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Abstract — The REPRO-TDE test was performed at a depth of about 400 m in the ONKALO 
underground research facility in Finland. Synthetic groundwater containing radionuclide tracers 
[tritiated water tracer (HTO), 36Cl, 22Na, 133Ba, and 134Cs] was circulated for about 4 years in 
a packed-off interval of the injection borehole. Tracer activities were additionally monitored in two 
observation boreholes. The test was the subject of a modeling exercise by the SKB GroundWater Flow 
and Transport of Solutes Task Force. Eleven teams participated in the exercise, using different model 
concepts and approaches. Predictive model calculations were based on laboratory-based information 
concerning porosities, diffusion coefficients, and sorption partition coefficients. After the experimental 
results were made available, the teams were able to revise their models to reproduce the observations.

General conclusions from these back-analysis calculations include the need for reduced effective 
diffusion coefficients for 36Cl compared to those applicable to HTO (anion exclusion), the need to 
implement weaker sorption for 22Na compared to results from laboratory batch sorption experiments, 
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and the observation of large differences between the theoretical initial concentrations for the strongly 
sorbing 133Ba and 134Cs, and the first measured values a few hours after tracer injection.

Different teams applied different concepts, concerning mainly the implementation of isotropic versus 
anisotropic diffusion, or the possible existence of borehole disturbed zones around the different boreholes. 
The role of microstructure was also addressed in two of the models.

Keywords — Radionuclides, field experiment, diffusion, sorption, modeling. 

Note — Some figures may be in color only in the electronic version.

I. INTRODUCTION

Retardation of radionuclides, once they may have 
potentially been released from their canisters and sur-
rounding engineering barriers (e.g., cementitious or com-
pacted bentonite backfills), is a main concern for the safety 
of the deep geological disposal of radioactive waste. For 
crystalline host rocks, the main radionuclide retardation 
mechanism is diffusion from water-conducting fractures 
into the stagnant porewater of the adjacent wall rock 
(also known as matrix diffusion), combined with sorption 
in the rock matrix. The interpretation of field and labora-
tory experiments addressing these processes relies on 
mathematical models, including radionuclide advection 
and dispersion in the fractures and diffusion and sorption 
in the rock matrix.[1–9] A critical issue is the predictive 
capability of these models, especially in relation to differ-
ent possible conceptual approaches and their translation 
into effective transport and retention parameters. This 
topic has been investigated within the SKB GroundWater 
Flow and Transport of Solutes (GWFTS) Task Force.a

The SKB GWFTS Task Force is an international forum 
covering the conceptual and numerical modeling of ground-
water flow and solute transport in fractured rocks.[10] Task 9 
of the Task Force addressed the modeling of coupled matrix 
diffusion and sorption in a heterogeneous crystalline rock 
matrix at depth. In situ experiments at the ONKALO under-
ground rock research facility (Finland) and at the Äspö Hard 
Rock Laboratory (Sweden) have been the focus of different 
modeling exercises. A 10-year research project [Rock 
Matrix Retention Properties (REPRO)] by Posiva Oy stu-
died solute transport properties under in situ conditions at 
ONKALO, supported by corresponding laboratory 
experiments.

Task 9A addressed the predictive modeling of the 
REPRO Water Phase Diffusion Experiments (WPDE) 
tests at ONKALO,[11] where synthetic groundwater con-
taining several conservative and sorbing radiotracers was 
injected at one end of a borehole interval and flowed 

along a thin annulus toward the opposite end. At the 
end, model results were compared with the experimental 
observations, and some important differences were 
identified.

Task 9B was centered around the inverse modeling of 
the measured radionuclide tracer distribution profiles 
from the Long-Term Diffusion Experiment–Sorption 
Diffusion (LTDE-SD) test at Äspö.[12] As a result of the 
modeling exercise, the role of rock structure in the diffu-
sion of the radionuclides could be determined. It included 
the effects of disturbed zones next to natural fractures and 
boreholes, and the role of microscale and centimeter- 
scale fractures in the transport of weakly sorbing cations 
from natural fracture surfaces.

Task 9C (this study), was the third subtask within Task 
9 and focused on both the predictive and inverse modeling 
of experimental results from the REPRO Through- 
Diffusion Experiment (TDE). The experiment was carried 
out by Geosigma AB and the University of Helsinki 
(HYRL) (Department of Chemistry), on assignment from 
Posiva Oy. The aim of the experiment was to quantify the 
diffusivity and connected porosity of the unaltered rock 
matrix under the stress conditions expected in the reposi-
tory and the sorption properties of radionuclides in intact 
rock.[13,14] It involved the use of radioactive tracers at 
a depth of about 400 m at the ONKALO underground 
rock research facility. Details of the experimental setup 
and procedures are reported in the task description,[15] 

together with references to relevant rock characterization 
data (mineralogy, macrostructure, and microstructure)[16,17] 

and laboratory-based experimental results for porosities, 
permeabilities, diffusion coefficients, and sorption 
parameters.[18–20] The details of the models from the dif-
ferent teams and a comparison and analysis of the results 
are available in SKB Report TR-21-09.[21] The goal here is 
to provide an overview of the modeling concepts, the main 
results, and the key conclusions.

A fourth subtask (Task 9D)[22] addressed the applica-
tion of the models developed in the previous subtasks to 
the temporal and spatial scales (1000 m, 106 years) typi-
cal of safety assessment scenarios.a See www.skb.se/taskforce.
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I.A. Overview of the TDE Experiment

The experiment was performed between three par-
allel boreholes containing packed-off intervals. The 
three boreholes were parallel to each other and almost 
horizontal (dip of −8 deg), starting at the wall of the 
gallery niche.[16] Borehole ONK-PP326 was used for 
injection; ONK-PP324 and ONK-PP327 were the obser-
vation boreholes (Fig. 1). This arrangement allowed for 
the monitoring of transport along foliation (PP326 to 
PP324) and normal to foliation (PP326 to PP327). 
Tracer circulation started in November 2015 and fin-
ished in December 2019. The borehole intervals had 
a length of 1 m and were located at about 12 m from 
the tunnel wall. The distances between the borehole 
walls ranged from 0.115 to 0.15 m (Table I). 
Advective flow between the boreholes was assumed to 
be negligible, given the small permeability of the rock. 
However, due to unforeseen experimental conditions, 
the experimental pressure control had to be stopped 
after 3 months and pressure gradients between boreholes 
started to develop.

The rock at the REPRO site is very impermeable and 
locally lacks water-conducting fractures, which is represen-
tative of the host rock for a future radioactive waste repo-
sitory. Figure S1 in the supplemental materials shows the 
measured pressures in the injection and observation inter-
vals (at times when pumps were switched off). Figure S2 
shows the corresponding gradients. These important pres-
sure changes were due to experimental artifacts and sam-
pling, especially during a leakage in PP327 in late 2017. An 
overall decrease in pressures through time was also 
observed. Changes also affected the magnitude and direc-
tion of the hydraulic gradient between the boreholes (Fig. 
S2 in the supplemental materials).

Hydraulic gradients on the order of 100 m/m (0.1 MPa/ 
0.1 m) prevailed during long periods of time. These large 
hydraulic gradients would be consistent with the small 
hydraulic conductivities calculated from field observations 
(inflow into the boreholes prior to the experiment; intervals 
open to the atmosphere). These conductivities ranged from 
10−15 to 2 × 10−14 m/s.[15] Hydraulic conductivities measured 
in the laboratory were significantly higher (2 × 10−13 to 
10−11 m/s.) However, the core samples used in these experi-
ments were small and likely to have been subject to distur-
bance after drilling (stress relief).[15]

The rock at the experimental site is veined gneiss 
(VGN), which shows a locally irregular weak to moderate 
banded foliation. Foliation was almost parallel to the 
borehole axes. Another two boreholes, ONK-PP321 and 
ONK-PP322, were located very close to the experimental 

section (about 0.1 m from PP324; Fig. 1). These bore-
holes were plugged with packers in order to avoid 
a hydraulic sink. They were also equipped with an extra 
guard packer close to the borehole mouth to reduce the 
hydraulic gradient toward the gallery.

Tritiated water tracer (HTO) (198 MBq), 22Na 
(22.4 MBq), 36Cl (5.5 MBq), 133Ba (1.92 MBq), and 
134Cs (2.09 MBq) were the tracers circulated in the 
source interval, which was filled with synthetic ground-
water (Cl-Na dominated, pH 7, ionic strength 0.16 M) 
and recirculated. The temperature was 10°C to 11°C. 
Tracer concentrations (activities per mass of solution, 
Bq/g) in the injection and observation intervals were 
monitored using extracted water samples. HTO and 36Cl 
were measured by liquid scintillation counting, and 22Na, 
133Ba, and 134Cs by high-resolution gamma/X-ray spec-
trometry (gamma measurements), in most cases after 
chemical separation. After each sampling, the extracted 

Fig. 1. (a) Location of REPRO boreholes in the investi-
gation niche ONK-TKU-4219[17] and (b) photograph of 
the boreholes [see inset in (a)]. Courtesy of SKB.[21]
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volumes were replaced with the same volumes of tracer- 
free synthetic groundwater.

Additionally, online measurements were performed for 
22Na, 133Ba, and 134Cs for the injection interval and simulta-
neously for the two observation intervals using a high- 
performance germanium detector and a Na(Tl)I scintillation 
detector, respectively. The online measurements at injection 
stopped in February 2017. At that point, focus was shifted 
toward concentrations in the observation boreholes. The high- 
performance germanium detector was then used for ONK- 
PP324 and the Na(Tl)I scintillation detector for ONK-PP327. 
Concentrations were not measured in boreholes ONK-PP321 
and ONK-PP322 (Fig. 1).

The geometric parameters and total volumes of water 
in the circulation systems are shown in Table I. The total 
volumes of water in an early version of the task descrip-
tion were slightly smaller than those finally reported. The 
smaller values were used in some of the model calcula-
tions. Likewise, initial distances between borehole inter-
vals were slightly larger than the final reported values. 
Tables S1 through S5 in the supplemental materials show 
some of the information concerning porosities, diffusion 
coefficients, and sorption partition coefficients distributed 
to the modeling teams.[15]

I.B. Objectives of the Modeling Exercise

The exercise was divided into two stages. Initially, the 
different teams were asked to predict the evolution of the 
activities of the tracers in the injection (ONK-PP326) and 
observation (ONK-PP324 and ONK-PP327) boreholes. 
Decay-corrected activities (Bq/g water) were to be reported, 
simulating a (hypothetical) experimental time period of 
10 years. Additionally, it was also encouraged to model 
alternative breakthrough curves and to tie them to alterna-
tive conceptual understanding or supporting data. The sug-
gestion was to start with relatively simple models, ignoring 
effects such as the loss of tracers during leakage events or 
the dilution induced by sampling. These effects, together 
with potential advective fluxes resulting from the large 
pressure gradients, could be addressed later. Finally, after 
the measurements (tracer activities) were made available, 
the teams were asked to model those results (back-analysis).

The last samplings took place on October 9 (injection 
interval) and 17 (observation intervals), 2019. Pressures 
were measured until March 3, 2020. Pressures decreased 
in the three boreholes at the beginning of February 2020 in 
connection with the calibration of pressure transducers. 
Additional water samples were collected on March 3, 

TABLE I 

Geometries and Volumes for the Three Experimental Boreholes

Description Measure Unit

Borehole diameter of experiment section in ONK-PP324 (±2σ) 56.76 ± 0.07 mm
Borehole diameter of experiment section in ONK-PP326 (±2σ) 56.92 ± 0.14 mm
Borehole diameter of experiment section in ONK-PP327 (±2σ) 57.00 ± 0.16 mm
Outer diameter of dummy in ONK-PP324, 326, and 327 54.0 mm
Length of annular slot in ONK-PP324, 326, and 327 (distance from inlet to outlet) 1.00 m
PEEKa tubing inner diameter 1.02 mm
PEEK tubing inner diameter in ONK-PP324 from September 12, 2018 2.03 mm
Distance of intact rock between test intervals ONK-PP326 to ONK-PP324b 0.115 m
Distance of intact rock between test intervals ONK-PP326 to ONK-PP327b 0.15 m
Total length of PEEK tubing ONK-PP324 (including 9 m detector tubing, 1-mm diameter) 63.4 m
Total length of PEEK tubing ONK-PP326 43.4 m
Total length of PEEK tubing ONK-PP327 63.4 m
Volume of water in test interval ONK-PP324 240 mL
Volume of water in test interval ONK-PP326 254 mL
Volume of water in test interval ONK-PP327 262 mL
Total volume of water in ONK-PP324 test interval (including tubing)c 291 mL
Total volume of water in ONK-PP324 test interval (including tubing from 

September 12, 2018)
424 mL

Total volume of water in ONK-PP326 test interval (including tubing)c 290 mL
Total volume of water in ONK-PP327 test interval (including tubing)c 313 mL

aPEEK = polyether ether ketone. 
bDistances between test intervals in an early version of the report were 0.119 m (PP326 to PP324) and 0.153 m (PP326 to PP327). 
cTotal volumes of water reported in an early version of the task description were 268 mL (PP324), 252 mL (PP326), and 268 mL (PP327). 
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2020, showing somewhat increased tracer activities diver-
ging from the well-defined trends observed until the end of 
2019. Modeling had already been finalized by that stage; the 
modeling teams did not include these last samples in their 
back-analysis calculations. Due also to the potential effect 
of the pressure drop in February 2020 (potential pressure 
gradients between borehole intervals and rock matrix), these 
last samples have not been included in this study.

It should also be noted that a significant fraction of the 
injected HTO (6 to 12 MBq of the injected 198 MBq) was 
detected in a section of the ONK-PP326 injection borehole 
between the packed-off circulation interval and the gallery. 
The other tracers were not detected. The transport path for 
HTO from the source interval has not been identified.

II. MODELS

Eleven teams participated in the modeling exercise. 
Three types of models were applied: (1) analytical solu-
tion to the diffusion-sorption equations, (2) continuum 
porous-medium-type numerical models, and (3) micro-
structure-based models, including small-scale heteroge-
neities (i.e., mineral grains and porosities). Tracer 
transport and sorption in the microstructure-based mod-
els occurred in specific structural features (inter- or 
intragranular porosity, sorption on specific minerals) 
rather than on representative elementary volumes with 
average rock properties.

Since model results were to be compared with mea-
sured decay-corrected activities (referenced to the start of 
tracer circulation), it was not necessary to include radio-
active decay in the models. The diffusion-sorption equa-
tion, describing the mass balance of a tracer in the 
system, can be written as

where 

Ctot = total solute concentration, including the 
sorbed fraction (mol/m3 or Bq/m3)

C = aqueous solute concentration (mol/m3 or 
Bq/m3)

t = time (s)

De = effective diffusion coefficient tensor (m2/s).

Linear sorption has been assumed in all the models, 
with

and

Where 

α = rock capacity factor

ϕ = (accessible) porosity

ρd = bulk dry density of the rock (about 2700 kg/m3)

Kd = sorption distribution coefficient (m3/kg), defin- 
ed as

where S is the solute concentration sorbed on the solids 
(mol/kg solid or Bq/kg solid).

The decrease in tracer concentration in the injection 
borehole depends directly on both De and α. Transport 
distances in the rock depend on the magnitude of the 
apparent diffusion coefficient Da = De/α.

In some of the cases, the potential effect of advection 
was included in the models. In those cases, the mass 
balance equation is written as

where D includes both diffusion and mechanical disper-
sion, and q is the Darcy flux (m3/m2/s), which is given by 
Darcy’s law

K and h are the hydraulic conductivity (m/s) and hydrau-
lic head (m), respectively.

Details of the models can be found in SKB Report 
TR-21-09.[21] The modeling by the Korea Atomic Energy 
Research Institute (KAERI) is based on their reported 
concept.[23,24] Table II shows a summary of all the mod-
els (see also the following subsections). Not all the teams 
performed both predictive and back-analysis calculations.

II.A. University of Helsinki

The experiment was modeled using an analytical 
solution to the diffusion-sorption equation (homogeneous 
and isotropic medium), assuming a one-dimensional 
(1-D) radial geometry (symmetry around the axis of the 
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injection borehole; see Fig. S3 in the supplemental mate-
rials). Only inverse modeling (back-analysis) was per-
formed. Notably, the applied initial tracer concentrations 
at injection were already model results (fitting to the 
measured borehole data). The initial theoretical values, 
calculated from initial tracer activities (Bq) and solution 
volume (mL), were not used. For HTO and 36Cl, the 
model domain included the injection borehole and 
a single observation borehole. Separate model fittings 
were performed for (1) the injection borehole and (2) 
the two observation boreholes. The reason was the poor 
fit to the observation-borehole data when using transport 
and retention parameters obtained from the injection 

borehole. Only the injection borehole was considered 
when modeling the sorbing tracers (22Na, 133Ba, and 
134Cs). No-flux conditions were always applied at all 
external boundaries. The tracer dilution effect induced 
by sampling was included in the calculations.

II.B. VTT Technical Research Center of Finland Ltd

VTT Technical Research Center of Finland Ltd 
(VTT) performed three-dimensional (3-D) numerical 
simulations (continuum model) were performed using 
COMSOL Multiphysics.[25,26] In addition to the three 
experimental boreholes, the model domain also included 

TABLE II 

Summary of the Modeling Approaches by the Different Teams

HYRL 
Analytical solution (1-D radial) including injection and observation boreholes; no predictive calculations; only back-analysis 
model

VTT 
3-D continuum models, including the three boreholes; no predictive calculations; only back-analysis model through a sensitivity 
analysis; COMSOL Multiphysics code[25,26]

KTH 
3-D (HTO) and 2-D continuum models, including the three boreholes (only predictive modeling); COMSOL Multiphysics 
code[25,26]

A21 
2-D continuum model including the three boreholes; PFLOTRAN code[27]

TUL 
2-D continuum model including the three boreholes; Flow123d code[28]; in addition, a simple analytical solution for the 
breakthrough of HTO in the observation boreholes was also performed.

UJV 
2-D continuum models including either the three boreholes (HTO, 36Cl, and 22Na) or only the injection borehole (133Ba and 134Cs); 
GoldSim code[29]

CTU 
Continuum models, 2-D for HTO and 36Cl, including the three boreholes, and 1-D radial for 22Na, 133Ba and 134Cs (only 
injection borehole included); GoldSim code[29]

PROGEO 
2-D continuum model including the three boreholes; no predictive calculations; only back-analysis for HTO; MT3DMS code[30–32]

JAEA 
2-D continuum model including the three boreholes; only predictive calculations; GoldSim code[29]

CFE 
3-D microstructure-based model domain; thin rock layer including one (injection) or two (injection + observation) boreholes; 
solute transport by particle tracking; DarcyTools code[33]

KAERI 
Microstructure-based models (2-D, rectangular sections); a given model includes the injection borehole and one of the 
observation boreholes; only predictive calculations; COMSOL Multiphysics code[25,26]
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boreholes PP321 and PP322 (located near PP324). The 
model fit to the experimental data was performed through 
a series of sensitivity analyses with respect to different 
parameters (back-analysis). The model domain was 
a cylinder with a radius of 1 m and a thickness of 
2.5 m (Fig. S4 in supplemental materials). No-flux con-
ditions were applied at all external boundaries.

For the sorbing tracers, the initial theoretical concen-
trations (Bq/g water), calculated from the initial activities 
(Bq) and the volume of water (mL), were used as the 
initial concentrations at injection. For the nonsorbing 
tracers (HTO, 36Cl), initial concentrations were calculated 
from the average activities in the first measured samples. 
The dilution effects induced by sampling and by a single 
large leakage event at t = 67 days were included in the 
calculations, with the leakage treated in the same way as 
a sampling event (replacement with tracer-free solution).

The potential effects of advection and anisotropic 
diffusion due to foliation were also studied. Hydraulic 
conductivities in the rock up to 10−14 m/s only resulted in 
small variations in the results at the injection borehole 
and no effect in the observation boreholes.

II.C. Royal Institute of Technology

The Royal Institute of Technology (KTH) performed 
predictive calculations (continuum models) using 
COMSOL Multiphysics.[25,26] In principle, the experi-
mental geometry required a 3-D model with large com-
puter memory requirements (large numerical mesh). 
Therefore, most calculations used a two-dimensional 
(2-D) model (circular domain, radius 1 m; Fig. S5 in 
supplemental materials), which neglected interval-end 
effects. No-flux conditions were applied at all external 
boundaries. In addition, 3-D calculations were also per-
formed for HTO.

The 2-D and 3-D model results were compared, and 
the differences were small. Sensitivity analyses were also 
performed, concerning increased De values for 134Cs due 
to surface-diffusion effects, reduced De values for 36Cl 
due to potential anion exclusion, and the possibility of 
anisotropic diffusion due to foliation. No advection or 
sampling effects were included (reference case). The 
tracer dilution effect induced by sampling was evaluated 
for HTO; it only had a small effect.

II.D. Amphos 21

Two-dimensional modeling was performed by 
Amphos 21 (A21) using PFLOTRAN.[27] HTO, 22Na, 
133Ba, and 134Cs were considered in the first predictive 

modeling stage (36Cl was also included in the back- 
analysis). The model domain was squared (0.7 × 0.7 m; 
Fig. S6 in the supplemental materials) and included the 
three experimental boreholes. All external boundaries 
were no-flux boundaries. Anisotropic diffusion due to 
the foliation was also considered using two different 
approaches: (1) implementation of the anisotropic 
2-D diffusion tensor and (2) implementation of statisti-
cally anisotropic and heterogeneous diffusion fields. For 
reference, a homogeneous isotropic case was also 
calculated.

The presence of borehole disturbed zones (BDZs) 
was assumed for all three boreholes in the back-analysis 
stage of the modeling, which considered only homoge-
neous and isotropic diffusion. No advection or sampling 
effects were included in any of the calculations. 
Separate calculations using the pressures measured in 
the different boreholes predicted no effect from advec-
tion if rock hydraulic conductivities were about 
10−14 m/s.

II.E. Technical University of Liberec

The Technical University of Liberec (TUL) used the 
Flow123d code[28] for both predictive and back-analysis 
calculations (2-D continuum model). A squared domain 
(0.75 × 0.75 m) subject to isotropic diffusion and includ-
ing the three boreholes (Fig. S7 in the supplemental 
materials) was used for all the tracers, with no-flux con-
ditions applied at all external boundaries. The sampling 
dilution effect was only included in the back-analysis 
calculations. The effect of spatial discretization was also 
checked. Leakages and the complete replacement of 
water in PP324 were not considered. The possible effect 
of advection was addressed in separate calculations using 
a large value of the rock hydraulic conductivity 
(K = 2.9 × 10−12 m/s). It resulted in a potential large 
effect.

A different numerical mesh was implemented in the 
back-analysis calculations, maintaining the same domain 
dimensions. BDZs were assumed for all three boreholes, 
together with the effect of full replacement of water in 
PP324 at t = 1028 days.

II.F. ÚJV �RE�Z (UJV)

ÚJV �RE�Z (UJV) developed 2-D continuum models 
(Fig. S8 in the supplemental materials) using 
GoldSim[29] for both predictive and back-analysis cal-
culations. Diffusion was isotropic in all the cases. No- 
flux conditions were applied to all external boundaries. 
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The observation boreholes were not considered in the 
models for the strongly sorbing tracers (133Ba and 
134Cs; smaller model domains). Neither sampling nor 
potential advection was addressed. Sensitivity with 
respect to spatial discretization was investigated. In 
the back-analyses, all initial tracer concentrations at 
injection were recalibrated. Initial values for 133Ba 
and 134Cs were those from the first measured sample. 
They were significantly smaller than the theoretical 
values calculated from initial activities (Bq) and solu-
tion volume (mL). For HTO, the initial value was also 
based on the first few measured samples. Initial con-
centrations for 36Cl and 22Na were adjusted to match 
the observed evolution of tracer concentrations at 
injection after about 100 days.

II.G. Czech Technical University in Prague

The Czech Technical University in Prague (CTU) 
performed predictive model calculations using 
GoldSim.[29] A 2-D domain including the three boreholes 
(0.45 × 0.45 m; Fig. S9 in the supplemental materials) 
and subject to isotropic diffusion was used for HTO and 
36Cl. For 22Na, 133Ba, and 134Cs, 1-D radial models were 
applied (observation boreholes not included). No-flux 
conditions were implemented at all external boundaries. 
The effect of spatial discretization was also analyzed.

Inverse modeling (back-analysis) was performed for 
HTO and 36Cl only. The models were fitted to the mea-
surements at the PP324 observation borehole after total 
replacement of water (t = 1028 days) and using the 
measured activities in the PP326 injection borehole (dur-
ing the whole experiment) and in the PP324 observation 
borehole (only during the period before replacement of 
water) as prescribed time-dependent boundary conditions.

II.H. PROGEO

PROGEO performed back-analysis calculations for 
HTO using the MT3DMS code[30–32] and assuming iso-
tropic diffusion. The continuum model domain consisted 
of a circular section (1/4 of a full circle, radius equal to 
0.5 m) and included the three bore-holes (Fig. S10 in the 
supplemental materials). No-flux conditions were imple-
mented at all external boundaries. BDZs were also 
included, although they resulted in a very small effect. 
The effects from sampling and from the leakage at injec-
tion about 60 days after the start of the experiment were 
also taken into account.

Three model variants were considered:

1. calibration to activities in the injection 
borehole

2. calibration to activities in both observation bore-
holes, resulting in very small porosities and diffusion 
coefficients

3. implementation of a heterogeneous porosity 
distribution based on microstructural characterization 
[14C-polymethyl methacrilate (PMMA) autoradiogra-
phy of a rock sample]. The conclusions were the 
same as in variants 1 and 2.

II.I. Japan Atomic Energy Agency

The Japan Atomic Energy Agency (JAEA) used 
GoldSim[29] to make predictive model calculations. 
A 2-D continuum model included the three boreholes 
(Fig. S11 in the supplemental materials). No-flux con-
ditions were applied at the external boundaries. 
Sampling effects were not taken into account, but the 
effects of (1) leakage in the injection borehole early in 
the experiment and (2) full replacement of water in the 
PP324 observation borehole at about 1000 days were 
included. Parameter values were based on a concept 
for upscaling from laboratory to in situ conditions. 
BDZs were implemented in all the boreholes, with ϕ, 
Kd, and De values larger than those in the rock matrix. 
ϕ and Kd decreased linearly with distance from the 
borehole wall in the BDZs, with De calculated as 
a function of ϕ (Archie’s law). Anisotropic diffusion 
(larger De parallel to foliation) and the effects of cation 
excess and anion exclusion (De values for cations 
larger than those for anions) were also taken into 
account.

II.J. Computer-Aided Fluid Engineering AB

Computer-Aided Fluid Engineering AB (CFE) used 
the DarcyTools code[33] to implement a discrete-fracture- 
network model at the microscopic scale, with diffusion 
occurring in the intergranular porosity and calculated by 
particle tracking. Sorption was implemented as follows. 
A particle close to a reactive surface has a certain prob-
ability Ps to sorb within a certain time Ts. If it does, it will 
remain on the surface during an average time Td before 
desorption.

Measurements by micro-X-ray-computed tomogra-
phy of a centimetric sample of the VGN at the REPRO 
site[34] were used to define the intergranular porosity 
network. The measured porosity map at the centimeter 
scale was repeated several times when defining the larger 
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experimental-scale domain. Anisotropic diffusion was 
also included in the calculations, with De parallel to bed-
ding assumed to be twice that perpendicular to bedding.

The 3-D domain used in the predictive calculations 
considered a thin (17.25-mm) rock slice. For HTO, the 
domain included the injection and one observation bore-
hole (Fig. S12 in the supplemental materials). For the 
sorbing tracers (22Na, 133Ba, and 134Cs), the domain only 
included the injection borehole. A new numerical grid was 
implemented for the back-analysis calculations. It only 
included the injection borehole (all tracers). In all cases, no- 
flux conditions were applied at all external boundaries. No 
advection or sampling effects were considered.

II.K. Korea Atomic Energy Research Institute

COMSOL Multiphysics[25,26] was used by KAERI to 
implement 2-D microstructure-based predictive models. 
The concept was based on that for the LTDE-SD experi-
ment at the Äspö Hard Rock Laboratory.[23,24] In the 
concept, diffusion occurs only through intragranular 
porosity, which was obtained from microstructural charac-
terization (mineral staining and 14C-PMMA autoradio- 
graphy).[34] Mineral-specific ϕ, De, and Kd values were 
applied to the different minerals in the rock (K-feldspar, 
plagioclase, quartz, and biotite), with sorption only on the 
biotite grains. The measured porosity and mineralogy 
maps at the centimeter scale were repeated several times 
when defining the larger experimental-scale domain. No- 
flux conditions were implemented at all external bound-
aries. Sampling effects were not considered.

Only the injection borehole and one of the observa-
tion boreholes were included in any single modeling run 
(Fig. S13 in the supplemental materials). Sensitivity ana-
lyses were performed concerning (1) local porosity values 
from the 14C-PMMA autoradiography (correspondence 
between the gray level and porosity), (2) direction of 
diffusion (switching injection and observation boreholes 
in the domain; negligible effect), (3) presence of a BDZ 
(increased ϕ and Kd values in the BDZ, decreasing with 
distance from the borehole wall), and (4) thickness of the 
BDZ. In addition, the potential effect of anisotropic dif-
fusion was studied for HTO.

III. RESULTS AND DISCUSSION

III.A. HTO

The results of the predictive model calculations from 
the different teams are shown in Fig. 2, together with the 

experimental measurements. Measured concentrations 
and concentrations corrected for sampling (dilution 
induced by the replacement of the sampled volumes 
with tracer-free solution) are shown. All the model results 
for the injection borehole (ONK-PP326; Figs. 2a and 2b) 
are rather consistent, except for the effect of leakage early 
in the experiment included by JAEA. Two different 
groups of results can be observed, with different initial 
concentrations (Fig. 2b). The larger values applied by 
some of the teams correspond to the smaller volumes of 
water at injection in an early version of the task descrip-
tion. The initial theoretical concentrations calculated with 
the updated volumes are indicated with red numbers in 
Figs. 2a and 2b.

The values of ϕ and De assumed by the different 
teams were quite similar (except for JAEA, Table S6 in 
the supplemental materials), based on the reported sup-
porting laboratory results. JAEA applied a concept for 
upscaling from laboratory to in situ conditions to estimate 
these values. KAERI only reported mineral-specific ϕ and 
De values (bulk values not reported). The trends shown 
by the different model results are mostly consistent with 
the measured data (not known by the teams at the time of 
the calculations). JAEA assumed the presence of a BDZ, 
but it does not seem to have a large effect on the results. 
However, the smaller De values in the rock matrix cause 
a slower drop in concentration.

Figures 2c and 2d show the predictive model results 
for the two observation boreholes (ONK-PP324 and 
ONK-PP327). All the models overestimated the mea-
sured activities in these boreholes, with results from 
JAEA for ONK-PP327 somewhat closer to the measured 
values. The effect of the anisotropic diffusion assumed by 
A21, CFE, and JAEA can be observed in the results 
(retarded calculated breakthrough in ONK-PP327 com-
pared to ONK-PP324). The dilution effect induced by 
sampling (difference between uncorrected and corrected 
measurements) was stronger in borehole ONK-PP324. 
Sample volumes in that borehole increased from 10 to 
90 mL between December 2017 (t = 746 days) and 
August 2018 (t = 992 days). Notice also the effect of 
the full replacement of water at t = 1028 days (explicitly 
considered by JAEA).

Figure 3 shows the results of the inverse model calcula-
tions (back-analysis) by the different teams, together with the 
experimental data. Here, the choices of initial concentrations 
were more uniform (Figs. 3a and 3b). However, the ϕ and De 
values show larger differences (Table S7 in the supplemental 
materials). The curve from VTT clearly shows the effect of 
leakage at t = 67 days (injection borehole; the other teams did 
not include it). The results from VTT and A21 show a slower 
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decrease in tracer concentrations at injection, consistent with 
their smaller De values for the rock matrix. CTU implemen-
ted an even smaller value, but only the activities in ONK- 
PP324 were considered for the fitting (Fig. 3c). Again, this 
result illustrates the slower responses of the activities in the 
observation boreholes compared with those of the injection 
borehole.

Figures 3c and 3d show the inverse model and 
experimental results for the observation boreholes. The 
models that included the full replacement of water in 
borehole ONK-PP324 at t = 1028 days clearly show the 
effect. A better overall match was obtained by the teams 
that considered relatively small De values (VTT, A21, 
CTU, and HYRL), although the fits are only approxi-
mate. The results from HYRL correspond to a separate 
fit to the observation borehole data using very small 
parameter values (ϕ = 3 × 10−5, De = 8.1 × 10−16 m2/s), 
showing the need for reduced transport parameters to 
match the activities in the observation boreholes. The 
fit by CTU used the measured activities in the injection 
borehole (whole experiment) and in the PP324 observa-
tion borehole (period before replacement of water at 
t = 1028 days) as prescribed time-dependent boundary 
conditions.

The overall match of the model results to both the 
injection and observation data (back-analysis) could be 
considered to be rather satisfactory in the calculations by 
VTT (ϕ = 0.011, De = 2.0 × 10−13 m2/s) and A21 
(ϕ = 0.006, De = 3.6 × 10−14 m2/s, BDZ with larger 
values), although they show a relatively slow decrease in 
activities in the injection borehole.

III.B. Chlorine-36

The results of the predictive model calculations from 
the different teams are shown in Fig. 4, together with the 
experimental measurements (raw and corrected data). 
Compared with HTO, model results for the injection 
borehole (ONK-PP326; Figs. 4a and 4b) from the differ-
ent teams show larger differences. Again, some teams 
assumed relatively large initial concentrations at injec-
tion (smaller volumes of water reported in an early ver-
sion of the task description). The results from TUL and 
UJV show practically constant concentrations due to the 
very small ϕ and De values that were implemented (Table 
S8 in the supplemental materials). These values were 
based on data distributed in Task 9A (predictive model-
ing of the REPRO WPDE experiments),[11,35] which 
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Fig. 2. Evolution of HTO activities (Bq/gwater) in the (a) and (b) ONK-PP326 injection borehole and in the (c) ONK-PP324 and 
(d) ONK-PP327 observation boreholes.[21] Lines are predictive model results, black open circles are measured activities, and red 
open circles are activities corrected for the dilution effect induced by sampling (and also by replacement of water in ONK-PP324 
at t = 1028 days). The red numbers on the (a) and (b) vertical axis indicate the theoretical initial activity. Analytical uncertainties 
are about 1% for ONK-PP326, less than 15% for ONK-PP324, and 1% to 2% for ONK PP327, with somewhat larger uncertainties 
for the first few points in both ONK-PP324 and ONK-PP327.

10 SOLER et al. · PREDICTIVE AND INVERSE MODELING OF A RADIONUCLIDE DIFFUSION EXPERIMENT

NUCLEAR TECHNOLOGY · VOLUME 00 · XXXX 2023



suggested a strong anion-exclusion effect. However, 
these constant concentrations do not compare well with 
the measurements.

The results from JAEA also show a relatively slow 
decrease in concentration due to the small De value normal 
to foliation (anisotropic diffusion, Table S8 in the supple-
mental materials). JAEA also included the effect of 
a leakage early in the experiment, which combined with 
the slower drop in concentrations results in a good model 
match to the measured data. KAERI did not report bulk ϕ 
and De values (mineral-specific parameters were reported).

Figures 4c and 4d show the predictive model results 
and measurements for the two observation boreholes 
(ONK-PP324 and ONK-PP327). Again, most models 
overestimated the measured activities. However, no 
breakthrough at ONK-PP327 was predicted by JAEA 
due to the assumed small De value normal to foliation 
(Table S8 in the supplemental materials). The results by 
TUL and UJV are much closer to the observations, but 
the very small ϕ and De values resulted in practically 
constant concentrations at injection. The small De value 
used by TUL and UJV (isotropic diffusion) was similar 
to that implemented by JAEA normal to foliation. 

However, ϕ in the calculations by JAEA was larger, 
resulting in a smaller pore diffusion coefficient (Dp  

= De/ϕ) and shorter transport distances. Anisotropic 
diffusion was assumed by both A21 and JAEA, resulting 
in a retarded breakthrough at ONK-PP327 compared to 
ONK-PP324.

Figure 5 shows the results of the inverse model calcula-
tions together with the experimental data. The ϕ and De 
values in the rock matrix implemented by the different 
teams are rather consistent (Table S9 in the supplemental 
materials; A21 and TUL also assumed the presence of 
a BDZ). Figures 5a and 5b show model and experimental 
results for the injection borehole. The results from VTT 
clearly show the effect of the leakage at t = 67 days (not 
included by the other teams), and reproduces well the 
observed decrease in concentrations (except for a transient 
increase at that time). After about 600 days, all curves are 
rather similar.

Figures 5c and 5d show the inverse model and 
experimental results for the observation boreholes. The 
full replacement of water in ONK-PP324 at t = 1028 days 
was included in the model by VTT. All model fits to the 
data are only approximate, with the results from HYRL 
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Fig. 3. Evolution of HTO activities (Bq/gwater) in the (a) and (b) ONK-PP326 injection borehole and in the (c) ONK-PP324 and 
(d) ONK-PP327 observation boreholes.[21] Lines are inverse model results, black open circles are measured activities, and red 
open circles are activities corrected for the dilution effect induced by sampling (and also by replacement of water in ONK-PP324 
at t = 1028 days). The red numbers on the (a) and (b) vertical axis indicate the theoretical initial activity. Analytical uncertainties 
are about 1% for ONK-PP326, less than 15% for ONK-PP324, and 1% to 2% for ONK PP327, with somewhat larger uncertainties 
for the first few points in both ONK-PP324 and ONK-PP327.
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showing a very good match to the ONK-PP324 data after 
water replacement. However, these results from HYRL 
correspond to a separate calculation considering only the 
time after replacement of water (t = 1028 days; ϕ = 0.01, 
De = 5 × 10−14 m2/s).

The overall match to both the injection and obser-
vation borehole data (back-analysis) can be considered 
to be rather satisfactory in the calculations by VTT 
(ϕ = 0.005, De = 5.0 × 10−14 m2/s) and TUL 
(ϕ = 0.01, De = 5.0 × 10−14 m2/s, BDZ with larger 
values), and reflecting an anion exclusion effect [De 
(36Cl) < De (HTO)]. The results from A21 underesti-
mate the activities in the observation boreholes (espe-
cially at ONK-PP327), probably related to the strong 
BDZ effect that was assumed (ϕ = 0.03).

III.C. Sodium-22

Figure 6 shows the predictive model results from the 
different teams together with the experimental measure-
ments. Table S10 in the supplemental materials shows the ϕ, 
De, and Kd values that were implemented (KAERI only 
reported mineral-specific parameters). The values are rather 
consistent (except for JAEA). The differences are given by 

the implementation of anisotropic diffusion or by the pre-
sence of a BDZ assumed by some of the teams. Again, 
different initial concentration values were assumed by differ-
ent teams. All the model results at injection, except for those 
from JAEA (ONK-PP326; Figs. 6a and 6b), clearly under-
estimated the measured activities, which suggests that sorp-
tion of 22Na in the rock was less than expected. This 
inconsistency had already been observed in Task 9A (pre-
dictive modeling of the REPRO WPDE experiments).[11] 

JAEA implemented much smaller Kd values (in addition to 
the leakage event early in the experiment), which are visibly 
more consistent with the observations. These smaller values 
were based on results from laboratory diffusion tests per-
formed with the same type of rock.[21]

The teams that included the observation boreholes in 
the predictive calculations showed no breakthrough of 
22Na in those boreholes (Figs. 6c and 6d), which agrees 
with the experimental results. The activities that were 
detected were negligible (<0.05 Bq/gwater) and probably 
related to contamination. KAERI calculated some break-
through at late stages of the experiment and continuing 
during the extended 10-year calculation period.

The results of the back-analysis calculations are shown 
in Fig. 7 (only two teams reported results for the observation 
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Fig. 4. Evolution of 36Cl activities (Bq/gwater) in the (a) and (b) ONK-PP326 injection borehole and in the (c) ONK-PP324 and 
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boreholes). The model fits were in all the cases based on the 
sample measurements (the online data were not considered). 
The initial concentrations at injection assumed by different 
teams were still different (Figs. 7a and 7b). All inverse model 
results are much more consistent with the measurements than 
the predictive calculations. To this end, the final implemented 
Kd values were much smaller (orders of magnitude) than the 
values in the supporting laboratory data (Tables S5 and S11 
in the supplemental materials). The results from VTT clearly 
show the effect of the leakage at t = 67 days (the other teams 
did not include it in the back-analysis calculations). The 
results from TUL, with an initial concentration similar to 
that of VTT, required the implementation of a BDZ and large 
De values in both the BDZ and rock matrix (Table S11 in the 
supplemental materials). These values translated into a faster 
drop in concentrations (compared to the measurements; 
Figs. 7a and 7b) and tracer breakthrough in the observation 
boreholes (Figs. 7c, and 7d).

III.D. Barium-133

Figure 8 shows the predictive model results for the 
injection borehole from the different teams together with 
the experimental measurements. The ϕ, De, and Kd values 

implemented in the different models are reported in 
Table S12 in the supplemental materials (bulk parameters 
were not reported by KAERI; the implementation on sorption 
by CFE did not make use of Kd values). Parameter values, 
except for the slightly smaller sorption and matrix De values 
implemented by JAEA, were rather consistent. Anisotropic 
diffusion was considered by some of the teams. Additionally, 
JAEA assumed the presence of a BDZ, characterized by 
larger ϕ, De, and Kd values.

All the model results at injection (ONK-PP326; 
Figs. 8a and 8b) reproduce approximately the fast drop 
in concentrations (especially in the case of CFE). 
However, the early results (up to about 200 days) show 
large differences between the models. TUL, CTU, and 
UJV implemented the same parameter values (Table S12 
in the supplemental materials), but the early results are 
remarkably different (Fig. 8b). This difference is most 
probably related to differences in the spatial discretization 
used in the models, which is expected to especially affect 
strongly sorbing tracers.[11] A discretization effect could 
also affect the results from the other teams. Concerning 
the observation boreholes, none of the teams that reported 
results for those boreholes showed any tracer 
breakthrough.
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Fig. 5. Evolution of 36Cl activities (Bq/gwater) in the (a) and (b) ONK-PP326 injection borehole and in the (c) ONK-PP324 and 
(d) ONK-PP327 observation boreholes.[21] Lines are inverse model results, black open circles are measured activities, and red 
open circles are activities corrected for the dilution effect induced by sampling (and also by replacement of water in ONK-PP324 
at t = 1028 days). The red numbers on the (a) and (b) vertical axis indicate the theoretical initial activity. Analytical uncertainties 
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Inverse model results are shown in Fig. 9. Only the 
sample measurements were taken into account for the back- 
analysis. All model results reproduce reasonably well the 
measured concentrations after about 100 days. To that end, 
Kd values had to be reduced to different extents compared 
to the values in the predictive calculations (Tables S12 and 
S13 in the supplemental materials). However, model results 
early in the experiment still show significant differences 
between the models. Different initial concentrations were 
assumed by different teams. While some teams considered 
the theoretical initial concentrations (from the injected 
activity and the volume of water in the borehole), others 
used the first measurements shortly after the start of the 
experiment (UJV). The first measured concentrations were 
much smaller than the theoretical initial values due to the 
strongly sorbing nature of 133Ba. The model fit by HYRL 
was based only on late data (t > 10 days; a very low initial 
concentration was assumed). The small initial concentra-
tions assumed by UJV and HYRL resulted in rather small 
Kd values (Table S13 in the supplemental materials). In the 
model by CFE, very intense sorption right at the borehole 
wall caused a very fast drop in activity at injection.[21]

III.E. Cesium-134

The results of the predictive model calculations for the 
injection borehole from the different teams are shown in 
Fig. 10, together with the experimental measurements. 
Table S14 in the supplemental materials shows the ϕ, De, 
and Kd values implemented by the teams (KAERI only 
reported mineral-specific parameters; the implementation 
of sorption by CFE did not make use of Kd values). The 
implemented parameter values were rather consistent (with 
JAEA implementing somewhat smaller Kd and rock matrix 
De values). Anisotropic diffusion was considered by some 
of the teams. Additionally, JAEA assumed the presence of 
a BDZ characterized by larger ϕ, De, and Kd values.

Despite the consistent parameter values, the results 
for the injection borehole showed significant differences 
(ONK-PP326; Figs. 10a, 10b, and 10c). Like in the case 
of 133Ba, spatial discretization may have played an impor-
tant role (TUL, CTU, and UJV used identical parameter 
values but early results are different). No breakthrough at 
observation was reported by any of the teams including 
those boreholes in their models.
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Inverse model results are shown in Fig. 11. The 
differences between teams are rather large (Figs. 11a 
and 11b). Notice also that the results from both A21 
and CFE are consistent with the measured data, but the 

corresponding model parameters are significantly differ-
ent (Table S15 in the supplemental materials). Again, an 
important factor is the initial concentration that was 
assumed. Like in the case of 133Ba, while some teams 
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considered the theoretical initial concentrations (from the 
injected activity and the volume of water), others used the 
first measurements shortly after the start of the experi-
ment (UJV). The first measured concentrations were 
much smaller than the theoretical initial values. The 
model fit by HYRL was based only on late data 
(t > 10 days; small initial concentration). The small initial 
concentrations assumed by UJV and HYRL resulted in 
rather small Kd values (Table S15 in the supplemental 
materials).

IV. SUMMARY AND CONCLUSIONS

In the REPRO-TDE in situ diffusion experiment, 
synthetic groundwater containing radionuclides was cir-
culated in a packed-off interval of the injection borehole 
(ONK-PP326). Tracer concentrations were monitored in 
ONK-PP326 and in packed-off intervals of two observa-
tion boreholes (ONK-PP324 and ONK-PP327), which 
were located about 0.1 m from the injection borehole. 
The radionuclide tracers were HTO, 36Cl (anion), 22Na 
(weakly sorbing cation), and 133Ba and 134Cs (strongly 
sorbing cations). The modeling teams participating in 
Task 9C of the SKB GWFTS Task Force were asked 
(1) to predict the evolution of tracer concentrations in 
the different boreholes and (2) to perform back-analysis 
calculations reproducing the experimental results after 
they were made available. Supporting laboratory-based 
information included porosities, diffusion coefficients, 
and sorption partition coefficients.

Three main types of models were applied: (1) an 
analytical solution to the diffusion-sorption equations, 
(2) continuum porous-medium models, and (3) micro-
structure-based models (accounting for mineral grains 
and porosities). Most models were 2-D, but 3-D model 
results were also presented. One of the teams compared 
results from 2-D and 3-D models for HTO (predictive 
modeling). The results were very similar.

Predictions for the injection borehole showed some 
differences due to the different initial concentrations 
that were assumed (an early version of the task descrip-
tion reported a smaller water volume at injection), 
although this was not a critical factor. In general, the 
predictions for the conservative tracers (HTO and 36Cl) 
overestimated the concentrations measured in the 
observation boreholes. The sorbing tracers (22Na, 
133Ba, and 134Cs) were not detected in the observation 
boreholes.

The predicted evolutions of HTO in ONK-PP326 were 
mostly consistent; similar parameter values (ϕ and De) 

were used by the different teams. The model results were 
also similar to the measurements (not available to the 
teams at the time of the predictive calculations), except 
for the differences given by the different initial concentra-
tions assumed. However, all predictions greatly overesti-
mated the measurements at the observation boreholes. The 
results from JAEA were somewhat closer to the 
measurements.

The predictive model results for 36Cl showed similar 
characteristics to those of HTO. However, two teams 
assumed very small ϕ and De values, which resulted in 
practically constant concentrations at injection (not 
shown by the measurements). Most predictions greatly 
overestimated the measured concentrations in the obser-
vation boreholes.

Most predictions for the weakly sorbing 22Na over-
estimated tracer sorption. However, JAEA applied much 
smaller Kd values based on the results of laboratory 
diffusion tests, which resulted in a better agreement 
with the experimental results. No breakthrough of 22Na 
in the observation boreholes was predicted (consistent 
with the observations), except for some limited break-
through in the KAERI results.

The predictions for the strongly sorbing 133Ba and 
134Cs showed fast drops in concentration at injection. 
However, large differences between the results were 
observed in early stages of the experiment. A significant 
issue was the role played by spatial discretization (teams 
using identical ϕ, De, and Kd values showed different 
results at early stages). Checking the convergence of the 
results with respect to spatial discretization is always 
a basic modeling practice. This is particularly important 
in the case of strongly sorbing tracers. Since very refined 
numerical meshes may result in long calculation times or 
large memory requirements, it may be convenient to 
define spatially reduced model domains for these tracers 
(short transport distances). No breakthrough of these tra-
cers in the observation boreholes was predicted (in agree-
ment with the observations).

In the second stage of the exercise (inverse modeling), 
model results were clearly more consistent with the observa-
tions, but some differences remained. It was still difficult to 
simultaneously match the measured concentrations of the 
nonsorbing HTO and 36Cl in both the injection and the two 
observation boreholes. Approximate fits to the measurements 
were achieved by VTT and A21 for HTO and by VTT for 
36Cl. Some teams did separate fits to the observation borehole 
data, either not considering a simultaneous poor fit to the 
injection data or using those concentrations as prescribed 
time-dependent boundary conditions. For HTO, VTT used 
uniform ϕ and De values in the rock (ϕ = 0.011, 
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De = 2.0 × 10−13 m2/s), while A21 applied a BDZ in the three 
boreholes (rock matrix: ϕ = 0.006, De = 3.6 × 10−14 m2/s; 
BDZ: ϕ = 0.03, De = 3.0 × 10−13 m2/s). For 36Cl, there was 
a general need for reduced De values (e.g., De = 5 × 10−14 m2/s 
by VTT), probably related to anion-exclusion effects (values 
for HTO mainly in the 10−13 m2/s range).

In the case of 22Na, the Kd values had to be substan-
tially reduced. Different concepts were applied (isotropic 
versus anisotropic diffusion; homogeneous rock versus 
presence of a BDZ), resulting in qualitatively good 
model fits to the measured data. Additionally, there was 
a significant difference between the theoretical initial 
concentration (from the injected activity and the volume 
of water in the borehole circulation system) and the first 
experimental measurements. Model parameter values 
were affected by the choice of initial concentration.

The inverse model results for the strongly sorbing 
133Ba and 134Cs showed strong reductions in concentra-
tions at injection. Again, a very important factor control-
ling the model fits to the data and the parameter values 
was the choice of the initial tracer concentration (theore-
tical value or first measured values). The quality of the 
fits at early experimental stages for the teams that imple-
mented the initial theoretical concentrations was poor. It 
was difficult to reconcile the large value at t = 0 and 
much smaller values only after a few hours. Perhaps 
processes not included in any of the models could play 
a role. For instance, these processes could be related to 
the activity of HTO detected in a section of the injection 
borehole between the packed-off circulation interval and 
the tunnel gallery, i.e., potential unidentified transport 
paths.

From a modeling perspective, Task 9C allowed for 
continuing with the development of models and with the 
testing of different features, events, and processes, such 
as isotropic versus anisotropic diffusion, the potential 
effects of BDZs, or the explicit consideration of the 
effects induced by sampling, leakages, or the replacement 
of solutions. Besides the in situ characterization of the 
transport and retention parameters for the different radio-
nuclide tracers, important common conclusions have been 
reached by the different models. They include the need 
for reduced diffusivities for 36Cl (anion exclusion due to 
the negatively charged mica surfaces) and reduced sorp-
tion for 22Na (compared to results from laboratory batch 
sorption experiments).

Different concepts concerning rock structure were 
applied in different models. Many of the modeling 
results have successfully reproduced the experimental 
observations to different extents, allowing for the quan-
titative interpretation of the experimental results in 

terms of diffusion and sorption parameters. However, it 
is not always clear which concepts (concerning potential 
diffusion anisotropy or the presence of BDZs) best 
represent the observed behavior. Overcoring of the 
experimental section and rock sampling had been con-
sidered as an option when planning the experiment, but 
it was finally not implemented. The measurement of 
tracer distribution profiles in the rock could have pro-
vided important information concerning these issues, 
allowing for the determination of tracer transport dis-
tances in different directions and potential increased 
sorption near the borehole walls (BDZ). Additionally, 
even if potential advective transport had been shown to 
be very small when rock hydraulic conductivities are of 
the order of 10−14 m/s or less, the analysis of tracer 
distribution profiles could have provided evidence for 
or against advection.
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