is within the range 
of values deduced from the data in Vilks et al. (2005). 
CTU implemented large Da values at those distances (Table 
III), reaching values even larger than diffusion coefficients 
in free water, and resulting in very flat profile tails. Note 
also that CTU implemented a small Kd value of 10-8m3/kg 
(instead of zero), based on values reported by Nilsson et 
al. (2010). GRS results are somewhat similar to those from 
JAEA, but reflecting the thinner disturbed zone considered 
in the model (1mm) and with a slightly steeper profile. Da 

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0 10 20 30 40 50 60 70 80

A 
(B

q/
g)

Dist. (mm)

A1

A5

A6

A8

A9

A10

A12

A15

A16

A17

A4

A11

A13

KTH

-

HYRL

-

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0.1 1 10 100

A 
(B

q/
g)

Dist. (mm)

A1

A5

A6

A8

A9

A10

A12

A15

A16

A17

A4

A11

A13

KTH

-

HYRL

-

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0 10 20 30 40 50 60 70 80

A 
(B

q/
g)

Dist. (mm)

A1
A5
A6
A8
A9
A10
A12
A15
A16
A17
A4
A11
A13
TUL
CTU
GRS
JAEA
-
-

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0 10 20 30 40 50 60 70 80

A 
(B

q/
g)

Dist. (mm)

A1

A5

A6

A8

A9

A10

A12

A15

A16

A17

A4

A11

A13

CFE

A21

KAERI

PG545

PG2365

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0.1 1 10 100
A 

(B
q/

g)

Dist. (mm)

A1
A5
A6
A8
A9
A10
A12
A15
A16
A17
A4
A11
A13
TUL
CTU
GRS
JAEA
-
-

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0.1 1 10 100

A 
(B

q/
g)

Dist. (mm)

A1

A5

A6

A8

A9

A10

A12

A15

A16

A17

A4

A11

A13

CFE

A21

KAERI

PG545

PG2365

A B

C D

E F

Fig. 8

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0.1 1 10 100

A 
(B

q/
g)

Dist. (mm)

A1

A5

A6

A8

A9

A10

A12

A15

A16

A17

A4

A11

A13

KTH

-

HYRL

-

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0.1 1 10 100

A 
(B

q/
g)

Dist. (mm)

A1
A5
A6
A8
A9
A10
A12
A15
A16
A17
A4
A11
A13
TUL
CTU
GRS
JAEA
-
-

1.E-03

1.E-02

1.E-01

1.E+00

1.E+01

1.E+02

1.E+03

1.E+04

0.1 1 10 100

A 
(B

q/
g)

Dist. (mm)

A1

A5

A6

A8

A9

A10

A12

A15

A16

A17

A4

A11

A13

CFE

A21

KAERI

PG545

PG2365

FIGURE 8. Measured (symbols) and calculated (lines) Na-22 tracer profiles for A cores. Activities are in Bq per gram of rock. Three groups of plots are 
shown: A, B) homogeneous models; C, D) continuum-porous-medium models; E, F) microstructure-based models. All plots show all the measured 
data, with data plotted at the bottom of the figures (10-3Bq/g) corresponding to measurements below detection limit. For these points, detection limits 
are mostly below 0.2Bq/g. They decrease with distance from the tracer source to values less than 0.1Bq/g. The very first slices in some of the cores 
have higher detection limits, up to ca. 100Bq/g. After Soler et al. (2021).
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values in the undisturbed matrix for JAEA and GRS are 
6.2×10-11m2/s and 7.9×10-12m2/s, respectively. They are in 
the low end of values deduced from the data in Vilks et al. 
(2005). Like in the case of Na-22, while φ and De values 
decrease along the disturbed zone in the JAEA model 
concept, φ and De values increase in the GRS model. 
Also, activities in the reservoir did not change significantly 
during the experiment (Fig. 5), making the discrimination 
between the two concepts difficult.

Figure 10E, F show model results for CFE and 
PROGEO (A profiles only). Two representative curves from 
PROGEO are shown. They both match reasonably well the 
measured profiles. Transport and retention parameters for 
their assumed disturbed zone, microfractures and matrix 
were varied to obtain different possible matches to the 
observed profiles (Appendix I, Table IV). Different possible 
combinations were obtained (no a priori concept was 
implemented for the distribution of values of transport and 

retention parameters in the different regions, including the 
use of positive Kd values). However, for all reported cases, 
Da values for fracture or matrix were similar to or larger 
than diffusion coefficients in free water. CFE considered 
centimetric fractures and matrix in the model concept. In 
this case, Dp values (no sorption; Dp = Da) were similar for 
matrix (1.6×10-10m2/s) and fractures (4.0×10-10m2/s).

Co-57

Figure 12 shows the measured and calculated Co-57 
profiles in the rock. It is important to mention that several 
data points further than ca. 7mm from the tracer source, and 
defining conceivable long flat profile tails, were discarded 
during data revision and are not shown here (see Appendix 
II). Additionally, potential contamination levels were set at 
3Bq/g. Modelling results were provided by HYRL (A and 
D profiles), TUL (A profiles), JAEA (A and D profiles) and 
CFE (A profiles). 
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FIGURE 9. Measured (symbols) and calculated (lines) Na-22 tracer profiles for D cores. Activities are in Bq per gram of rock. Three groups of plots are 
shown: A, B) homogeneous models: C, D) continuum-porous-medium models; E, F) microstructure-based models. All plots show all the measured 
data, with data plotted at the bottom of the figures (10-3Bq/g) corresponding to measurements below detection limit. For these points, detection limits 
are mostly below 0.2Bq/g. They decrease with distance from the tracer source to values less than 0.1Bq/g. The very first slices in some of the cores 
have higher detection limits, up to ca. 100Bq/g. After Soler et al. (2021).
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HYRL used an analytical solution to the diffusion-
sorption equations for a homogeneous medium (constant 
transport and sorption parameters), assuming here a two-
component (two parallel diffusion pathways) approach 
for the profiles. In addition, HYRL added a constant 
background (tail) to account for the activities measured far 
from the tracer source, based largely on data points that 
were later discarded during data revision. Notice that most 
points further than ca. 3mm from the tracer source show 
measurements below detection limit (plotted at 10-3Bq/g). 
Only one (A cores) or two (D cores) representative model 
profiles are shown for each type of profile (HYRL performed 
individual model fits for individual profiles). Table V shows 
ranges of values for the transport and retention parameters 
used in the models. Da values from HYRL are in the 10-

14m2/s range, which would be consistent with high-end 
laboratory De values for HTO (1.3×10-14 to 3.8×10-12m2/
s; Vilks et al., 2005) and rock-matrix batch sorption Kd 
values for Co-57 (2.6×10-2 to 6.1×10-2m3/kg; Widestrand et 
al., 2010a).

TUL also tried to fit the flat profiles extending for long 
distances (data points later discarded). For that purpose, Da 
values in the 10-12m2/s range had to be implemented starting 
just after ca. 2mm from the tracer source. The bend in the 
curve at 3mm corresponds to the changes in parameter 
values (zonation) implemented at that point (Table V). 

JAEA provided results for a central case and for upper 
and lower bounds, based on ranges of values for De and Kd. 
The model concept did not try to account for any possible 
profile tails far from the tracer source. Their results show 
some effect from the fracture coating (increased φ, Kd 
and De values) included in the concept for the A profiles. 
However, Da values in the fracture coating, disturbed zone 
and undisturbed rock matrix are all about 10-15m2/s for the 
A profiles, with values up to 4×10-14m2/s in the disturbed 
zone for the D profiles. Most measured data points would 
fall into this assumed disturbed zone. The Da value in the 
undisturbed matrix is 1.3×10-15m2/s (central case). 

The model from CFE considered centimetric fractures 
and matrix, with no sorption along the fractures. Fast 
diffusion along the fracture would in this concept explain 
the points measured far from the tracer source (data 
discarded during data revision).

Ni-63

Figure 13 shows the measured and calculated Ni-63 
profiles in the rock. It should also be mentioned that a few 
data points further than ca. 4mm from the tracer source, 
and defining potential long flat profile tails, were discarded 
during data revision and are not shown here. However, there 
is still an almost flat tail remaining for one of the measured 

profiles (core D12). Notice that other points at similar 
distances show readings below detection limits (Fig. 13). 
Modelling results were only provided by HYRL (A and D 
profiles), TUL (A profiles), JAEA (A and D profiles) and 
CFE (A profiles). 

HYRL used an analytical solution to the diffusion-
sorption equations for a homogeneous medium (constant 
transport and sorption parameters; only a single diffusion 
pathway). In addition, HYRL added a constant background 
(tail) to account for the activities measured far from the 
tracer. Only one (A cores) or two (D cores) representative 
model profiles are shown for each type of profile (HYRL 
performed individual model fits for individual profiles). 
Table VI shows ranges of values for the transport and 
retention parameters used in the models. Da values from 
HYRL are in the 10-14m2/s range, which, like Co-57, would 
be consistent with high-end laboratory De values for HTO 
(1.3×10-14 to 3.8×10-12m2/s; Vilks et al., 2005) and rock-
matrix batch sorption Kd values for Ni-63 (8.2×10-3 to 
2.5×10-2m3/kg; Widestrand et al., 2010a). 

JAEA provided results for a central case and for upper 
and lower bounds, based on ranges of values for De and Kd. 
The model concept did not try to account for any possible 
profile tails far from the tracer source. Their results clearly 
show the effect of the fracture coating (increased φ, Kd and 
De values) included in the concept for the A profiles (Fig. 
13A, B). The Da value in the undisturbed matrix is 3.8×10-

15m2/s (central case), which is slightly smaller than the 
values obtained by HYRL, but consistent with the upscaling 
concept used by JAEA. Values in the disturbed zone (5mm) 
are more similar to those used by HYRL (Table VI). Most 
of the measured data points would fall into this assumed 
disturbed zone. 

Like in the case of Co-57, TUL also tried to fit the flat 
profiles extending for long distances. For that purpose, Da 
values in the 10-11m2/s range had to be implemented starting 
just after ca. 2mm from the tracer source. The kink in the 
curve at 3mm corresponds to the changes in parameter 
values (zonation) implemented at that point (Table VI). 
The model from CFE considered centimetric fractures and 
matrix, with no sorption along the fractures. Fast transport 
along the fracture would be responsible for those points 
measured at large distances from the tracer source (data 
discarded during data revision).

Ba-133

Figures 14 (A profiles) and 15 (D profiles) show the 
measured and calculated Ba-133 profiles in the rock. Most 
data points with measured activities at distances further than 
ca. 5mm from the tracer source and defining conceivable 
long flat profile tails were discarded during data revision 
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and are not shown here (see Appendix II). However, there 
are still two data points (cores A11 and D15) showing 
measurable activities at distances further than 10mm. Still, 
the great majority of measurements at these distances, after 
revision, show readings below detection limits. Potential 
contamination levels were set at 0.3 (sliced samples) to 0.4 
(crushed samples) Bq/g.

For clarity, the results for different types of models are 
shown in different subfigures: A, B) analytical solutions and 
C, D) continuum models. All plots show all the measured 
data. No results from any microstructure-based models 
were made available. 

Figures 14A, B and 15A, B show model results for KTH 
and HYRL. These two teams used analytical solutions 
to the diffusion-sorption equations for a homogeneous 
medium (constant transport and sorption parameters). In 
addition, HYRL (only single-component models for this 
tracer) added a constant background (tail) to account for 
the activities measured far from the tracer source in the A 

profiles (further than ca. 5mm). KTH did not try to adjust 
the model to the points measured far from the tracer source. 
Only two representative model profiles are shown for each 
model (the teams did individual model fits for individual 
profiles) and for each type of profile (A and D cores). Table 
VII shows ranges of values for the transport and retention 
parameters used in the models. Da values are in the range 
from 1×10-14 to 1×10-13m2/s, which are consistent with 
those that could be expected from laboratory De values for 
HTO (1.3×10-14 to 3.8×10-12m2/s; Vilks et al., 2005) and 
rock-matrix batch sorption Kd values for Ba-133 (2.0×10-3 
to 2.3×10-3m3/kg; Widestrand et al., 2010a).

Figures 14C, D and 15C, D show model results for 
TUL (A profiles), GRS (A and D profiles) and JAEA (A 
and D profiles). JAEA provided results for a central case 
and for upper and lower bounds, based on ranges of values 
for De and Kd. Their results clearly show the effect of the 
fracture coating (increased φ, Kd and De values) included 
in the concept for the A profiles (Fig. 14C, D). The results 
from TUL match the highest activities measured far from 
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FIGURE 10. Measured (symbols) and calculated (lines) Cl-36 tracer profiles for A cores. Activities are in Bq per gram of rock. Three groups of plots are 
shown: A, B) homogeneous models; C, D) continuum-porous-medium models; E, F) microstructure-based models. All plots show all the measured 
data. After Soler et al. (2021).
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the tracer source. TUL had to implement large Da values 
at these distances (ca. 6.5×10-11m2/s, Table VII). Results 
from GRS show profiles that are less steep than those 
shown by the measurements, extending also to slightly 
larger distances. Most measured data points would fall 
within the disturbed zone assumed in the JAEA model 
(5mm), with Da values largely in the 10-14m2/s range 
(similar to the values obtained by KTH and HYRL in 
their homogeneous models) or slightly larger (D profiles). 
However, the profiles calculated by JAEA tend to be 
slightly steeper than those shown by the measurements. 
The calculated steepness of the profiles is probably 
given by the way transport and retention parameter 
values decrease along the disturbed zone. The value in 
the undisturbed matrix is 1.5×10-14m2/s. The value from 
GRS for the undisturbed matrix (beyond 1mm from 
the tracer source) is 1.8×10-13m2/s (consistent with the 
slightly longer transport distances), with smaller values 
in the disturbed zone. Both JAEA and GRS implemented 
a disturbed zone in the profiles. However, while φ, Kd 
and De values decrease along the disturbed zone in the 
JAEA model concept, φ and De values increase in the 
GRS model, with constant Kd values. While GRS used 
a constant-activity boundary condition for the tracer 
source, JAEA did calculate the evolution of activities in 
the reservoir during the experiment, matching reasonably 
well the measured data, and supporting Da values in the 
10-14 m2/s range close to the tracer source. However, the 
overall fit to the profile data was best for the homogeneous 
models from KTH and HYRL.

Cs-137

Figures 16 (A profiles) and 17 (D profiles) show the 
measured and calculated Cs-137 profiles in the rock. All 
plots show all the measured data. Most data points with 
measured activities at distances further than ca. 5mm from 
the tracer source were discarded during data revision and 
are not shown here (see Appendix II), but there are still 
a few data points, corresponding to cores A11, A15 and 
D6, showing measurable activities at distances further than 
10mm. Still, most measurements at those distances, after 
revision, show readings below detection limits. Potential 
contamination levels were set at 1.5 (sliced samples) to 2.0 
(crushed samples) Bq/g.

For clarity, the results for different types of models are 
shown in different subfigures: A, B) analytical solutions, 
C, D) continuum models and E, F) microstructure-based 
models.

Figures 16A, B and 17A, B show model results for KTH 
and HYRL. These two teams used analytical solutions 
to the diffusion-sorption equations for a homogeneous 
medium (constant transport and sorption parameters). 
HYRL assumed either a one-component or a two-
component (two parallel diffusion pathways) approach, 
depending on the individual profile that was modelled. 
In addition, HYRL added a constant background (tail) 
to account for the activities measured far from the tracer 
source (before data revision). KTH did not try to adjust the 
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FIGURE 11. Measured (symbols) and calculated (lines) Cl-36 tracer profiles for D cores. Activities are in Bq per gram of rock. Two groups of plots are 
shown: A, B) homogeneous models; C, D) continuum-porous-medium models. No results from microstructure-based models were reported. All plots 
show all the measured data. After Soler et al. (2021). 
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model to the points measured far from the tracer source. 
Only a few model profiles are shown for each model (the 
teams did individual model fits for individual profiles) and 
for each type of profile (A and D cores). Table VIII shows 
ranges of values for the transport and retention parameters 
used in the models. Da values are in the 10-14m2/s range, 
except for the cases where HYRL added a second diffusion 
pathway, with values in the 10-12m2/s range. In those cases, 
the second pathway accounted for the transition between 
the data points close to the tracer source (within ca. 5mm) 
and those in the tails (further than ca. 10mm). Da values in 
the 10-14m2/s range are consistent with high-end laboratory 
De values for HTO (1.3×10-14 to 3.8×10-12m2/s; Vilks et al., 
2005) and rock-matrix batch sorption Kd values for Cs-137 
(1.2×10-2 to 3.2×10-2m3/kg; Widestrand et al., 2010a).

Figures 16C, D and 17C, D show model results for 
TUL, GRS and JAEA. TUL only did calculations for A 
profiles. JAEA provided results for a central case and 
for upper and lower bounds, based on ranges of values 
for De and Kd. The results from TUL match the highest 
activities measured far from the tracer source. TUL had to 
implement large Da values (in the 10-11m2/s range) at those 
distances (Table VIII). Results from GRS show a good 
match to the data close to the tracer source (less than ca. 
8mm), with a Da value of 4.4×10-14m2/s in the undisturbed 
rock matrix beyond the disturbed zone (1mm). For JAEA, 
most measured data points would fall within the assumed 
disturbed zone (5mm), with Da values largely in the 10-

15m2/s range for A cores and in the 10-14 m2/s range (10-13 
to 3×10-15m2/s) for D cores. Like in the case of Ba-133, the 
calculated profiles tend to be slightly steeper than those 
shown by the measurements. 

Figure 16E and F show model results for CFE, A21, 
KAERI and PROGEO (only A21 applied the calculations 
to D profiles; Fig. 17E, F). Besides the central prediction 
shown in the figures, KAERI also performed sensitivity 
analyses with respect to the different transport and retention 
parameters, and also with respect to the extension of the 
disturbed zone assumed in the model (not shown). Two 
representative curves from PROGEO are shown. Notice 
that, like in the case of Na-22, the different model results 
can be considered to match the measured data. In this case 
the CFE results overestimate the measured activities close 
to the tracer source by ca. an order of magnitude. However, 
the concepts used by the different teams are rather different. 
Also, KAERI and CFE tried to match the data measured 
far from the tracer source, while A21 and PROGEO did 
not. Again, despite some remaining data points, most data 
measured at distances further than ca.10mm from the tracer 
source were discarded during data revision.  

The grain-scale heterogeneity implemented in 
the model from A21 results in an overall constant Da 

value. This model could be considered to be similar to 
a homogeneous model, except for the implementation of 
the heterogeneity (sorption by cation exchange only on 
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FIGURE 12. Measured (symbols) and calculated (lines) Co-57 tracer profiles. A, B) A cores and C, D) D cores. Activities are in Bq per gram of rock. 
All plots show all the measured data, with data plotted at the bottom of the figures (10-3Bq/g) corresponding to measurements below detection 
limit. For these points, detection limits are always below 20Bq/g and decrease with distance from the tracer source to values less than ca. 1Bq/g. 
Measurements that were judged to be caused by contamination, with activities less than ca. 2Bq/g, are not shown. After Soler et al. (2021). 
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the biotite grains). KAERI assumed the presence of a 
disturbed zone next to the tracer source. Intragranular 
and intergranular pores, microfractures and a vein 
structure were considered in their model. Intragranular 
porosities and De values (quartz, plagioclase, K-feldspar) 
and mineral-specific sorption parameters (Kd values on 
biotite and plagioclase) decrease along the disturbed 
zone, while the transport parameters for microfractures 
and vein remain constant (Table IX). The vein structure 
assumed in the model domain is especially responsible 
for the long transport distances (no sorption in the 
vein). In the modelling by PROGEO, transport and 
retention parameters for their assumed disturbed zone, 
microfractures and matrix were varied to obtain different 
possible matches to the observed profiles. Different 
possible combinations were obtained (no a priori 
concept was implemented for the distribution of values 
of transport and retention parameters in the different 
regions). CFE considered centimetric fractures and 
matrix in the model concept. In this case, the fractures 
were assumed to be fast pathways for diffusion (no 
sorption in the fractures).

As with Ba-133, the overall fit to the profile data 
was very good for the homogeneous models from KTH 
and HYRL, although in this case the results from JAEA 
(central case, A cores), A21 and PROGEO can be 
considered equally good.

Cd-109

Figure 18 shows the measured and calculated Cd-109 
profiles in the rock. All measured data points are within 
a distance of 2.5mm from the tracer source, except for 2 
points (core D5). All the other points measured at distances 
larger than ca. 2.5mm from the tracer source show readings 
below detection limit. Modelling results were only provided 
by HYRL (a single A profile) and JAEA (A and D profiles). 

HYRL used an analytical solution to the diffusion-
sorption equations for a homogeneous medium (constant 
transport and sorption parameters), without the addition 
of any constant background activity. The Da value obtained 
by HYRL was 1.8×10-14m2/s. This value is consistent 
with low-end laboratory De values for HTO (1.3×10-14 to 
3.8×10-12m2/s; Vilks et al., 2005) and rock-matrix batch 
sorption Kd values for Cd-109 (4.0×10-3 to 5.9×10-3m3/kg; 
Widestrand et al., 2010a). 

JAEA provided results for a central case and for upper 
and lower bounds, based on ranges of values for De and Kd. 
The model concept did not try to account for any possible 
profile tails far from the tracer source (only 2 data points). 
Their results show the effect from the fracture coating 
(increased φ, Kd and De values) included in the concept 
for the A profiles. Da values in the fracture coating and 
disturbed zone are mainly in the 10-14m2/s range (Table 
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FIGURE 13. Measured (symbols) and calculated (lines) Ni-63 tracer profiles. A, B) A cores and C, D) D cores. Activities are in Bq per gram of rock. 
All plots show all the measured data, with data plotted at the bottom of the figures (10-3Bq/g) corresponding to measurements below detection limit. 
For these points, detection limits are always below 8Bq/g. Measurements that were judged to be caused by contamination, with activities less than 
ca. 7Bq/g, are not shown. After Soler et al. (2021). 
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FIGURE 14. Measured (symbols) and calculated (lines) Ba-133 tracer profiles for A cores. Activities are in Bq per gram of rock. Two groups of plots are 
shown: A, B) homogeneous models; C, D) continuum-porous-medium models. No results from microstructure-based models were reported. All plots 
show all the measured data, with data plotted at the bottom of the figures (10-3Bq/g) corresponding to measurements below detection limit. For these 
points, detection limits are always below 0.8Bq/g and decrease with distance from the tracer source to values less than ca. 0.2Bq/g. Measurements 
that were judged to be caused by contamination, with activities less than 0.4Bq/g, are not shown. After Soler et al. (2021).

FIGURE 15. Measured (symbols) and calculated (lines) Ba-133 tracer profiles for D cores. Activities are in Bq per gram of rock. Two groups of plots 
are shown: A, B) homogeneous models; C, D) continuum-porous-medium models. No results from microstructure-based models were reported. All 
plots show all the measured data, with data plotted at the bottom of the figures (10-3Bq/g) corresponding to measurements below detection limit. 
Detection limits are always below 0.8Bq/g and decrease with distance from the tracer source to values less than ca. 0.2Bq/g. Measurements that 
were judged to be caused by contamination, with activities less than 0.4Bq/g, are not shown. After Soler et al. (2021).
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X). Almost all measured data points are within the 5-mm 
disturbed zone assumed by JAEA, except for 2 points (core 
D5). The Da value for the undisturbed matrix was 8.4×10-

15m2/s (central case). 

Ra-226

Figure 19 shows the measured and calculated Ra-226 
profiles in the rock. Most data points with measured activities 
at distances further than ca. 5mm from the tracer source and 
defining conceivable long flat profile tails were discarded 
during data revision and are not shown here. Only a single 
point corresponding to core D12 shows measurable activity 
at a distance of 18.7mm from the tracer source. All the other 
points measured at distances larger than 5 mm show readings 
below detection limit. Modelling results were only provided 
by HYRL (two A profiles) and JAEA (A and D profiles). 

HYRL used an analytical solution to the diffusion-
sorption equations for a homogeneous medium (constant 
transport and sorption parameters), with the addition of 
a constant background activity accounting for the points 
originally measured far from the tracer source. Da values 
range between 2.0×10-14m2/s and 3.0×10-14m2/s (Table XI). 
These values are overall consistent with laboratory De 
values for HTO (1.3×10-14 to 3.8×10-12m2/s; Vilks et al., 
2005) and rock-matrix batch sorption Kd values for Ra-226 
(6.7×10-3 to 8.3×10-3m3/kg; Widestrand et al., 2010a).

JAEA provided results for a central case and for upper 
and lower bounds, based on ranges of values for De and Kd. 
The model concept did not try to account for any possible 
profile tails far from the tracer source. Their results show 
the effect from the fracture coating (increased φ, Kd and 
De values) included in the concept for the A profiles. Da 
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FIGURE 16. Measured (symbols) and calculated (lines) Cs-137 tracer profiles for A cores. Activities are in Bq per gram of rock. Three groups of plots 
are shown: A, B) homogeneous models; C, D) continuum-porous-medium models: E, F) microstructure-based models. HYRL and HYRL-2 refer 
here to one- and two-component models from HYRL. All plots show all the measured data, with data plotted at the bottom of the figures (10-3Bq/g) 
corresponding to measurements below detection limit. For these points, detection limits are always below 0.2Bq/g and decrease with distance from 
the tracer source to values less than 0.05Bq/g. Many measurements with activities less than 2Bq/g were judged to be caused by contamination and 
are not shown. After Soler et al. (2021).
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values in the fracture coating and disturbed zone are mainly 
in the 10-14m2/s range, with a value of 5.1×10-15m2/s for the 
undisturbed matrix (Table XI). Almost all measured data 
points are within the 5mm disturbed zone assumed by 
JAEA, except for one point (core D12). 

Np-237

Figure 20 shows the measured and calculated Np-237 
profiles in the rock. Notice that there is only one single 
measurement of the very first slice available per core. 
Tracer profiles cannot really be defined from the measured 
data. Modelling results were only provided by JAEA (A and 
D profiles), including a central case and upper and lower 
bounds (from ranges of values for De and Kd). The results 
show the effect from the fracture coating (increased φ, Kd 
and De values) included in the concept for the A profiles. 
Table XII shows the transport and retention parameters 

used in the fracture coating (A profiles), disturbed zone and 
undisturbed rock matrix. The values in the different zones 
cover the whole range of values calculated from laboratory 
De values for HTO (1.3×10-14 to 3.8×10-12m2/s; Vilks et al., 
2005) and rock-matrix batch sorption Kd values for Np-237 
(6.4×10-4 to 1.1×10-3m3/kg; Widestrand et al., 2010a).

SUMMARY AND CONCLUSIONS

The LTDE-SD experiment was performed at a depth of 
about 410m in the Äspö Hard Rock Laboratory between 
September 27th 2006 and April 12th 2007. A cocktail of 
radionuclide tracers was circulated for 198 days on the 
exposed natural surface of a target fracture and in a narrow 
slim hole drilled in unaltered rock matrix. Overcoring 
took place shortly after the end of the tracer circulation. 
Together with overcoring, core-sample drilling and slicing 
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FIGURE 17. Measured (symbols) and calculated (lines) Cs-137 tracer profiles for D cores. Activities are in Bq per gram of rock. Three groups of plots 
are shown: A, B) homogeneous models; C, D) continuum-porous-medium models; E, F) microstructure-based models. HYRL and HYRL-2 refer 
here to one- and two-component models from HYRL. All plots show all the measured data, with data plotted at the bottom of the figures (10-3Bq/g) 
corresponding to measurements below detection limit. For these points, detection limits are always below 0.2Bq/g and decrease with distance from 
the tracer source to values less than 0.05Bq/g. Many measurements with activities less than 2Bq/g were judged to be caused by contamination and 
are not shown. After Soler et al. (2021).
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took an additional 240 to 290 days after the end of the in 
situ phase of the experiment.

Within this modelling exercise (Task 9B), the LTDE-
SD in situ test results and the supporting laboratory 
dataset were extended by performing microstructural 
characterisation of different rock samples. In addition, the 
measured activities in the rock were critically reviewed 
and updated. The microstructural descriptions of the rock 
samples (Voutilainen et al., 2019) were used by several of 
the teams as the basis for detailed transport models.

The measured tracer activities in the rock samples 
showed very long profiles (several cm into the rock) for 
non- or weakly-sorbing tracers (Cl-36, Na-22), but also 
at low activities for many of the more strongly-sorbing 
radionuclides. This was an unexpected feature, and one 
of the main objectives of the modelling exercise was to 
try to understand these apparently anomalous profiles. 
However, well into the modelling exercise, re-evaluation 
of the measurements led to the identification of probable 
contamination during sample preparation. Experimental 
data were completely re-evaluated, leading to the 
revision of detection limits and the definition of potential 
contamination levels. After the revision, the anomalous long 
tails at low activities for strongly sorbing tracers basically 
disappeared, although a few data points remained for Cs-
137 and Ba-133 (close to reported potential contamination 
levels), Ni-63 and Cd-109. However, most measured 
data values for strongly-sorbing tracers at long distances 
(>10mm) from the tracer source were now reported to be 
below detection limits. The few remaining “tail data” for 
different tracers were not in the same cores, i.e. not related 
to a possible single structure. Profiles for Cl-36 and Na-22 
were not affected by this revision.

Ten different modelling teams provided results for this 
exercise, using different concepts and codes. Three main 
types of models were used: i) analytical solutions to the 
transport-retention equations (KTH, HYRL), ii) continuum-
porous-medium numerical models (TUL, CTU, GRS, JAEA) 
and iii) microstructure-based models, accounting for small-
scale heterogeneity (i.e. mineral grains, porosities and/or 
microfracture distributions) and potential centimetre-scale 
fractures (CFE, A21, KAERI, PROGEO). Different types 
of zonations in terms of transport and retention parameters 
have been implemented in continuum-porous-medium and 
microstructure-based models, including the consideration 
of fracture coatings (JAEA), narrow (mm-scale) disturbed 
zones (GRS, JAEA, KAERI) or continuously-changing 
parameters with distance (TUL, CTU).

The team from KTH performed an estimation of mass 
balances for the different tracers based on the activities 
measured after the experiment (reservoir solution, 

rock matrix, equipment parts, activities removed when 
sampling). For non- and weakly-sorbing tracers (Cl-36, 
Na-22), the mass balances were very good. Most of the 
recovered activities were found in the reservoir, which 
agreed well with expectations. For tracers sorbing by cation 
exchange (Ba-133, Cs-137, Ra-226), the mass balances 
were acceptable, since around 80% of the activities were 
accounted for, mainly located in the reservoir and in the 
rock matrix. In contrast, mass balances for ions retained 
by surface complexation were rather poor, especially for 
Co-57, Ni-63, Cd-109 and Gd-153, with more than half of 
the injected tracer activities not accounted for. The poor 
mass balance for some of the tracers and the rather constant 
activities in the reservoir for the non- and weakly-sorbing 
tracers made it difficult to include the calculation of the 
evolution of activities in the reservoir in the numerical 
analyses. Many of the teams actually used either fixed 
constant activities or prescribed time-dependent activities 
as reservoir boundary conditions.

For Cl-36 (non-sorbing) and Na-22 (weakly sorbing), 
two different parts of the tracer profiles in the rock can 
be distinguished. Commonly, a steeper part within ca. 
30mm from the tracer source and an almost flat tail beyond 
30mm can be observed (Figs. 8-11). In the case of Na-22 
the tails beyond 30mm are much more evident for the A 
cores. Additionally, and in particular for the case of Cl-36, 
there is an even steeper segment within ca. 5mm from the 
tracer source (Figs. 10-11). These more proximal parts of 
the profiles, up to ca. 30mm, can be well reproduced by 
the homogeneous models (KTH, HYRL). Results from 
these homogeneous models fitting the trends in the first 
5mm (Cl-36) require smaller Da values, pointing to a well-
defined DZ. Da values for distances up to ca. 30mm are 
consistent with laboratory-derived porosities, effective 
diffusion coefficients (De for iodide and tritium available), 
and batch-sorption Kd values (Na-22). Parameter values for 
the more proximal part, within a few mm from the tracer 
source, result in smaller Da values.

Models including a disturbed zone (DZ; JAEA, GRS) 
also capture well this type of profiles, up to ca30mm, 
although different concepts for the changes in De, φ and 
Kd with distance have been implemented. Da values beyond 
the implemented DZ (5mm for JAEA, 1mm for GRS) are 
consistent with laboratory-derived values. Beyond that 
distance, the fit is reasonable for Cl-36 (non-sorbing) but 
not very good for Na-22, with calculated activities dropping 
quickly with distance.

To fit the flatter ends of the profiles, CTU and TUL 
had to implement very large Da values at those distances, 
not consistent with laboratory-derived values and clearly 
too large (larger than diffusion coefficients in free water) 
in some cases. Fitting of those tails by some of the 
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microstructure-based models (CFE, KAERI, PROGEO) 
was performed by implementing fast transport along 
microfractures and cm-scale fractures, with no or strongly 
reduced sorption along these structures in most cases. The 
model from A21 did not implement such features (Na-22; 
only intergranular porosity), with results more similar to 
those from the homogeneous models.

All the other tracers considered in the modelling 
exercise (Co-57, Ni-63, Ba-133, Cs-137, Cd-109, Ra-226, 
Np-237) sorb more strongly than Na-22 and their tracer 
profiles are very different from those of Na-22 and Cl-36. 
In general, the tracer profiles do not extend beyond 10mm 
from the tracer source, although there are some points with 
measured low activities at larger distances. However, most 
of the measurements at these distances show readings 
below detection limits. Also, these few remaining “tail 
data” for different tracers are not in the same cores, i.e. not 
related to a possible single structure. Overall, the best fits 
for the measured profiles within a few mm from the tracer 
source are achieved by the homogeneous models (constant 
transport and retention parameters), with Da values mostly 
in the 10-15 to 10-14m2/s range (10-14 to 10-13m2/s for Ba-133; 
10-14 to 10-12m2/s for Np-237), and overall consistent with 
laboratory-derived De values for HTO and batch-sorption 
Kd values. Good fits are also achieved by models assuming 
the presence of a disturbed zone with gradually changing 
parameters. This observation, together with the fact that 

most of the measurements above detection limits fall within 
5 to 8 mm from the tracer source, and the different trend for 
the Cl-36 profiles at these distances, suggest the existence 
of a disturbed zone with a thickness of 5 to 8mm and 
characterised by rather constant (with distance) transport 
and retention parameters. This disturbed zone affects 
both the A cores (natural alteration zone associated to the 
fracture) and D cores (disturbed zone caused by drilling of 
the slim hole).

The longer profiles for Cl-36 and Na-22 point to the 
properties of an undisturbed rock matrix (not affected 
by borehole drilling or alteration zones next to fractures) 
beyond these 5 to 8mm from the tracer source. Additionally, 
the flat profile tail ends observed for some of the Na-22 
profiles may point to the effect of microfractures and cm-
scale fractures (continuum-porous-medium models could 
not reproduce those tails using realistic parameter values). 
These tail ends for Na-22 are almost only present in the A 
profiles, suggesting that, unlike the disturbed zone, this is a 
feature associated with the natural fracture targeted in the 
experiment and not with the artificial slim hole. Remaining 
“tail data” for some of the strongly-sorbing tracers (notably 
Cs-137) could also be fitted by models considering the effect 
of cm-scale fractures or veins (KAERI), although the very 
flat trend of those remaining points could not be exactly 
reproduced. Also, many of the samples beyond 10mm from 
the tracer source show measurements below detection limit.
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Fig. 18

FIGURE 18. Measured (symbols) and calculated (lines) Cd-109 tracer profiles. A, B) A cores and C, D) D cores. Activities are in Bq per gram of rock. 
All plots show all the measured data, with data plotted at the bottom of the figures (10-3Bq/g) corresponding to measurements below detection limit. 
For these points, detection limits are always below 250Bq/g and decrease with distance from the tracer source to values less than 20Bq/g. After 
Soler et al. (2021).
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The overall result from the modelling exercise was the 
understanding of the transport mechanisms and the role of 
rock structure (i.e. the effects of the disturbed zones and of 
the micro- and cm-scale fractures) behind the different tracer 
profiles (non-sorbing, weakly-sorbing and strongly-sorbing) 
from the LTDE-SD experiment in the tight granodiorite at 
Äspö. This new insight was allowed first by the re-evaluation 
and revision of the experimental data (tracer profiles in the 
rock), which also highlighted the importance of using blank 
samples during sample preparation and analysis in future 
tracer transport experiments. The use of blank samples is 
essential for the detection of potential contamination or 
background effects. Another potential improvement could 
be provided by preparing small-core samples immediately 
after overcoring. In addition, determination of potential 
anion exclusion effects could have been achieved if tritium 
(or another equivalent neutral conservative tracer) had been 
included in the list of tracers.

In terms of tracer transport and retention, the modelling 
performed by the different teams allowed the comparison 
of different model concepts and potential zonations of 
rock properties. Important features to understand the tracer 
profiles in the rock were the presence of a disturbed zone 
close to the tracer source (natural fracture or borehole), 
with strongly-sorbing-tracer activities restricted to a large 
degree to this disturbed zone (at least in the limited time 
scales of the experiment), and the role of micro- and cm-

scale fractures in the formation of the observed long profile 
tails for weakly-sorbing tracers next to a natural fracture 
(Na-22, A profiles). Additionally, there was an overall 
compatibility of laboratory-derived transport and retention 
properties with the observed profiles (with variability 
according to the described structural features) supporting 
the conclusions. Results from the LTDE-SD experiment 
could be reproduced without recourse to unexplained 
features or processes. Task 9B, and the Task Force GWFTS 
as a whole, provided the framework for the collaboration 
between the different teams and the motivation to advance 
in conceptual and numerical model development for 
radionuclide transport in tight crystalline rock.
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FIGURE 19. Measured (symbols) and calculated (lines) Ra-226 tracer profiles. A, B) A cores and C, D) D cores. Activities are in Bq per gram of rock. 
All plots show all the measured data, with data plotted at the bottom of the figures (10-3Bq/g) corresponding to measurements below detection limit. 
For these points, detection limits are always below 15Bq/g and decrease with distance from the tracer source to values less than 1Bq/g. After Soler 
et al. (2021).
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FIGURE 20. Measured (symbols) and calculated (lines) Np-237 tracer profiles. A, B) A cores and C, D) D cores. Concentrations are in nanograms per 
gram of rock. All plots show all the measured data. After Soler et al. (2021).
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APPENDIX I

 

 

 

Table I. Na-22 transport and retention parameter values for the different zones implemented in the homogenous and continuum-porous-medium 
models. Different parameters have been adjusted by different teams. Apparent diffusion coefficients (Da) have been calculated from the reported 
parameters in all the cases. Numbers in red indicate Da values that are larger than diffusion coefficients in free water. De: effective diffusion 

coefficient; φ: porosity; Kd: sorption distribution coefficient;α: capacity factor. Da1 and Da2 stand for Da values in the two-component model from HYRL

TRANSPORT AND RETENTION PARAMETER VALUES FOR THE DIFFERENT TRACERS

value1 - value 2 indicates a range of values. value1 - indicates a starting value for a range. - value 2 indicates an ending value for a range. There are 
no negative values for any parameters.
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Table II. Na-22 transport and retention parameter values for the different zones implemented in the 

microstructure-based models. Different parameters have been adjusted by different teams. When possible, 

apparent diffusion coefficients (Da) have been calculated from the reported parameters. Numbers in red 

indicate Da values that are larger than diffusion coefficients in free water. De: effective diffusion coefficient; 

: porosity; Kd: sorption distribution coefficient; : capacity factor; Dp: pore diffusion coefficient. 

 

Team t (days) Layer Na-22 De m2/s Na-22  Na-22 Kd m3/kg Na22  Na-22 Da m2/s 

CFE 200 Matrix (0-8cm) 3.50E-13 2.20E-03 2.00E-04   6.5E-13 

    Det. fractures (0-8cm) Dp = 4.0E-10 1 0   4.0E-10 

A21 200 Matrix - 13 mm Dp = 2.5E-12* 0.0026 0.00E+00 
 

2.5E-12* 

KAERI 463 DZ (0-6mm) Biot intragrain: 4/3*D0 Biot intragrain: 0.03 Biot: 3.0E-4 - 9.0E-5     

      Non-biot intragrain: 4/3*D0 Non-biot intragrain: 6E-3 - 3E-5 Plag: 5.0E-5 - 2.5E-6     

      Microfrac: 5E-3*D0 Intergrain and microfrac: 1.0       

      Intergrain pores: 1E-4*D0         

      D0 = 2.1E-9 m2/s         

    Matrix (6mm-60mm) Biot intragrain: 4/3*D0 Biot intragrain: 0.03 Biot: 9.0E-5     

      Non-biot intragrain: 4/3*D0 Non-biot intragrain: 3E-5 Plag: 2.5E-6     

      Microfrac: 5E-3*D0 Intergrain and microfrac: 1.0       

      Intergrain pores: 1E-4*D0         

      D0 = 2.1E-9 m2/s         

PROGEO 198 DZ (0-1mm) Dp: 1.3E-10 - 7.1E-6 2.3E-8 - 4.0E-2 1.9E-5 - 1.2E-3 5.2E-2 - 3.29 8.4E-15 - 1.8E-10 

  
Fractures (1mm-

20cm) 

Dp: 5.7E-11 - 4.8E-6 2.2E-8 - 5.7E-2 5.2E-7 - 5.5E-2 1.4E-3 - 150.8 7.2E-18 - 8.9E-9 

  
Matrix (1mm-20cm) Dp: 3.1E-11 - 8.6E-6 3.6E-6 - 5.6E-2 3.1E-8 - 3.4E-3 1.7E-4 - 9.3 2.0E-17 - 5.4E-7 

*This value (Dp = Da = 2.5×10-12m2/s) applies only to the local pore scale (single intergranular volume; porosity equal to 1). It is modified by the geometry of the porous network at the sample scale.  
Biot: Biotite. Plag: Plagioclase. Intragrain: Intragranular porosity. Det. Fractures: Deterministic fractures. Microfrac: Microfractures. 
 

 

 

 

  

Table II. Na-22 transport and retention parameter values for the different zones implemented in the microstructure-based models. Different 
parameters have been adjusted by different teams. When possible, apparent diffusion coefficients (Da) have been calculated from the reported 

parameters. Numbers in red indicate Da values that are larger than diffusion coefficients in free water. De: effective diffusion coefficient; φ: porosity; 
Kd: sorption distribution coefficient; α: capacity factor; Dp: pore diffusion coefficient
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Table III. Cl-36 transport and retention parameter values for the different zones implemented in the homogenous and continuum-porous-medium 
models. Different parameters have been adjusted by different teams. Apparent diffusion coefficients (Da) have been calculated from the reported 
parameters in all the cases. Numbers in red indicate Da values that are larger than diffusion coefficients in free water. De: effective diffusion 

coefficient; φ: porosity;Kd: sorption distribution coefficient; α: capacity factor. Da1 and Da2 stand for Da values in the two-component model from HYRL

 

 

 

Table IV. Cl-36 transport and retention parameter values for the different zones implemented in the microstructure-based models. Different parameters 
have been adjusted by different teams. Apparent diffusion coefficients (Da) have been calculated from the reported parameters. Numbers in red 

indicate Da values that are larger than diffusion coefficients in free water. De: effective diffusion coefficient; φ: porosity; Kd: sorption distribution 
coefficient; α: capacity factor; Dp: pore diffusion coefficient
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Table V. Co-57 transport and retention parameter values for the different zones implemented in the models. Different parameters have been adjusted 
by different teams. Apparent diffusion coefficients (Da) have been calculated from the reported parameters in all the cases. De: effective diffusion 

coefficient; φ: porosity; Kd: sorption distribution coefficient; Dp: pore diffusion coefficient

 

 

 

Table VI. Ni-63 transport and retention parameter values for the different zones implemented in the models. Different parameters have been adjusted 
by different teams. Apparent diffusion coefficients (Da) have been calculated from the reported parameters in all the cases. De: effective diffusion 

coefficient; φ: porosity; Kd: sorption distribution coefficient; Dp: pore diffusion coefficient
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Table VII. Ba-133 transport and retention parameter values for the different zones implemented in the models. Different parameters have been 
adjusted by different teams. Apparent diffusion coefficients (Da) have been calculated from the reported parameters in all the cases. De: effective 

diffusion coefficient; φ: porosity; Kd: sorption distribution coefficient; α: capacity factor
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Table VIII. Cs-137 transport and retention parameter values for the different zones implemented in the homogenous and continuum-porous-medium 
models. Different parameters have been adjusted by different teams. Apparent diffusion coefficients (Da) have been calculated from the reported 

parameters in all the cases. De: effective diffusion coefficient; φ: porosity; Kd: sorption distribution coefficient; α: capacity factor. Da1 and Da2 stand 
for Da values in the two-component model from HYRL



G e o l o g i c a  A c t a ,  2 0 . 7 ,  1 - 3 2 ,  I - X I V  ( 2 0 2 2 )
D O I :  1 0 . 1 3 4 4 / G e o l o g i c a A c t a 2 0 2 2 . 2 0 . 7

J . M .  S o l e r  e t  a l . Modelling of the LTDE-SD in situ experiment

VII

Table IX. Cs-137 transport and retention parameter values for the different zones implemented in the 

microstructure-based models. Different parameters have been adjusted by different teams. When possible, 

apparent diffusion coefficients (Da) have been calculated from the reported parameters. De: effective 

diffusion coefficient; : porosity; Kd: sorption distribution coefficient; : capacity factor; Dp: pore diffusion 

coefficient. 

 

Team t (days) Layer Cs-137 De m2/s Cs-137  Cs-137 Kd m3/kg Cs-137  Cs-137 Da m2/s 

CFE 200 Matrix (0-8cm) 3.50E-13 2.20E-03 5.00E-02   2.6E-15 

    Det. fractures (0-8cm) Dp = 4.0E-10 1 0   4.0E-10 

A21 200 Matrix - 13 mm Dp = 2.5E-12* 0.0026 Cat. E x.model 
  

KAERI 463 DZ (0-6mm) Biot intragrain: 4/3*D0 Biot intragrain: 0.03 Biot: 8.0E-2 - 8.0E-4     

      Non-biot intragrain: 4/3*D0 Non-biot intragrain: 6E-3 - 3E-5 Plag: 1.0E-4 - 5.0E-6     

      Microfrac: 5E-3*D0 Intergrain and microfrac: 1.0       

      Intergrain pores: 1E-4*D0         

      D0 = 2.1E-9 m2/s         

    Matrix (6mm-60mm) Biot intragrain: 4/3*D0 Biot intragrain: 0.03 Biot: 8.0E-4     

      Non-biot intragrain: 4/3*D0 Non-biot intragrain: 3E-5 Plag: 5.0E-6     

      Microfrac: 5E-3*D0 Intergrain and microfrac: 1.0       

      Intergrain pores: 1E-4*D0         

      D0 = 2.1E-9 m2/s         

PROGEO 198 DZ (0-1mm) Dp:5.0E-10 - 3.1E-6 3.4E-6 - 3.4E-2 2.7E-3 - 1.2E-2 7.4 - 32.9 9.6E-14 - 2.3E-12 

  
Fractures (1mm-20cm) Dp: 1.4E-10 - 2.6E-6 5.1E-7 - 3.8E-5 2.0E-5 - 1.0E-1 5.5E-2 - 274.1 1.1E-18 - 9.7E-14 

  
Matrix (1mm-20cm) Dp: 3.9E-10 - 4.5E-9 9.6E-5 - 1.6E-2 1.3E-5 - 5.2E-3 3.6E-2 - 14.3 6.3E-13 - 1.2E-11 

*This value (Dp = 2.5×10-12 m2/s) applies only to the local pore scale (single intergranular volume; porosity equal to 1). It is modified by the geometry of the porous network at the sample scale. 

Biot: Biotite. Plag: Plagioclase. Intragrain: Intragranular porosity. Det. fractures: Deterministic fractures. Microfrac: Microfractures. Cat. Ex. model: Cation exchange model.

Table IX. Cs-137 transport and retention parameter values for the different zones implemented in the microstructure-based models. Different 
parameters have been adjusted by different teams. When possible, apparent diffusion coefficients (Da) have been calculated from the reported 

parameters. De: effective diffusion coefficient; φ: porosity; Kd: sorption distribution coefficient; α: capacity factor; Dp: pore diffusion coefficient
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Table X. Cd-109 transport and retention parameter values for the different zones implemented in the models. Different parameters have been adjusted by 

different teams. Apparent diffusion coefficients (Da) have been calculated from the reported parameters in all the cases. De: effective diffusion coefficient; : 

porosity; Kd: sorption distribution coefficient. 

Team t (days) Layer Cd-109 De m2/s Cd-109  Cd-109 Kd m3/kg Cd-109 Da m2/s 

HYRL 429,479 
   

2.80E-03 1.80E-14 

JAEA 200 A1 - fracture (0-0.5mm) 1.72E-12 - 0.01 - 0.04 - 1.6E-14 - 

  
A2 - DZ (0.5-5mm) - 4.53E-14 - 0.001 - 2.0E-03 - 8.4E-15 

  
A3 - undisturbed (5mm-) 4.53E-14 0.001 2.0E-03 8.4E-15 

  
D1- DZ (0-5mm) 1.72E-12 - 4.53E-14 0.01 - 0.001 2.6E-3 - 2.0E-3 2.5E-13 - 8.4E-15 

  
D2 - undisturbed (5mm-) 4.53E-14 0.001 2.0E-03 8.4E-15 

 

 

Table XI. Ra-226 transport and retention parameter values for the different zones implemented in the models. Different parameters have been adjusted by 

different teams. Apparent diffusion coefficients (Da) have been calculated from the reported parameters in all the cases. De: effective diffusion coefficient; : 

porosity; Kd: sorption distribution coefficient. 

Table X. Cd-109 transport and retention parameter values for the different zones implemented in the models. Different parameters have been 
adjusted by different teams. Apparent diffusion coefficients (Da) have been calculated from the reported parameters in all the cases. De: effective 

diffusion coefficient; φ: porosity; Kd: sorption distribution coefficient

Team t (days) Layer Ra-226 De m2/s Ra-226  Ra-226 Kd m3/kg Ra-226 Da m2/s 

HYRL 429,479 
   

6.0E-3 - 7.0E-3 2.0E-14 - 3.0E-14 

JAEA 200 A1 - fracture (0-0.5mm) 2.13E-12 - 0.01 - 4.3E-2 - 1.83E-14 - 

  
A2 - DZ (0.5-5mm) - 5.61E-14 - 0.001 - 4.1E-03 - 5.1E-15 

  
A3 - undisturbed (5mm-) 5.61E-14 0.001 4.1E-03 5.1E-15 

  
D1- DZ (0-5mm) 2.13E-12 - 5.61E-14 0.01 - 0.001 4.6E-3 - 4.1E-3 1.7E-13 - 5.1E-15 

  
D2 - undisturbed (5mm-) 5.61E-14 0.001 4.1E-03 5.1E-15 

 

Table XII. Np-237 transport and retention parameter values for the different zones implemented in the model by JAEA. Apparent diffusion coefficients (Da) 

have been calculated from the reported parameters. De: effective diffusion coefficient; : porosity; Kd: sorption distribution coefficient. 

Team t (days) Layer Np-237 De m2/s Np-237  Np-237 Kd m3/kg Np-237 Da m2/s 

JAEA 200 A1 - fracture (0-0.5mm) 1.02E-12 - 0.01 - 6.9E-3 - 5.5E-14 - 

  
A2 - DZ (0.5-5mm) - 2.69E-14 - 0.001 - 4.0E-05 - 2.5E-13 

  
A3 - undisturbed (5mm-) 2.69E-14 0.001 4.0E-05 2.5E-13 

  
D1- DZ (0-5mm) 1.02E-12 - 2.69E-14 0.01 - 0.001 6.6E-5 - 4.0E-5 5.4E-12 - 2.5E-13 

  
D2 - undisturbed (5mm-) 2.69E-14 0.001 4.0E-05 2.5E-13 

Table XI. Ra-226 transport and retention parameter values for the different zones implemented in the models. Different parameters have been 
adjusted by different teams. Apparent diffusion coefficients (Da) have been calculated from the reported parameters in all the cases. De: effective 

diffusion coefficient; φ: porosity; Kd: sorption distribution coefficient

Team t (days) Layer Ra-226 De m2/s Ra-226  Ra-226 Kd m3/kg Ra-226 Da m2/s 

HYRL 429,479 
   

6.0E-3 - 7.0E-3 2.0E-14 - 3.0E-14 

JAEA 200 A1 - fracture (0-0.5mm) 2.13E-12 - 0.01 - 4.3E-2 - 1.83E-14 - 

  
A2 - DZ (0.5-5mm) - 5.61E-14 - 0.001 - 4.1E-03 - 5.1E-15 

  
A3 - undisturbed (5mm-) 5.61E-14 0.001 4.1E-03 5.1E-15 

  
D1- DZ (0-5mm) 2.13E-12 - 5.61E-14 0.01 - 0.001 4.6E-3 - 4.1E-3 1.7E-13 - 5.1E-15 

  
D2 - undisturbed (5mm-) 5.61E-14 0.001 4.1E-03 5.1E-15 

 

Table XII. Np-237 transport and retention parameter values for the different zones implemented in the model by JAEA. Apparent diffusion coefficients (Da) 

have been calculated from the reported parameters. De: effective diffusion coefficient; : porosity; Kd: sorption distribution coefficient. 

Team t (days) Layer Np-237 De m2/s Np-237  Np-237 Kd m3/kg Np-237 Da m2/s 

JAEA 200 A1 - fracture (0-0.5mm) 1.02E-12 - 0.01 - 6.9E-3 - 5.5E-14 - 

  
A2 - DZ (0.5-5mm) - 2.69E-14 - 0.001 - 4.0E-05 - 2.5E-13 

  
A3 - undisturbed (5mm-) 2.69E-14 0.001 4.0E-05 2.5E-13 

  
D1- DZ (0-5mm) 1.02E-12 - 2.69E-14 0.01 - 0.001 6.6E-5 - 4.0E-5 5.4E-12 - 2.5E-13 

  
D2 - undisturbed (5mm-) 2.69E-14 0.001 4.0E-05 2.5E-13 

Table XII. Np-237 transport and retention parameter values for the different zones implemented in the model by JAEA. Apparent diffusion coefficients 

(Da) have been calculated from the reported parameters. De: effective diffusion coefficient; φ: porosity; Kd: sorption distribution coefficient
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APPENDIX II

Appendix comparison of activity profiles between Data Delivery 11 
(start of Task 9b) and Data Delivery 40 (final dataset) 
This appendix provides summary plots of A and D core activity profiles for selected radionuclides to 
illustrate the impact of the revision of data during the task. Table 1 summarises the changes for the 
5 selected nuclides. 

Table 1 Summary of changes in radionuclide activity profiles between Data Delivery 11 and Data Delivery 40. 

RN Sorbing Data range Comparison with A20 Impact of data revision 
Na22 Weakly sorbing 

or non-sorbing  
Moderate  Low levels of activity in A20 

relative to that seen in A1, 
A5 and A6 

Estimated levels of sample 
contamination do not 
significantly change the 
observed pattern 

Cl36 Non-sorbing  Moderate  Low levels of activity in A20 
relative to that seen in A1, 
A6 and A12 

Estimated levels of sample 
contamination do not 
significantly change the 
observed pattern 

Ba133 Moderately 
sorbing with 
moderate 
range of 
measurement 

Moderate Observed levels of activity 
in A20 comparable to that 
seen in other cores beyond 
10mm 

Estimated levels of sample 
contamination change the 
dataset beyond 10mm 
(data no longer reliable) 

Cs137 Moderately 
sorbing  

Large Observed levels of activity 
in A20 comparable to that 
seen in other cores beyond 
10mm 

Estimated levels of sample 
contamination significantly 
change the dataset 
beyond 10mm (data no 
longer reliable) 

Co57 Strongly 
sorbing  

Moderate Observed levels of activity 
in A20 comparable to that 
seen in other cores beyond 
10mm 

Estimated levels of sample 
contamination do not 
significantly change the 
dataset 

 

 

 

 

 

 

 

 

 

Table I. Summary of changes in radionuclide activity profiles between Data Delivery 11 and Data Delivery 40

COMPARISON OF ACTIVITY PROFILES BETWEEN DATA DELIVERY 11 (START OF TASK 9B) 
AND DATA DELIVERY 40 (FINAL DATASET)

This appendix provides summary plots of A and D core activity profiles for selected radionuclides to illustrate the impact of the revision of data during 
the task. Table I summarises the changes for the 5 selected nuclides.
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Figure 1 Na-22 activity in A and D cores in DD11 and DD40 

 

 
Figure 2 Cl-36 activity in A and D cores in DD11 and DD40 

Figure I. Na-22 activity in A and D cores in DD11 and DD40. Data points below detection limit are plotted on the bottom axis of the plots.
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Figure 1 Na-22 activity in A and D cores in DD11 and DD40 

 

 
Figure 2 Cl-36 activity in A and D cores in DD11 and DD40 Figure II. Cl-36 activity in A and D cores in DD11 and DD40. Data points below detection limit are plotted on the bottom axis of the plots.
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Figure 3 Ba-133 activity in A and D cores in DD11 and DD40 

 

 
Figure 4 Cs-137 activity in A and D cores in DD11 and DD40 

Figure III. Ba-133 activity in A and D cores in DD11 and DD40. Data points below detection limit (DD11, DD40) or affected by contamination (DD40)
are plotted on the bottom axis of the plots.
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Figure 3 Ba-133 activity in A and D cores in DD11 and DD40 

 

 
Figure 4 Cs-137 activity in A and D cores in DD11 and DD40 Figure IV. Cs-137 activity in A and D cores in DD11 and DD40. Data points below detection limit (DD11, DD40) or affected by contamination (DD40)

are plotted on the bottom axis of the plots.
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Figure 5 Co-57 activity in A and D cores in DD11 and DD40 Figure V. Co-57 activity in A and D cores in DD11 and DD40. Data points below detection limit (DD11, DD40) or affected by contamination (DD40)
are plotted on the bottom axis of the plots.


