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J.M. Soler et al. Modelling of the LTDE-SD in situ experiment

|ABSTRACT |

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 Aspd 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: 1) 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.

KEYWORDS

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,
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1980, 1981; Guimera 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 Aspd Hard Rock Laboratory in Sweden by Geosigma
AB, under the direction of SKB ( ). 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 (Lofgren 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 ef 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

LTDE-SD small-diameter <
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m_ ____—-----
R
LTDE-SD large-diameter borehole
- — —a . &
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LTDE-SD target fracture
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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 toits 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-SO, dominated, 5810mg/L. Cl, ~ 0.17M ionic
strength, pH~ 7, T~ 15°C) 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 ef 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

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

Expenmen! contanur

Eloctronic contanor

LTDE-SD site

FIGURE 1. lllustration of the LTDE-SD experimental site at the Asp® Hard Rock Laboratory, Sweden (modified from Widestrand et al., 2010a).
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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.

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 27%, 2006.

The experiment was terminated by expelling the tracer
cocktail from the borehole system on April 12, 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 26" to May 3%, 2007,
producing a 278-mm-diameter core. During the overcoring
the tracer activity in the flushing water was controlled. On
the 4" 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 3™ of August, the large core was covered by a 1-2mm
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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 6" of August the
exposed part of the core was sawn off from the remaining
part of the overcored rock. Between the 8% and the 13®
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 ( ). 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
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FIGURE 3. lllustration 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).

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; ).

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 (Lofgren 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
(CI-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 ( ), motivated a re-evaluation
of the measurement procedures and results and led to the
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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 Lofgren 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 TDE-SD,
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FIGURE 4. Timeline of the in situ, overcoring and small-core drilling and slicing phases of the experiment. After Soler et al. (2021).

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 (

) 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-

Geologica Acta, 20.7, 1-32, I-XIV (2022)
DOI: 10.1344/GeologicaActa2022.20.7

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

). The different modelling teams attempted a global fitting
to the measured tracer profiles, Ze. 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, ie. 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. , and 11). 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
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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. 1Bg/g and 10Bg/g, respectively.

After Soler et al. (2021).

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 (D,), porosities (¢p) and sorption distribution
coefficients (K,) with depth. Flow123d code (Bfezina et
al., 2018). Anomalous profile tails for strongly-sorbing
tracers taken into account in the calculations.

Geologica Acta, 20.7, 1-32, I-XIV (2022)
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Czech Technical University in Prague (CTU): 1D-linear
continuum model with effective diffusion coefficients (D,)
changing with depth. GoldSim code (GoldSim Technology
Group, 2018). Anomalous profile tails for strongly-sorbing
tracers taken into account in the calculations.

Gesellschaft for Anlagen- und Reaktorsicherheit
(GRS): 1D-linear continuum model, with changes in
effective diffusion coefficients (D,) and porosity (¢p) 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 (D,), porosities (¢p) and sorption
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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 Anomalous

" References and comments
(days) profiles

Semi-analytic,

KTH Laplace

Homogeneous continuum Infinite 1D

Meng et al. (2020)
190 No Evaluation of tracer mass
balances.

Homogeneous continuum +

HYRL Analytic two-path variant

Infinite 1D

Kekaldinen (2021)
Evaluation of post-test diffusion.
Includes Calibration of Dy and K4 (D, and ¢
background  for Cl-36).
level Consistency between core and
reservoir data checked
separately.

189+
240-290

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 ¢, D. and Ky,
Coupling between core and
reservoir via multistep.

CTU Numerical, CPM 1D continuum, variable D, 1D 6cm

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

189+121 Included

1D continuum, DZ with varying

GRS Numerical, CPM $and D.

1D 14cm

Krohn (2020)

Post-test diffusion.

Model fit to CI-36 (conservative)
ensemble by adjusting 7.

197+324 No

1D continuum:

Tachi et al. (2017, 2021)
Predictive model approach

JAEA Numerical, CPM Fracture coating + DZ + 1D core scale 200 No based on LTD experiment (Tachi

unaltered rock

et al., 2015) using upscaled
laboratory data.

Numerical, rock
CFE microstructure,
particle tracking

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

cylinder 14cm
diameter 8cm 200 Included
long

Svensson (2020)

Diffusive transport in inter-grain
network with sorption on
reactive grains. Fast pathways
for diffusion filled with non-
reactive mineral grains.

Numerical, rock 3D micro-DFN: Intergranular

A21 .
microstructure pores based on HYRL XCT

1.74x1.74x1.3cm3 200 No

Iraola et al. (2017)

Fitting by adjusting the local
tortuosity (z) and surface
area/volume ratio.

Sorption by multisite cation
exchange.

. Homogeneous
Numerical, rock g

KAERI .
microstructure

Heterogeneous+microfrac.+vein

Heterogeneous 6.0x2.4cm? 198+265 Included

Park and Ji (2018, 2020)
Post-test diffusion.
Transport and sorption
parameters (¢, De, Kq) in each
structural domain used for
fitting.

Numerical, 3D micro-DFN from HYRL micro

PROGEO micro-DFN structure

10x10x20 m3 200 Included

Hokr et al. (2020, 2021)
Stochastic 3D micro-fracture
networks upscaled to ECPM
(multiple realisations changing ¢,
D, and Ky for microfractures,
rock matrix and DZ).

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

distribution coefficients (K,;) 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
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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 ef
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al., 2014), run on the JURECA supercomputer (Jiilich
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 SURAO (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, Cl1-36, 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

a dc/ot=D, &*c/ox? (D
with
a=¢p+p, K, )

and with the following initial and boundary conditions

c(x,t=0)=0 3)
c(0,0)=c, () 4)
c(x—>0,H)=0 (®))

a is the rock capacity factor (-), c is the tracer activity
(concentration) in solution (Bg/m?), ¢ is time (s), D, is the
effective diffusion coefficient (m?%s), x is distance (m), ¢ is
porosity (-), p,is bulk dry density (kg/m®), K, is the sorption
distribution coefficient (m*kg) and ¢, is concentration in
the reservoir solution (Bg/m?). a and D, 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
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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 (Kekildinen, 2021). The
diffusion-sorption equations were written as

oc/ot=D,, &*c/ox? 6)
or
oc/ot=D,, (0°c/or*+1/r oc/or) @)

where 7 is radial distance (m) and D, is the apparent
diffusion coefficient (D,=D,/o. m?%s). D, and K, (D, and
¢ for CI-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 (0c©x=0 or 0c0r=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 D, and K, obtained in the fitting of the profiles.
The modelling was not performed for Na-22 and C1-36 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 (Z.e. their evolution
over time) were taken from the task description (Lofgren
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.
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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 m/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 C1-36). 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:
¢, effective diffusivity: D, and distribution coefficient
for linear sorption: K,). Their values were subject to
calibration, which was performed manually to reflect the
trends of the measured concentration profiles. ¢, D, and
K, 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 (71/90 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-flux 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 CI-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 D,, whose value
increased with distance from the source. Three parameters
were optimised (D,,, o, n) for the chosen function for the
increase in D,

De (d)zDeO+ad a (8)

where d (m) is distance from the reservoir-rock interface.
The minimum difference between the experimental and
model data for C1-36 was reached for D,,;=1.002x10"“m?/s,
0,=3.18x10°, n=3.13. For Na-22, the parameters were
D,=5.314x10"m?s, a=3.18x10°, n=3.13. K,, and ¢
were fixed for each tracer.
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Gesellschaft fiir 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 Krohn (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. C1-36, 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 3CI". All other tracers were cations
that were prone to sorption. However, an effect from anion
exclusion in narrow pore channels on the CI-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 CI-36. The diffusion-sorption equation was written as
in equation 1, with a= ¢ (no sorption) and with D, given by

D,=¢1D, C)]

with T 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 T 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 T 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 7 factor. As a result, both ¢ and D,
increased along the DZ from the reservoirrock interface to
the unaltered rock matrix.

Once the model was calibrated for C1-36, migration of
the cations should only add sorption (K,) 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. K, 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 er 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 (Z.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 ez 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 D, K, and ¢ 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 CI-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 D, values were
determined from the measured depth profiles for CI and
Na, which indicated cation-excess diffusion and anion
exclusion. D, values were scaled for the fracture coating
and disturbed zones by considering the difference in
porosities and Archie’s law. D, values for each RadioNuclide
(RN) were evaluated by considering the ratios of D, (RN)/
D,(HTO), where D,, is the diffusion coefficient in free water
and HTO refers to tritium. K, parameters were optimised
to fit overall trends of tracer depletion and depth profiles
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for a relatively reliable laboratory dataset (Cs, Ra, Ni). Key
uncertainties related to i) in situ porosity and D, values and
ii) K, 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 ef 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
( ). 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 CI-36,
Na-22, Cs-137, Co-57 and Ni-63.

Amphos 21 (A21)

Modelling was performed using an InterGranular
Network (IGN) approach (Iraola ef al., 2017), based on the
detailed structure and mineralogy of a rock sample from
Aspd characterised by X-ray micro-computed tomography
at the University of Helsinki (Voutilainen et al., 2019).
The dimensions of the rock domain (1.74x1.74x1.3cm?
rock prism; applicable to both A and D cores; see 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 (Kyllonen et al., 2014). Only a
single effective diffusion coefficient (through a T 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.
60mmx24mm; 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 "“C-PMMA (polymethyl
methacrylate) autoradiography of a rock sample from
Aspd (the same sample considered by Amphos 21).
Sorption (K, 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.
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PROGEO

Modelling was performed using a micro-DFN-based
model which was based on the analysis of the rock structure
observed in '“C-PMMA autoradiographies of 2 rock samples
from Aspd taken at the University of Helsinki (Voutilainen et
al.,2019). Stochastic 3D micro-fracture networks were defined
from these images. The domain size was 10x10x20cm? (

; 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 (Imm) 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 ¢, D, (D,= D,/¢p) and K, for
microfractures, rock matrix and disturbed zone. The analysis
was performed for Na-22, C1-36 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°Bg/g for these points; see also ). The
plots are always given in linear-log and log-log scales, for
greater clarity.

Na-22

(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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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).

, 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 shows ranges of values for the transport
and retention parameters used in the models. D, values are
in the range from 1x103 to 7x10-2m?/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
@(1.6x107 to 4.0x1073; Vilks et al., 2005; Widestrand et al.,
2010a), D, (HTO: 1.3x10 to 3.8x10"2m?/s; Vilks et al,
2005) and batch-sorption K, (Na-22: 1.7x10* to 4.2x10*m3/
kg; Widestrand et al., 2010a).

, 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 D, and K. Their results clearly

Geologica Acta, 20.7, 1-32, I-XIV (2022)
DOI: 10.1344/GeologicaActa2022.20.7

show the effect of the fracture coating (increased ¢, K,
and D, values) included in the concept for the A profiles
( , D). The results from TUL and CTU match the
highest activities measured far from the tracer source. TUL
implemented relatively large D, values at those distances
(ca. 6.5x10""'m?s, Appendix 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 ¢, K, and D, values decrease along the disturbed zone
in the JAEA model concept (loosening of the mineral grain
structure in the DZ), ¢ and D, values increase with distance
in the GRS model (caused for instance by the presence of
fines in the DZ), with constant K, values. D, values in the
undisturbed matrix are in the 10">m?/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 ). 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 ( ), making the discrimination between
the two approaches difficult.

, ' show model results for CFE, A21, KAERI

and PROGEO (only A21 applied the calculations to D
profiles; , ). Besides the central prediction shown
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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).

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 D, value (the
local pore-scale value was 2.5x10'’m?s). As shown in
previous works (Iraola ef 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 D, values (quartz,
plagioclase, K-feldspar) and mineral-specific sorption
parameters (K, values on biotite and plagioclase) decrease
along the disturbed zone, while the transport parameters
for microfractures and vein remain constant ( ). 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 PROGEOQ, transport and
retention parameters for their assumed disturbed zone,
microfractures and matrix were varied to obtain different

Geologica Acta, 20.7, 1-32, I-XIV (2022)
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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, D, values for fracture or matrix were
similar to or larger than diffusion coefficients in free water.
This was so for case PG545 (D, in matrix equal to 9.9x10
8m?/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

(A profiles) and (D profiles) show the
measured and calculated CI-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.

, B and , 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
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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*Bq/g) corresponding to measurements below detection limit. For these points, detection limits
are mostly below 0.2Bg/g. They decrease with distance from the tracer source to values less than 0.1Bg/g. The very first slices in some of the cores
have higher detection limits, up to ca. 100Bg/g. After Soler et al. (2021).

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). shows ranges of
values for the transport and retention parameters used in
the models. D, values from KTH are in the range from
ca. 9x10* to 1x10'°m?/s, while those from HYRL are
in two narrower ranges (2-component models used here).
Values between 5x10'*and 6x10'*m?/s for D,;, providing
a good fit for the first few mm in the profiles, and from
ca. 4x10"? to 9x10"?m?s for D,,, providing a good fit
for distances up to ca. 30mm (flat background values
provide a fit for distances beyond 30mm). D, values for
iodide (comparable to chloride) from the data in Vilks et
al. (2005; D,=D,/a) are in the range from ca. 1x10"! to
2x101°m?/s.

Geologica Acta, 20.7, 1-32, I-XIV (2022)
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, D and , 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
¢ and D,. 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 D, value of 1.2x10-°m?/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 D, values at those distances (

), reaching values even larger than diffusion coefficients
in free water, and resulting in very flat profile tails. Note
also that CTU implemented a small K, value of 10-*m*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 (1Imm) and with a slightly steeper profile. D,
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data, with data plotted at the bottom of the figures (10-*Bq/g) corresponding to measurements below detection limit. For these points, detection limits
are mostly below 0.2Bg/g. They decrease with distance from the tracer source to values less than 0.1Bg/g. The very first slices in some of the cores
have higher detection limits, up to ca. 100Bqg/g. After Soler et al. (2021).

values in the undisturbed matrix for JAEA and GRS are
6.2x10''"m?%s and 7.9x107'>’m?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 ¢ and D, values
decrease along the disturbed zone in the JAEA model
concept, ¢ and D, values increase in the GRS model.
Also, activities in the reservoir did not change significantly
during the experiment ( ), making the discrimination
between the two concepts difficult.

s show model results for CFE and
PROGEUO (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, ). Different possible
combinations were obtained (no a priori concept was
implemented for the distribution of values of transport and
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retention parameters in the different regions, including the
use of positive K, values). However, for all reported cases,
D, 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, D, values (no sorption; D, = D,) were similar for
matrix (1.6x10'°m?/s) and fractures (4.0x10'°m?/s).

Co-57

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
3Bqg/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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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°Bq/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. D, values from HYRL are in the 10
“m%s range, which would be consistent with high-end
laboratory D, values for HTO (1.3x10'* to 3.8x10">m?
s; Vilks ef al., 2005) and rock-matrix batch sorption K,
values for Co-57 (2.6x10 to 6.1x10m%/kg; Widestrand et
al., 2010a).

TUL also tried to fit the flat profiles extending for long
distances (data points later discarded). For that purpose, D,
values in the 10-">’m?%/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 ( ).

JAEA provided results for a central case and for upper
and lower bounds, based on ranges of values for D, and K,,.
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 ¢, K,
and D, values) included in the concept for the A profiles.
However, D, values in the fracture coating, disturbed zone
and undisturbed rock matrix are all about 10"°m?s for the
A profiles, with values up to 4x10*m?/s in the disturbed
zone for the D profiles. Most measured data points would
fall into this assumed disturbed zone. The D, value in the
undisturbed matrix is 1.3x10""m?/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

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
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profiles (core D12). Notice that other points at similar
distances show readings below detection limits ( ).
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. D, values from
HYRL are in the 10"m?/s range, which, like Co-57, would
be consistent with high-end laboratory D, values for HTO
(1.3x10"'* to 3.8x10">m?/s; Vilks et al., 2005) and rock-
matrix batch sorption K, values for Ni-63 (8.2x10? to
2.5x10?m3/kg; Widestrand et al., 2010a).

JAEA provided results for a central case and for upper
and lower bounds, based on ranges of values for D, and K,,.
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 ¢, K, and
D, values) included in the concept for the A profiles (

). The D, value in the undisturbed matrix is 3.8x10°
Sm?/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 (Smm)
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, D,
values in the 10""'m?%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 ( ).
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

(A profiles) and (D profiles) show the
measured and calculated Ba-133 profiles in the rock. Most
data points with measured activities at distances further than
ca. Smm from the tracer source and defining conceivable
long flat profile tails were discarded during data revision
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FIGURE 10. Measured (symbols) and calculated (lines) CI-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).

and are not shown here (see ). However, there
are still two data points (cores All 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) Bg/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.

and 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

Geologica Acta, 20.7, 1-32, I-XIV (2022)
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profiles (further than ca. Smm). 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).

shows ranges of values for the transport and retention
parameters used in the models. D, values are in the range
from 1x10'* to 1x10'm?%s, which are consistent with
those that could be expected from laboratory D, values for
HTO (1.3x10'* to 3.8x10"?m?/s; Vilks et al., 2005) and
rock-matrix batch sorption K, values for Ba-133 (2.0x1073
to 2.3x10m3/kg; Widestrand et al., 2010a).

and 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 D, and K. Their results clearly show the effect of the
fracture coating (increased ¢, K, and D, values) included
in the concept for the A profiles ( ). The results
from TUL match the highest activities measured far from
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FIGURE 11. Measured (symbols) and calculated (lines) CI-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).

the tracer source. TUL had to implement large D, values
at these distances (ca. 6.5x10"''m?/s, ). 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 D, values largely in the 10*m?%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“m?%s. The value from
GRS for the undisturbed matrix (beyond 1mm from
the tracer source) is 1.8x103m?%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 ¢, K,
and D, values decrease along the disturbed zone in the
JAEA model concept, ¢ and D, values increase in the
GRS model, with constant K, 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 D, values in the
10'* m?/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.

Geologica Acta, 20.7, 1-32, I-XIV (2022)
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Cs-137

(A profiles) and (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. Smm from
the tracer source were discarded during data revision and
are not shown here (see ), but there are still
a few data points, corresponding to cores All, 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) Bg/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.

and 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 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°Bg/g) corresponding to measurements below detection
limit. For these points, detection limits are always below 20Bg/g and decrease with distance from the tracer source to values less than ca. 1Bg/g.
Measurements that were judged to be caused by contamination, with activities less than ca. 2Bg/g, are not shown. After Soler et al. (2021).

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. D, values are in the 10*m?%s range,
except for the cases where HYRL added a second diffusion
pathway, with values in the 10"'?m?/s range. In those cases,
the second pathway accounted for the transition between
the data points close to the tracer source (within ca. 5Smm)
and those in the tails (further than ca. 10mm). D, values in
the 10'“m?/s range are consistent with high-end laboratory
D, values for HTO (1.3x10* to 3.8x10"?m?s; Vilks et al.,
2005) and rock-matrix batch sorption K, values for Cs-137
(1.2x107? to 3.2x10m’/kg; Widestrand et al., 2010a).

and 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 D, and K, The results from TUL match the highest
activities measured far from the tracer source. TUL had to
implement large D, values (in the 10-''m?%/s range) at those
distances ( ). Results from GRS show a good
match to the data close to the tracer source (less than ca.
8mm), with a D, value of 4.4x10"*m?/s in the undisturbed
rock matrix beyond the disturbed zone (1mm). For JAEA,
most measured data points would fall within the assumed
disturbed zone (Smm), with D, values largely in the 10
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Sm?/s range for A cores and in the 10-'* m%s range (10
to 3x10-"m?/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.

and I© 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 PROGEOQO 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 D,
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 13. Measured (symbols) and calculated (lines) Ni-63 tracer profiles. A, B) A cores and C, D) D cores. Activities are in Bqg per gram of rock.
All plots show all the measured data, with data plotted at the bottom of the figures (10-°Bg/g) corresponding to measurements below detection limit.
For these points, detection limits are always below 8Bg/g. Measurements that were judged to be caused by contamination, with activities less than

ca. 7Bag/g, are not shown. After Soler et al. (2021).

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 D, values (quartz, plagioclase, K-feldspar)
and mineral-specific sorption parameters (K, values on
biotite and plagioclase) decrease along the disturbed
zone, while the transport parameters for microfractures
and vein remain constant ( ). 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 PROGEQ, 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.
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Cd-109

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 D, value obtained
by HYRL was 1.8x10'm?%s. This value is consistent
with low-end laboratory D, values for HTO (1.3x10 to
3.8x10">m?/s; Vilks et al., 2005) and rock-matrix batch
sorption K, values for Cd-109 (4.0x107 to 5.9x10*m%kg;
Widestrand et al., 2010a).

JAEA provided results for a central case and for upper
and lower bounds, based on ranges of values for D, and K,
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 ¢, K, and D, values) included in the concept
for the A profiles. D, values in the fracture coating and
disturbed zone are mainly in the 10'*m?%s range (
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). Almost all measured data points are within the 5-mm
disturbed zone assumed by JAEA, except for 2 points (core
D5). The D, value for the undisturbed matrix was 8.4x10-
5m?/s (central case).

Ra-226

shows the measured and calculated Ra-226
profiles in the rock. Most data points with measured activities
at distances further than ca. Smm 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).

Geologica Acta, 20.7, 1-32, I-XIV (2022)
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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. D, values
range between 2.0x10“m?%s and 3.0x10“m?s (Table XI).
These values are overall consistent with laboratory D,
values for HTO (1.3x10'* to 3.8x10'>m?s; Vilks et al.,
2005) and rock-matrix batch sorption K, values for Ra-226
(6.7x1073 to 8.3x103m?/kg; Widestrand et al., 2010a).

JAEA provided results for a central case and for upper
and lower bounds, based on ranges of values for D, and K,,.
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 ¢, K, and
D, values) included in the concept for the A profiles. D,
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are not shown. After Soler et al. (2021).

values in the fracture coating and disturbed zone are mainly
in the 10""*m?s range, with a value of 5.1x10'3m?/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

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 D, and K,). The results
show the effect from the fracture coating (increased ¢, K,
and D, values) included in the concept for the A profiles.
Table XII shows the transport and retention parameters

Geologica Acta, 20.7, 1-32, I-XIV (2022)
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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
D, values for HTO (1.3x10'* to 3.8x10"?m?/s; Vilks et al.,
2005) and rock-matrix batch sorption K, values for Np-237
(6.4x10* to 1.1x10*m?/kg; Widestrand et al., 2010a).

SUMMARY AND CONCLUSIONS

The LTDE-SD experiment was performed at a depth of
about 410m in the Aspd Hard Rock Laboratory between
September 27" 2006 and April 12% 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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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 ef 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 (CI-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, ie. 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 (Z.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,

Geologica Acta, 20.7, 1-32, I-XIV (2022)
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Modelling of the LTDE-SD in situ experiment

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 Cl1-36 (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 ( ). 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. Smm from the
tracer source ( ). 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
Smm (Cl-36) require smaller D, values, pointing to a well-
defined DZ. D, values for distances up to ca. 30mm are
consistent with laboratory-derived porosities, effective
diffusion coefficients (D, for iodide and tritium available),
and batch-sorption K, values (Na-22). Parameter values for
the more proximal part, within a few mm from the tracer
source, result in smaller D, 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 D,, ¢ and
K, with distance have been implemented. D, values beyond
the implemented DZ (Smm for JAEA, Imm for GRS) are
consistent with laboratory-derived values. Beyond that
distance, the fit is reasonable for CI-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 D, 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 CI-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, Ze. 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 D, values mostly
in the 105 to 10"“m?/s range (10"* to 10-*m?/s for Ba-133;
10"* to 10"?m?/s for Np-237), and overall consistent with
laboratory-derived D, values for HTO and batch-sorption
K, 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

Geologica Acta, 20.7, 1-32, I-XIV (2022)
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most of the measurements above detection limits fall within
5 to 8 mm from the tracer source, and the different trend for
the CI-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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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°Bq/g) corresponding to measurements below detection limit.
For these points, detection limits are always below 15Bg/g and decrease with distance from the tracer source to values less than 1Bg/g. After Soler

etal. (2021).

The overall result from the modelling exercise was the
understanding of the transport mechanisms and the role of
rock structure (Ze. 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
Aspd. 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-
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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 LITDE-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.

ACKNOWLEDGMENTS |

The comments from Dr. Kersti Nilsson, the analytical
work by VKTA (Dresden, Germany) for some of the rock
samples, and the initial review by Dr. Anna-Maria Jakobsson
are gratefully acknowledged. The constructive comments and
suggestions by Dr. Jordi Cama and an anonymous reviewer
contributed to a significant improvement of the manuscript.
Funding was provided through the Task Force partner
organisations participating in this modelling exercise (SKB,
Sweden; POSIVA OY, Finland; SURAO, Czech Republic;
BMWi, Germany; KAERI, Republic of Korea; NUMO
and JAEA, Japan). IDAEA-CSIC is a Severo Ochoa Centre

|28 |



J.M. Soler et al.

Modelling of the LTDE-SD in situ experiment

1.E+04 1.E+04 A AL

1.E+03 A 1.E+03 A B " A6

1.E+02 - 1.E+02 4 A9
B 1LE+01 - — |
3 {nl.E+01 . A
£ 2
S 1.E+00 S 1.E+00 -

JAEA

1.E-01 4 1.E-01 A

1.E-02 A 1.E-02 A

1.E-03 1.E-03 T

100

1.E+04 1.E+04 A D1

1.E+03 A 1.E+03 - D = D6

1E+02 1.E+02 A o2
- - D13
%: 1.E+01 A %: 1.E+01 4
< £ JAEA
o 1.E+00 4 o L.E+00

1.E-01 1 1.E-01 1

1.E-02 4 1.E-02 1

1.E-03 T T T T 1.E-03 T T T

0 2 4 6 8 10 0.1 1 10 100

Distance (mm)

FIGURE 20. Measured (symbols) and calculated (lines) Np-237 tracer profiles.

gram of rock. All plots show all the measured data. After Soler et al. (2021).

of Research Excellence (Spanish Ministry of Science and
Innovation, Project CEX2018-000794-S). The contributions
of TUL, CTU and PROGEO are the result of the SURAO
project “Research support for Safety Evaluation of Deep
Geological Repository’’ JAEAs modelling was performed as
a part of “The project for validating assessment methodology
in geological disposal system” funded by the METI of Japan.
AL, PT, M.V, GD, and DB. gratefully acknowledge the
computing time granted by the JARA Vergabegremium and
provided on the JARA Partition part of the supercomputer
JURECA at Forschungszentrum Jiilich.

REFERENCES |

Aalto, B, Aaltonen, I, Ahokas, H., Andersson, J, Hakala,
M., Hell4, P, Hudson, J, Johansson, E., Kemppainen, K.,
Koskinen, L., Laaksoharju, M., Lahti, M., Lindgren, S.,
Mustonen, A., Pedersen, K., Pitkinen, P, Poteri, A., Snellman,
M., Yld-Mella, M., 2009. Programme for repository host
rock characterisation in the ONKALO (ReRoC). Olkiluoto
(Finland), Posiva Oy, Posiva Working Report 2009-31, 64pp.

Bibby, R., 1981. Mass transport of solutes in dual-porosity media.
‘Water Resources Research 17, 1075-1081.

Birgersson, L., Neretnieks, 1., 1990. Diffusion in the matrix of
granitic rock: Field test in the Stripa mine. Water Resources
Research, 26, 2833-2842.

Biezina, J, Stebel, J, Flanderka, D., Exner, P, Hybs, I, 2018.
Flow123d, Version 2.2.1, User guide and input reference.

Geologica Acta, 20.7, 1-32, I-XIV (2022)
DOIl: 10.1344/GeologicaActa2022.20.7

Distance (mm)

A, B) Acores and C, D) D cores. Concentrations are in nanograms per

Liberec (Czech Republic), Technical university of Liberec,
Faculty of Mechatronics, Informatics and Interdisciplinary
Studies. Last accessed: July 2022 Website: https://flow123d.
github.io/

Carrera, J, Sanchez-Vila, X., Benet, I, Medina, A. Galarza, G,
Guimera, J, 1998. On matrix diffusion: formulations, solution
methods and qualitative effects. Hydrogeology Journal 6, 178-190.

Cramer, JJ, Melynk, TW, Miller, H.G,, 1997. In-situ diffusion in
granite: Results from scoping experiments. Pinawa (Manitoba,
Canada), Whiteshell Laboratories, Atomic Energy of Canada
Limited (AECL), Report 11756. 58pp.

Cvetkovic, V, 2010. Diffusion-controlled tracer retention in
crystalline rock on the field scale. Geophysical Research
Letters, 37, L13401.

Foster, S.S.D., 1975. The chalk groundwater tritium anomaly — A
possible explanation. Journal of Hydrology, 25, 159-165.
Glueckauf, E., 1980. The movement of solutes through aqueous
fissures in porous rock. Oxfordshire (United Kingdom).
Harwell, Atomic Energy Research Establishment (AERE),

Report R.9823, 35pp.

GoldSim Technology Group, 2018. User’s guide, GoldSim,
Probabilistic Simulation Environment. Issaquah (WA, USA).
GoldSim Technology Group, 1252pp.

Grisak, G.E., Pickens, JE, 1980. Solute transport through fractured
media. 1. The effect of matrix diffusion. Water Resources
Research, 16, 719-730.

Grisak, G.E., Pickens, JE, 1981. An analytical solution for solute
transport through fractured media with matrix diffusion.
Journal of Hydrology, 52, 47-57.

29 |



J.M. Soler et al.

Guimera, J, Carrera, J, 2000. A comparison of hydraulic and
transport parameters measured in low-permeability fractured
media. Journal of Contaminant Hydrology, 41, 261-281.

Haggerty, R., McKenna, S.A., Meigs, L.C., 2000. On the late-time
behavior of tracer test breakthrough curves. Water Resources
Research, 36, 3467-3479.

Hammond, G, Lichtner, P, Mills, R., 2014. Evaluating the
performance of parallel subsurface simulators: An illustrative
example with PFLOTRAN. Water Resources Research, 50,
208-228.

Hartikainen, J, Hartikainen, K., Hautojirvi, A., Kuoppaméki, K.,
Timonen, J.,, 1996. Helium gas methods for rock characteristics
and matrix diffusion. Helsinki (Finland), Posiva Oy, Posiva
Report 96-22, 81pp.

Hartley, L.J, 1998. NAPSAC release 4.1 technical summary
document, AEA-R&R-0271. United Kingdom, Atomic
Energy Authority Technology (AEA), 42pp.

Hodgkinson, D., Benabderrahmane, H., Elert, M., Hautojérvi,
A., Selroos, JO. Tanaka, Y., Uchida, M., 2009. An
overview of Task 6 of the Aspd Task Force: modelling
groundwater and solute transport: improved understanding
of radionuclide transport in fractured rock. Hydrogeology
Journal, 17, 1035-1049.

Hokr, M., Havlova, V, Vetesnik, A., Gvozdik, L., Milicky, M.,
Poldk, M., Reimitz, D, Riha, J, TrpkoSovd, D, Visnak, J,
Vopilka, D., 2020. Testing of transport models using foreign
in-situ  experiments. Prague (Czech Republic), Surao:
Radioactive Waste Repository Authority Sprava uloZist
radioaktivnich odpadt, Report 481/2020/ENG, 195pp.

Hokr, M., Havlova, V, Vetesnik, A., Gvozdik, L., Milicky, M.,
Poldk, M., Reimitz, D, Riha, I, TrpkoSova, D, Vis[lak, J,
Vopilka, D., 2021. Testing of fracture-matrix transport models
using in-situ data and benchmark problems. Solna (Sweden),
SKB: Svensk Kirnbrinslehantering AB, Report P-20-22,
145pp

Iraola, A., Trinchero, P, Voutilainen, M., Gylling, B., Selroos,
J-.0., Molinero, J.,, Svensson, U.,, Bosbach, D., Deissmann, G.,
2017. Microtomography-based Inter-Granular Network for the
simulation of radionuclide diffusion and sorption in a granitic
rock. Journal of Contaminant Hydrology, 207, 8-16.

Jakobs, 2021. ConnectFlow, Technical Summary, Version 12.3.
Jacobs Clean Energy Limited, 126pp.

Jilich Supercomputing Centre, 2018. JURECA: Modular
supercomputer at Jiilich Supercomputing Centre. Journal of
Large-Scale Research Facilities, 4, A132.

Kekildinen, P, 2021. Modelling of the long term diffusion and
sorption experiment using an analytically solvable model.
Task 9 of SKB Task Force GWFTS — Increasing the realism
in solute transport modelling based on the field experiments
REPRO and LTDE-SD. Solna (Sweden), SKB: Svensk
Kérnbrinslehantering AB, Report P-21-06, 44pp.

Krohn, K-.P, 2020. Checking on the consistency of the ‘two-
zone model’ for Task 9B — LTDE-SD. Task 9 of SKB Task
Force GWFTS - Increasing the realism in solute transport
modelling based on the field experiments REPRO and I'TDE-

Geologica Acta, 20.7, 1-32, I-XIV (2022)
DOI: 10.1344/GeologicaActa2022.20.7

Modelling of the LTDE-SD in situ experiment

SD. Solna (Sweden), SKB: Svensk Kérnbrinslehantering AB,
Report P-20-02, 43pp.

Kyllonen, J., Hakanen, M., Lindberg, A., Harjula, R., Vehkamiki,
M., Lehto, J, 2014. Modeling of cesium sorption on biotite
using cation exchange selectivity coefficients. Radiochimica
Acta, 102, 919-929.

Li, Q, Ito, K., Lowry, C.S., Loheide II, S.B, 2009. COMSOL
Multiphysics: A novel approach to ground water modeling.
Groundwater, 47, 480-487.

Lofgren, M., Nilsson, K., 2020. Task description of Task 9B
- Modelling of LTDE-SD performed at Aspé HRL. Task 9
of SKB Task Force GWFTS - Increasing the realism in
solute transport modelling based on the field experiments
REPRO and LTDE-SD. Solna (Sweden), SKB: Svensk
Kérnbrinslehantering AB, Report P-17-30, 201pp.

Maloszewski, P, Zuber, A., 1990. Mathematical modelling of
tracer behaviour in short-term experiments in fissured rocks.
Water Resources Research, 26, 1517-1528.

Meng, S., Moreno, L., Neretnieks, 1., Liu, L., 2020. Modelling
matrix diffusion in Task 9B — LTDE-SD. Task 9 of Svensk
Kérnbrinslehantering AB, Task Force GWFTS — Increasing
the realism in solute transport modelling based on the field
experiments REPRO and LTDE-SD. Solna (Sweden), SKB:
Svensk Kérnbrinslehantering AB P-20-01, 37pp.

Neretnieks, 1., 1980. Diffusion in the rock matrix: An important
factor in radionuclide retardation? Journal of Geophysical
Research, 85, 4379-4397.

Neretnieks, 1., 2002. A stochastic multi-channel model for solute
transport — analysis of tracer tests in fractured rock. Journal of
Contaminant Hydrology, 55, 175-211.

Nilsson, K., Byegard, J, Selnert, E., Widestrand, H., Hoglund, S.,
Gustafsson, E., 2010. Aspd Hard Rock Laboratory. Long Term
Sorption Diffusion Experiment (LTDE-SD). Results from
rock sample analyses and modelling. Stockholm (Sweden),
Svensk Kédrnbrinslehantering AB, Report R-10-68, 298pp.

Ohlsson, Y., Lofgren, M., Neretnieks, 1., 2001. Rock matrix
diffusivity determinations by in-situ electrical conductivity
measurements. Journal of Contaminant Hydrology, 47,
117-125.

Ota, K., Mori, A., Alexander, WR., Frieg, B., Schild, M., 2003.
Influence of the mode of matrix porosity determination
on matrix diffusion calculations. Journal of Contaminant
Hydrology, 61, 131-145.

Park, D.K,, Ji, S-.H., 2018. Numerical simulation of anomalous
observations from an in-situ long-term sorption diffusion
experiment in a rock matrix. Journal of Hydrology, 565,
502-515.

Park, D.K., Ji, S-.H., 2020. Corrigendum to “Numerical simulation
of anomalous observations from an in-situ long-term sorption
diffusion experiment in a rock matrix” [J. Hydrol.565 (2018)
502-515]. Journal of Hydrology, 586, 124758.

Perko, J, Seetharam, S.C., Mallants, D., 2009. Simulation tools
used in long-term radiological safety assessments. Project
Near Surface Disposal of Category A Waste at Dessel.
Brussels (Belgium), NIROND-TR 2008-11 E. Organisme

30|



J.M. Soler et al.

national des déchets radioactifs et des matieres fissiles
enrichies (ONDRAF)/ Nationale instelling voor radioactief
afval en verrijkte splijtstoffen (NIRAS), 180pp.

Polak, A., Grader, A.S., Wallach, R., Nativ, R., 2003. Tracer
diffusion from a horizontal fracture into the surrounding
matrix: measurement by computed tomography. Journal of
Contaminant Hydrology, 67, 95-112.

Schneider, A. (ed.), 2016. Modelling of data uncertainties on
hybrid computers (H-DuR). Braunschweig (Germany),
FKZ 02 E 11062A (BMWi), Gesellschaft fiir Anlagen- und
Reaktorsicherheit (GRS) mbH, GRS-392, 187pp.

Shapiro, A.M., 2001. Effective matrix diffusion in kilometer
scale transport in fractured crystalline rock. Water Resources
Research, 37, 507-522.

Skagius, K., Neretnieks, 1., 1986. Porosities and diffusivities of
some nonsorbing species in crystalline rocks. Water Resources
Research, 22, 389-398.

Soler, JM., Landa, J, Havlova, V, Tachi, Y., Ebina, T, Sardini,
P, Siitari-Kauppi, M., Eikenberg, J, Martin, A.J, 2015.
Comparative modeling of an in situ diffusion experiment
in granite at the Grimsel Test Site. Journal of Contaminant
Hydrology, 179, 89-101.

Soler, JM., Meng, S., Moreno, L., Neretnieks, I., Liu, L., Kekéldinen,
P, Hokr, M., Riha, J, Vetesnik, A., Reimitz, D, Visnak, I,
Vopilka, D., Krohn, K.P, Tachi, Y, Ito, T, Svensson, U, Iraola,
A., Trinchero, P, Voutilainen, M., Deissmann, G., Bosbach,
D, Park, D.K., Ji, S.H., Gvozdik, L., Milicky, M., Poldk, M.,
Makedonska, N., Kuluris, S.P, Karra, S., Viswanathan, H.S.,
Gylling, B., Lanyon, G.W, 2021. Evaluation report of Task 9B
based on comparisons and analyses of modelling results for
the Aspd HRL LTDE-SD experiments. Task 9 of SKB Task
Force GWFTS - Increasing the realism in solute transport
modelling based on the field experiments REPRO and LI'DE-
SD. Solna (Sweden), SKB: Svensk Kérnbrinslehantering AB,
report TR-20-17, 71pp.

Soler, IM., Neretnieks, 1., Moreno, L., Liu, L., Meng, S., Svensson,
U, Iraola, A. Ebrahimi, H. Trinchero, P, Molinero, I,
Vidstrand, P, Deissmann, G., Riha, J, Hokr, M., Vetesnik, A.,
Vopilka, D., Gvozdik, L., Polak, M., TrpkoSovd, D,, Havlova, V,
Park, DK, Ji, SH., Tachi, Y, Ito, T, Gylling, B,, Lanyon, G.W,
2022. Predictive modeling of a simple field matrix diffusion
experiment addressing radionuclide transport in fractured rock.
Is it so straightforward? Nuclear Technology, 208, 1059-1073.

Svensson, U, 2020. Task 9B — A grain-scale reactive transport
model — concepts and tests. Task 9 of SKB Task Force
GWEFTS —Increasing the realism in solute transport modelling
based on the field experiments REPRO and LTDE-SD. Solna
(Sweden), SKB: Svensk Kirnbrinslehantering AB, Report
P-20-15, 39pp.

Svensson, U, Ferry, M., 2014. DarcyTools: a computer code for
hydrogeological analysis of nuclear waste repositories in
fractured rock. Journal of Applied Mathematics and Physics,
2,365-383.

Tachi, Y., Ebina, T, Takeda, C, Saito, T, Takahashi, H., Ohuchi,
Y., Martin, A.J, 2015. Matrix diffusion and sorption of Cs+,

Geologica Acta, 20.7, 1-32, I-XIV (2022)
DOIl: 10.1344/GeologicaActa2022.20.7

Modelling of the LTDE-SD in situ experiment

Na+, I- and HTO in granodiorite: Laboratory-scale results
and their extrapolation to the in situ condition. Journal of
Contaminant Hydrology, 179, 10-24.

Tachi, Y, Ito, T, Gylling, B., 2017. Modeling the in-situ Long-
Term Sorption and Diffusion Experiment (LI'DE-SD) at the
Aspd Hard Rock Laboratory in Sweden: scaling approach
from laboratory to in-situ condition. Barcelona (Spain), 10-
15 September 2017, Migration 2017, Book of Abstracts,
Abstract PB5-1, 434.

Tachi, Y, Ito, T, Gylling, B., 2021. A scaling approach for retention
properties of crystalline rock: Case study of the in-situ Long-
Term Sorption and Diffusion Experiment (LI'DE-SD) at the
Aspd Hard Rock Laboratory in Sweden. Water Resources
Research, 57, e2020WR029335.

Vilks, P, Cramer, JJ, Jensen, M., Miller, N.H., Miller, H.G,
Stanchell, EW, 2003. In situ diffusion experiment in granite:
Phase I. Journal of Contaminant Hydrology, 61, 191-202.

Vilks, P, Miller, N.H., Stanchell, EW, 2005. Laboratory program
supporting SKB’s Long Term Diffusion Experiment. Toronto
(Ontario, Canada). Atomic Energy of Canada Limited, Report
06819-REP-01300-10111-R00, 40pp.

Voutilainen, M., Miettinen, A., Sardini, P, Parkkonen, I,
Sammaljarvi, J, Gylling, B., Selroos, J-.0.,, Yli-Kaila, M.,
Koskinen, L., Siitari-Kauppi, M., 2019. Characterization of
spatial porosity and mineral distribution of crystalline rock
using X-ray micro computed tomography, C-14-PMMA
autoradiography and scanning electron microscopy. Applied
Geochemistry, 101, 50-61.

Waber, H.N., Gimmi, T, Smellie, JA.T, 2011. Effects of drilling
and stress release on transport properties and porewater
chemistry of crystalline rocks. Journal of Hydrology, 405,
316-332.

Widestrand, H., Byegard, J, Selnert, E., Skalberg, M., Hoglund,
S., Gustafsson, E., 2010a. Aspd Hard Rock Laboratory. Long
Term Sorption Diffusion Experiment (LTDE-SD). Supporting
Claboratory program - Sorption diffusion experiments
and rock material characterisation. With supplement of
adsorption studies on intact rock samples from the Forsmark
and Laxemar site investigations. Stockholm (Sweden), SKB:
Svensk Kidrnbrinslehantering AB, Report R-10-66, 178pp.

Widestrand, H., Byegard, J., Kronberg, M., Nilsson, K., Hoglund,
S., Gustafsson, E., 2010b. Aspé Hard Rock Laboratory.
Long Term Sorption Diffusion Experiment (LTDE-SD).
Performance of main in-situ experiment and results from
water phase measurements. Stockholm (Sweden), SKB:
Svensk Kirnbrinslehantering AB, Report R-10-67, 153pp.

Winberg, A., Hermanson, J, Tullborg, E-.L., Staub, 1., 2003. Aspé
Hard Rock Laboratory. Long-Term Diffusion Experiment.
Structural model of the I'TDE site and detailed description of
the characteristics of the experimental volume including target
structure and intact rock section. Stockholm (Sweden), SKB:
Svensk Kérnbrinslehantering AB, Report IPR-03-51, 153pp.

Wood, WW, Kraemer, TE, Hearn, PP, 1990. Intragranular
diffusion: an important mechanism influencing solute
transport in classic aquifers? Science, 247, 1569-1572.

[31]



J.M. Soler et al.

Zheng, Ch., 2010. MT3DMS v5.3 supplemental user’s guide.
Technical Report to the US. Army Engineer Research and
Development Center, USA, Department of Geological
Sciences, University of Alabama, 51pp.

Zheng, Ch., Wang, PP, 1999. MT3DMS: A modular three-
dimensional multi-species transport model for simulation of
advection, dispersion and chemical reactions of contaminants

Geologica Acta, 20.7, 1-32, I-XIV (2022)
DOI: 10.1344/GeologicaActa2022.20.7

Modelling of the LTDE-SD in situ experiment

in groundwater systems; documentation and user guide,
US. Vicksburg (MS, USA), Army Engineer Research and
Development Center Contract Report SERDP-99-1, 220pp.

Zhou, Q, Liu, H-.H., Molz, EJ,, Zhang, Y., Bodvarsson, G.S., 2007.
Field-scale effective matrix diffusion coefficient for fractured
rock: Results from literature survey. Journal of Contaminant
Hydrology, 93, 161-187.

Manuscript received January 2022;

revision accepted May 2022;
published Online July 2022.

|32 ]



J.M. Soler et al. Modelling of the LTDE-SD in situ experiment

APPENDIX |

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.

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 (D,) have been calculated from the reported
parameters in all the cases. Numbers in red indicate D, values that are larger than diffusion coefficients in free water. D,: effective diffusion

coefficient; ¢b: porosity; K sorption distribution coefficient;a: capacity factor. D,; and D, stand for D, values in the two-component model from HYRL

Team t (days) Layer Na-22 D, m*/s Na-22 ¢ Na-22 K, m*fkg Na22 a Na-22 D, m%/s
KTH 150 1 1.1E-14- 1.5E-13 0.0085 - 0.1922 1.3E-13 - 7.4E-12
HYRL 429,479 1 6.9E-6 - 4.5E-3 Da 2.7E-12 - 3.0E-12
Dal 4.0E-14 - 3.0E-14
Daz 1.7E-12 - 5.0E-12
TUL 434 1{0-3mm) 2.7E-12 - 4.3E-13 0.02-0.005 ~1E-5 - V1E-6 ~5.7E-11 - “'5.6E-11
2 (3-25mm) 4.3E-13 - 1.3E-13 0.005-0.002 ~1E-6-"~1E-9 ~5.6E-11 - ~¥6.5E-11
3 (25mm-147.5mm) 1.30E-13 0.002 ~1E-9 ~B.5E-11
CTu 310 1 (0-60mm) 5.3E-14 - 4.8E-10 0.03 2.72E-05 5.1E-13 - 4.6E-9
GRS 521 DZ A (0-1mm) 1.85E-15 - 1.65E-12 0.003 - 0.004 2.9E-04 2.4E-15-2.1E-12
DZ D (0-1mm) 1.03E-15 -1.65E-12 0.001 - 0.004 2.9E-04 1.3E-15-2.1E-12
Matrix (Lmm-14cm) 1.65E-12 0.004 2.9E-04 2.1E-12
JAEA 200 Al - fracture (0-0.5mm) 3.15E-12 - 0.01- 3.8E-5 - 2.8E-11-
A2 - DZ (0.5-5mm) - 8.4E-14 -0.001 - 6.8E-00 -4.3E-12
A3 - undisturbed (5mm-) 8.40E-14 0.001 6.8E-06 4.3E-12
D1- DZ (0-5mm) 3.15E-12 - 8.30E-14 0.01-0.001 6.9E-6 - 6.8E-6 1.1E-10 - 4.3E-12
D2 - undisturbed (5mm-) 8.30E-14 0.001 6.8E-06 4.3E-12
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Table Il. 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 (D,) have been calculated from the reported

parameters. Numbers in red indicate D, values that are larger than diffusion coefficients in free water. D,: effective diffusion coefficient; qb: porosity;
Ki: sorption distribution coefficient; o.: capacity factor; D,: pore diffusion coefficient

Team t(days) Layer Na-22 De m?/s Na-22 ¢ Na-22 Kam3/kg Na22 Na-22 D, m?/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: ¢*3*D0 Biot intragrain: 0.03 Biot: 3.0E-4 - 9.0E-5
Non-biot intragrain: ¢*/3*D0 Non-biot intragrain: 6E-3 - 3E-5  Plag: 5.0E-5 - 2.5E-6
Microfrac: 5E-3*D0O Intergrain and microfrac: 1.0
Intergrain pores: 1E-4*D0
DO =2.1E-9 m?¥/s
Matrix (6mm-60mm)  Biot intragrain: ¢*3*D0 Biot intragrain: 0.03 Biot: 9.0E-5
Non-biot intragrain: ¢3*D0 Non-biot intragrain: 3E-5 Plag: 2.5E-6
Microfrac: 5E-3*DO Intergrain and microfrac: 1.0
Intergrain pores: 1E-4*D0
DO = 2.1E-9 m?/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 (Imm- 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
20cm)
Matrix (Imm-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 (D, = D, = 2.5x10*2m?/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.
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Modelling of the LTDE-SD in situ experiment

Table Ill. CI-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 (D,) have been calculated from the reported
parameters in all the cases. Numbers in red indicate D, values that are larger than diffusion coefficients in free water. D,: effective diffusion

coefficient; d): porosity; K sorption distribution coefficient; a: capacity factor. D,; and D,, stand for D, values in the two-component model from HYRL

Team t (days) Layer Cl-36 D. m?*/s Cl-36 ¢ Cl-36 Kam/kg  Cl-36 Cl-36 Da m?/s
KTH 130 1 3.8E-16 - 3.6E-14 0 0.0003 - 0.0104 9.1E-14 - 1.2E-10
HYRL 425,479 1 0.0010% - 0.00136 0 Dal 5.0E-14 - 6.0E-14
Da2 4.3E-12 - 9.0E-12
TUL 434 1{0-3mm) 3.1E-12 - 6.3E-13 0.01 - 0.001 0 3.1E-10 - 6.3E-10
2 (3-30mm) 6.3E-13 - 5.8E-14 0.001 - 0.0003 0 6.3E-10 - 1.16E-10
3 (30mm-147.5mmy) 5.8E-14 0.0005 0 1.16E-10
CcTuU 310 1 {0-60mm) 1.0E-14 - 4.8E-10 0.03 1.0E-08 3.3E-13 - 1.6E-8
GRS 521 DZ A (0-1mm) 2.84E-15 - 0.32E-15 0.003 - 0.0008 0 9.5E-13 - 7.5E-12
DZ D [0-1mm) 1.58E-15 - 6.32E-15 0.001 - 0.0008 0 1.6E-12 - 7.9E-12
Matrix (1mm-14cm) 6.32E-15 0.0008 0 7.90E-12
JAEA 200 Al - fracture (0-0.5mm) 4, 72E-12 - 0.01 - 0 4,7E-10 -
A2 - DZ (0.5-5mm) -1.85E-14 - 0.0003 0 - 6.2E-11
A3 - undisturbed (5mm-) 1.85E-14 0.0003 0 6.2E-11
D1- DZ (0-5mm) 4,72E-12 - 1.85E-14 0.01 - 0.0003 0 4,7E-10 - 6.2E-11
D2 - undisturbed (Smm-) 1.85E-14 0.0003 0 £.20E-11

Table IV. CI-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 D, values that are larger than diffusion coefficients in free water. D,: effective diffusion coefficient; ¢): porosity; K, sorption distribution
coefficient; a: capacity factor; D,: pore diffusion coefficient

Team t (days) Layer Cl-36 D, m*/s cl-36 ¢ Cl-36 K,m*/kg cl-36 a Cl-36 D, m?/s

CFE 200 Matrix (0-8cm) 3.50E-13 2.20E-03 0 1.6E-10
Det. fractures (0-8cm) Dp = 4.0e-10 1 0 4.0E-10

PROGEO 198 DZ (0-1mm) Dp:4.8e-12 - 8.3e-8 2.1e-7-1.6e-3 1.6e-8 - 3.0e-6 3.3e-4-8.3e-3 4.7e-12 - 2.8e-10
Fractures (1mm-20cm) Dp:1.7e-12 - 3.9e-8 2.9e-5 - 2.0e-3 1.8e-8-2.7e-7 7.8e-5-2.7e-3 1.2e-12 - 1.4e-8
Matrix (1mm-20cm) Dp:4.3e-11 - 1.0e-6 1.1e-7-6.3e-3 1.4e-8-2.4e-2 3.9e-5-65.8 1.1e-19-3.7e-8

Geologica Acta, 20.7, 1-32, I-XIV (2022)
DOI: 10.1344/GeologicaActa2022.20.7



J.M. Soler et al.

Modelling of the LTDE-SD in situ experiment

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 (D,) have been calculated from the reported parameters in all the cases. D,: effective diffusion

coefficient; ¢>: porosity; K;: sorption distribution coefficient; D,: pore diffusion coefficient

Team t(days) Layer Co-57 D, m*[s Co-57 ¢ Co-57 Kym*/kg Co-57 D, m%/s
HYRL 429,479 1 4.5e-2-12e-1 1.0e-14 - 4.0e-14
TUL 434 1 (0-3mm) 2.7e-12-43e-13 0.02-0.005 ~2e-2-~3e-5 ~5.0e-14 - ~5.0e-12
2 (3-25mm) 4.3e-13- 1.3e-13 0.005-0.002 =3e-5 ~5.0e-12 - ~1.6e-12
3 (25mm-147.5mm) 1.30E-13 0.002 =3e-5 ~1.6e-12
JAEA 200 Al - fracture (0-0.5mm) 1.68E-12 - 0.01- 0.42 - 1.5E-15 -
A2 - DZ (0.5-5mm) -4.41E-14 -0.001 -1.3E-02 - 1.3E-15
A3 - undisturbed (5mm-) 4.41E-14 0.001 1.3E-02 1.3E-15
D1- DZ (0-5mm) 1.68E-12 - 4. 41E-14 0.01-0.001 1.6E-2-1.3E-2 3.9E-14 - 1.3E-15
D2 - undisturbed (5mm-) 4.41E-14 0.001 1.3E-02 1.3E-15
CFE 200 Matrix (0-8cm) 3.50E-13 2.20E-03 0.1 1.3E-15
Det. fractures (0-8cm) Dp = 4.0E-10 1 0 4.0E-10

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 (D,) have been calculated from the reported parameters in all the cases. D,: effective diffusion

coefficient; (]5: porosity; K;: sorption distribution coefficient; D,: pore diffusion coefficient

Team t (days) Layer Ni-63 D, m*/s Ni-63 ¢ Ni-63 Kym*/kg Ni-63 D, m?/s
HYRL 429,479 1.6E-3-3.7E-3 1.1E-14 - 3.0E-14
TUL 434 1 (0-3mm) 2.7E-12 - 4.3E-13 0.02-0.005 ~2E-3 - ~1E-6 ~5.0E-13 - ~5.6E-11
2 (3-25mm) 4.3E-13-1.3E-13 0.005-0.002 ~1E-6 - ~1E-9 ~5.6E-11 - ~6.5E-11
3 (25mm-147.5mm) 1.30E-13 0.002 ~1E-9 ~6.5E-11
JAEA 200 Al - fracture (0-0.5mm) 1.63E-12 - 0.01 - 8.1E-2 - 7.5E-15 -
A2 - DZ (0.5-5mm) -4.29E-14 -0.001 -4.2E-03 - 3.8E-15
A3 - undisturbed (5mm-) 4.29E-14 0.001 4.2E-03 3.8E-15
D1- DZ (0-5mm) 1.63E-12 - 4.29E-14 0.01-0.001 0.005-4.2E-3 1.2E-13 - 3.8E-15
D2 - undisturbed (5mm-) 4.29E-14 0.001 4.2E-03 3.8E-15
CFE 200 Matrix (0-8cm) 3.50E-13 2.20E-03 3.00E-02 4.3E-15
Det. fractures (0-8cm) Dp = 4.0E-10 1 0 4.0E-10
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Modelling of the LTDE-SD in situ experiment

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 (D,) have been calculated from the reported parameters in all the cases. D,: effective

diffusion coefficient; ¢: porosity; Kd: sorption distribution coefficient; a: capacity factor

Team t (days) Layer Ba-133 D, m?%/s Ba-133 ¢ Ba-133 K;m/kg Ba-133 & Ba-133 D, m%/s
KTH 190 1 3.2E-14 - 8.0E-13 0.902 - 7.552 1.3E-14- 1.3E-13
HYRL 429,479 1 4.3E-4-3.0E-3 1.2E-14 - 1.0E-13
TUL 434 1(0-3mm) 2.7E-12 - 4.3E-13 0.02-0.005 ~1E-3 -~1E-6 ~0,9E-13 - ~5.6E-11
2 (3-25mm) 4.3E-13 - 1.3E-13 0.005-0.002  ~1E-6-~3E-9 ~5.6E-11 - ~6.5E-11
3 (25mm-147.5mm) 1.30E-13 0.002 ~3E-9 ~6.5E-11
GRS 521 DZ A (0-1mm) 1.17E-15- 1.04E-12 0.003-0.004 2.10E-03 2.0E-16- 1.8E-13
DZ D (0-1mm) 6.50E-16 - 1.04E-12 0.001-0.004 2.10E-03 1.2E-16- 1.8E-13
Matrix (Imm-14cm) 1.04E-12 0.004 2.10E-03 1.80E-13
JAEA 200 Al - fracture (0-0.5mm) 2.04E-12 - 0.01- 0.011 - 6.9E-14 -
A2 - DZ (0.5-5mm) - 5.35E-14 -0.001 - 1.30E-03 -1.5E-14
A3 - undisturbed (5mm-) 5.35E-14 0.001 1.30E-03 1.5E-14
D1- DZ (0-5mm) 2.04E-12 - 5.35E-14 0.01-0.001 1.48E-3- 1.30E-3 5.1E-13 - 1.5E-14
D2 - undisturbed (5mm-) 5.35E-14 0.001 1.30E-03 1.5E-14
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Modelling of the LTDE-SD in situ experiment

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; ¢>: porosity; Kd: sorption distribution coefficient; a: capacity factor. Dal and Da2 stand
for Da values in the two-component model from HYRL

Team t (days) Layer Cs-137 D.m*/s Cs-137 ¢ Cs-137 kKym'/kg Cs-137 Cs-137 D, m%fs
KTH 190 1 1.7E-13 - 2.8E-12 7.72-29.4 1.0E-14 - 5.7E-14
HYRL 429,479 1 5.0E-4 - 2.5E-2 Da 1.5E-14 - 6.0E-14
Dal 9E-14 - 7E-14
Da2 1.0E-12 - 7.0E-12
TUL 434 1 (0-3mm) 2.7E-12 - 4.3E-13 0.02-0.005 ~1E-2 - “1E-6 ~1.0E-13 - ~4.3E-13
2 (3-25mm) 4.3E-13- 1.3E-13 0.005-0.002 ~1E-6 - “3E-9 ~4,3E-13 - “6.5E-11
3 (25mm-147.5mm) 1.30E-13 0.002 ~3E-9 ~6.5E-11
GRS 521 DZ A (0-1mm) 2.95E-15 - 2.62E-12 0.003 - 0.004 2.20E-02 5.0E-17 - 4.4E-14
DZ D {0-1mm) 1.64E-15 - 2.62E-12 0.001 - 0.004 2.20E-02 2.8E-17 - 4.4E-14
Matrix (1mm-14cm) 2.62E-12 0.004 2.20E-02 4.40E-14
JAEA 200 Al - fracture (0-0.5mm) 4.97E-12 - 0.01- 0.30 - 6.1E-15 -
A2 - DZ (0.5-5mm) -1.31E-13 -0.001 -0.016 -3.0E-15
A3 - undisturbed (Smm-) 1.31E-13 0.001 0.016 3.0E-15
D1- DZ (0-5mm) 4.97E-12 - 1.31E-13 0.01 - 0.001 0.018 - 0.016 1.0E-13 - 3.0E-15
D2 - undisturbed (Smm-) 1.31E-13 0.001 0.016 3.0E-15
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Modelling of the LTDE-SD in situ experiment

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; qb: porosity; Kd: sorption distribution coefficient; a.: capacity factor; Dp: pore diffusion coefficient

Team t (days) Layer Cs-137 De m?/s Cs-137 ¢ Cs-137 Kam3/kg Cs-137 a Cs-137 D, m?/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: ¢3*D0 Biot intragrain: 0.03 Biot: 8.0E-2 - 8.0E-4
Non-biot intragrain: ¢*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
DO = 2.1E-9 m?/s
Matrix (6mm-60mm) Biot intragrain: ¢3*D0 Biot intragrain: 0.03 Biot: 8.0E-4
Non-biot intragrain: ¢*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
DO = 2.1E-9 m?%/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 7.4-329 9.6E-14 - 2.3E-12
Fractures (lmm-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 (Imm-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 (D, = 2.5x10'12 m?/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.
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Modelling of the LTDE-SD in situ experiment

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; gb: porosity; Kd: sorption distribution coefficient

Team t (days) Layer Cd-109 De m?/s Cd-109 ¢ Cd-109 Kym3/kg Cd-109 D, m?/s
HYRL 429,479 2.80E-03 1.80E-14
JAEA 200 Al - 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; Cb: porosity; Kd: sorption distribution coefficient

Team t (days) Layer Ra-226 De m?/s Ra-226 ¢ Ra-226 Ksm3/kg Ra-226 D, m?/s
HYRL 429,479 6.0E-3 - 7.0E-3 2.0E-14 - 3.0E-14
JAEA 200 Al - 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; d): porosity; Kd: sorption distribution coefficient

Team t (days) Layer Np-237 De m?/s Np-237 ¢ Np-237 Kam3/kg Np-237 D, m?/s
JAEA 200 A1l - 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
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Modelling of the LTDE-SD in situ experiment

APPENDIX II

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 | summarises the changes for the 5 selected nuclides.

Table I. 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 | Moderate Low levels of activity in A20 | Estimated levels of sample
or non-sorbing relative to that seenin A1, | contamination do not
A5 and A6 significantly change the
observed pattern
Cl36 Non-sorbing Moderate Low levels of activity in A20 | Estimated levels of sample
relative to that seen in A1, | contamination do not
A6 and A12 significantly change the
observed pattern
Bal33 | Moderately Moderate Observed levels of activity | Estimated levels of sample
sorbing with in A20 comparable to that | contamination change the
moderate seen in other cores beyond | dataset beyond 10mm
range of 10mm (data no longer reliable)
measurement
Cs137 | Moderately Large Observed levels of activity | Estimated levels of sample
sorbing in A20 comparable to that | contamination significantly
seen in other cores beyond | change the dataset
10mm beyond 10mm (data no
longer reliable)
Co57 | Strongly Moderate Observed levels of activity | Estimated levels of sample
sorbing in A20 comparable to that | contamination do not
seen in other cores beyond | significantly change the
10mm dataset
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Figure 1. 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 Il. CI-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 1. 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 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 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.
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