
SEO100243

Evaluation of TRUE-1 tests with sorbing tracers
using CHAN3D
Luis Moreno,
Chemical Engineering and Technology, Royal Institute of Technology,
Stockholm, Sweden

Abstract
Three tracer tests (STTla, STTlb and STT2) with sorbing species performed as a part
of the TRUE-1 experiments are studied. The tests were carried out in a radially con-
verging flow geometry with a travel distance of about 5 m The injected sorbing tracers
were: Na+, Sr2+, Ca2+, Ba2+, Cs+, Co2+, Rb\ The sorption properties of the tracer cover a
wide interval. The tracer tests were modelled using the Channel Network Model, which
assumes that fluid flow and solute transport take place through a network of channels. It
includes solute transport by advection, diffusion into the rock matrix, and sorption
within the matrix and onto the channel surface. Sorption and diffusion data were
obtained from laboratory measurements carried out over generic Aspo material. Some
measurements were made using material from the Feature A. Large differences are
found between the experimental and the predicted breakthrough curves. The predicted
times are much shorter than the experimental ones. An attempt is made to explain these
differences using various possible retardation mechanisms. Finally, it is concluded that
several mechanisms must act simultaneously in order to explain the large differences.

1 Introduction and background
As a part of the TRUE-1 experiments, three tracer tests (STTla, STTlb and STT2) with
sorbing species were performed. Blind predictions were carried out for the three tracer
tests. Previous to these tests, several tests with non-sorbing tracers were carried out in
the same site. Some of these tests were used to calibrate the site model.

The overall objectives of the TRUE project are AVinberg, 2000/; to develop the under-
standing of radionuclide migration in fractured rock; to evaluate the conceptual models
and data collection; and to provide in-situ data on radionuclide migration and retention.
Tracer tests at different experimental scales are included in the TRUE project. The first
stage (TRUE-1) comprises tracer tests on a detailed scale using conservative and sorb-
ing tracers in a simple geometry.

The aim of this paper is to present the predictive modelling results of the tracer tests
with sorbing tracers and to compare the results with the experimental values. The
differences are analysed and discussed. The simulations were made by using the code
CHAN3D /Gylling et al., 1999/, which is based in the Channel Network Model devel-
oped by Moreno and Neretnieks /1993/.
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2 Channel Network Model
The simulations were made by using the code CHAN3D /Gylling et al., 1999/. The
model takes into account the uneven flow distribution observed in fractured rock and
includes retarding physical processes like matrix diffusion and sorption within the
matrix. Sorption onto the fracture/channel surfaces is also included. Data can be
obtained from borehole transmissivity measurements and observations on fracture
widths.

Each member of the network is assigned a hydraulic conductance. This is the only entity
needed to calculate the flow, if the pressure field is known. If the residence time for
non-interacting solutes is to be calculated, then the volume of the channel members is
needed as well. If sorption onto the fracture surface or diffusion into the matrix will be
included in the model, the flow-wetted surface area must also be included. Some
properties of the rock are also needed, such as rock matrix porosity, diffusivity, and
sorption constants. In present simulations, it is assumed that the conductances of the
channel members are log-normally distributed and not correlated in space. The channel
volume was estimated by assuming that the conductance of the channels is proportional
to the cube of the channel aperture.

The solute transport is simulated by using a particle-following technique /Moreno et al.,
1988/. Many particles are introduced, one at a time, into the known flow field at one or
more locations. Particles arriving at an intersection are distributed in the outlet channel
members with a probability proportional to their flow rates. The residence time of an
individual particle along the whole path is determined as the sum of residence times in
every channel member that the particle has traversed. The residence time distribution is
then obtained from the residence times of a multitude of individual particle runs.

In the flow model the tunnel with the niche (see Figure 3b-33), all the boreholes, the
Feature A and the Feature B planes were included. Feature A was extended to the
boundaries whereas Feature B fractures were treated as confined fracture planes. As the
boundary conditions, a predetermined hydraulic head was used on the top, on the
bottom, and on the right-hand side of the rock control volume. No flow was assumed on
the sides perpendicular to the tunnel. The hydraulic head in the tunnel was taken to be
the boundary condition on the left-hand side, and for the other region on this side, a no
flow condition was assumed. The withdrawal flow rate in the location where the tracers
were collected was also included in the boundary conditions. The conductance of the
channels that connect the rock with the tunnel and the niche was reduced by a constant
factor to simulate the skin effect. The size of the modelled rock volume was 30x30x40
metres in the longitudinal direction to the tunnel, the horizontal direction, and the verti-
cal direction respectively. In the model, the channel length was 0.7 m and therefore the
number of channels in the network was 320 000. The mean transmissivity values for the
different features were assigned from the experimental data.

No hydrodynamic dispersion is assumed in the channels. Different velocities in diffe-
rent channels in the network cause the dispersion of the solute. The volume of the
channels is determined by matching the volume of the channels with the desired flow
porosity. The specific flow wetted surface was estimated to be 2.0 m2/m3. For a species
that does not interact with the rock, the residence time in one channel is given by the
volume of the channel divided by the water flow rate in it. For a species that is sorbed
onto the channel surfaces, the residence time is increased by a factor Ra that is given by
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where Ka is the surface sorption constant (m) and 8 the fracture aperture (m). For a
species that diffuses into the rock matrix a varying residence time is obtained. This is
longer than the residence time for a species that does not diffuse into the rock matrix.

For a flat channel from which the diffusion is perpendicular to the channel surface, a
simple analytical solution is available for the RTD for matrix-interacting species. The
cumulative curve, F, for the residence times is obtained as:

F = erfc
L-W

(t-U ,0.5
Q

(2)

Equation (2 )applies for times greater than the water-plug-flow residence time /Carslaw
and Jaeger, 1959/. Otherwise, the function is zero. Here, Kd is the sorption coefficient,
Dc is the effective diffusivity, pp is the density of the porous rock, LW is half the flow-
wetted surface and Q is the flow rate in the channel. Equation (2) accounts for advection
in the channel, diffusion into the rock matrix, and sorption on the micro fracture sur-
faces. It is not applicable for long contact times if the distances between fractures are
short compared to the penetration depth into the matrix. The residence time for each
particle in a channel member is determined by using the technique proposed by
Yamashita and Kimura /1990/. Where uniformly distributed, random numbers in the
interval [0,1] are chosen for F and the residence time for the particle is then calculated
by solving for t in Equation (2).

Figure 3b-33. Feature A, the boreholes, the tunnel, and the niche. Behind feature A some of the
feature B planes may be seen. The intersection of the boreholes KXTT1, KXTT2, KXTT3, KXTT4 and
KA3005A.with the Feature A are labelled as Tl, T2, T3, T4 and K5, respectively.
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3 Experiments

This paper includes analysis of three sets of tracer tests with sorbing species.
Preliminary tracer tests with non-sorbing species were carried to recalibrate the model,
to test eventual changes in the hydraulic conditions or refine the experimental design.
The first set of tracer tests (STTla) with sorbing tracers was performed with injection at
borehole KXTT4:R3 and extraction at borehole KXTT3:R2. Due to the low recovery of
Caesium, the collection of tracers was maintained for a longer time. It was then decided
to perform an additional experiment (STTlb) with sorbing tracers injected at borehole
KXTT1:R2 and with extraction at the same section used for the test STTla (i.e.
borehole KXTT3:R2). Finally a tracer test with sorbing species was done using a
smaller extraction flow rate (0.2 1/min). The tests STT1 were carried out with a
extraction flow rate of 0.4 1/min. The tracer tests included in this report are listed in
Table 3b-ll.

Table 3b-11. Summary of the tracer tests with sorbing species discussed in this report.
Preliminary tests are also shown.

Injection section

Extraction section

Extraction flow rate, l/min

Preliminary tests

STTla

KXTT4-R3

KXTT3-R2

0.400

PD5, DP6, RC2

PDT1, PDT2, PDT3

STTlb

KXTT1-R2

KXTT3-R2

0.400

PDT4

STT2

KXTT4-R3

KXTT3-R2

0.200

-

These tests were performed using a radially converging geometry; i.e. water was not
injected at the "injection" section. The tracer was introduced into the fracture only by
the natural water flow. Therefore, the injection was a decaying pulse injection where the
tracer solution is diluted by the natural groundwater flow through the packed-off bore-
hole section The tracers injected in these tracer tests are listed in Table 3b-12. All the
concentration values are corrected for radioactive decay. For sake of illustration, the
concentration in the injection borehole as a function of time for the STTlb experiment
is shown in Figure 3b-34.

Laboratory experiments

Diffusion and sorption data were determined in laboratory experiments. They were
carried out using generic Aspo material. The data used in the predictive simulations is
shown in Table 3b-13. Other data are also used in this report, but they will be presented
and discussed later.
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Table 3b-13. Tracer injected in the tests.

Tests

Non-sorbing species

Sorbing species

STT1a

Uranin
HTO

Na+

Sr+2

Rb+

Ca+2

Ba+2

Cs+

STTlb

Uranin
HTO

Na+

Sr+2

Rb+

Co+2

K+

STT2

Uranin
HTO

Br'
Na+

Sr2*
Rb+

Ca2+

Ba2+

Cs+

1.E+10

1.E-02

0,1 1 10 100

Time, hrs

1000

Figure 3b-34. Tracer concentration at the injection borehole as a function of time for the STTlb
experiment. Concentration of Uranine is in ppm and activity in Bq/kgfor the other tracers.
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Table 3b-12. Sorption constant and effective diffusivity for tracers used in these tests.

Species

Uran in

HTO

Br'

Na*

Sr+2

Rb*

Ca t2

Ba tó

Co*2

IC

Cs+

Kd , m'/kg

-

-

-

1.4x10"6

4.7x10'6

4.0x10"4

5.2x10"6

2.0x10""

3.2x10"6

2.0x104

6.0x10'3

D e , mVs

1.2x10"'3

1.2x10"13

6.7x10'4

4 . 0 x 1 0 "

1.0x10"13

4 .0x10 "

4.2x10"14

4 . 0 x 1 0 "

1.0x1013

1.0x10'3

K a ,m

-

-

-

7.0x10"7

5.0x10"4

8.0x10s

4.0x10"5

5.6x10'4

Radionuclide

H-3

Br-82

Na-22

Sr-85

Rb-86

Ca-47

Ba-133

Co-58

K-42

Cs-137

4 Results
The breakthrough curves were re-calculated in order to eliminate possible calibration
errors. No other modifications are introduced. Surface sorption is not included in these
calculations, it is added later in the discussion.

Evaluation of the STT1a Sorbing Tracer Tests

Figure 3b-35 shows the times for 50% of the injected tracer. The figures show the
values for the 5%, 50% (median) and 95% percentiles for the set of simulations done.
50 realisations were carried out in each case.

Evaluation of the STT1b Sorbing Tracer Tests

Figure 3b-36 show the results for 50% of the injected tracer. Values for the 5%,
50% (median) and 95% percentiles for the set of simulations done are also shown.
50 realisations were carried out.

Evaluation of the STT2 Sorbing Tracer Tests

Figure 3b-37 show the results for 50% of the injected tracer. Values for the 5,
50 (median) and 95% percentiles for the set of prediction done are also shown.
50 realisations were carried out.
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Figure 3b-35. Breakthrough times for 50% of the injected tracer. The figure shows 5%, 50% and 95%
percentile levels for the simulated results. The experimental results are also shown.
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Figure 3b-36. Breakthrough times for 50% of the injected tracer. The figure shows 5%, 50% and 95%
percentile levels for the simulated results. The experimental results are also shown.
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Figure 3b-37. Breakthrough times for 50% of the injected tracer. The figure shows 5%, 50% and 95%
percentile levels for the simulated results. The experimental results are also shown.

5 Discussion and conclusions

In the simulations reported, it is found that the predicted residence times for the sorbing
tracer are shorter than the experimental ones. As shown in Equation (2), the retardation
caused by the sorption within the matrix is determined by the following term

L-W

Q
(3)

According to the results, G should be about 30 times larger in order to match the
experiments. This means that the sorption or diffusion would be about 900 times higher.
The same effect could be observed if the water flow rate in the fractures/channels is
lowered by a factor of 30. It is most probable that several factors are acting simul-
taneously. For example, the diffusion and sorption are higher, the tracers are transported
through pathways with smaller flow rates and they are sorbed on the fracture surface,
filling material, rock fragments. A discussion of these processes follows.

Impact of greater diffusion and sorption

Weathering of the rock adjacent to the fracture can increase the porosity of this region
and increase its diffusivity. The duration of these tracer tests is quite short, meaning that
only the rock close to the fracture is involved in diffusion/sorption. Values of porosity
in the 0.02-0.03 range are estimated for the part of the altered rim zone which is acces-
sible for the tracers over the time scales of the in-situ experiments /Winberg et al.,
2000/. An increase in the porosity by a factor of 10 may increase the formation factor by
a factor of between 10-20. This means diffusivity 10-20 times larger than the value
used for the rock mass.
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The data used in the blind predictions are shown in Table 3b-13. At the present, new
site-specific data have been available /Byegard et al., 1998/. Aspo diorite and Fine-
grained granite were used in batch experiments. Material from the Feature A included
mylonite, altered Aspo diorite and altered fine-grained granite.

The times for experiments were however too short. Soiption constants determined under
these conditions may be much lower than the actual value, since equilibrium is far from
being reached. Therefore, the obtained sorption constants will be corrected. In the calcu-
lations, it is assumed that the particles are spherical and the diffusion coefficient is taken
from Byegard et al. /1998/. The new values for the sorption constant of the Aspo diorite
are in the interval 0.3-1.1 mVkg, for Fine-grained granite they were about 0.07 m'Vkg.
For material from Feature A, the values are in the interval, 0.01 to 0.60 mVkg.

In order to address the impact of a higher sorption on the breakthrough times, a value of
0.40 m'Vkg is chosen for the sorption constant of caesium. Similar analyses are applied
to the other species. A summary of these data is given in Table 3b-14. The breakthrough
times for both cases, with and without sorption on the fracture surface, are shown in
Figure 3b-38. They show that, even if a larger value for the soiption constant is chosen,
the experimental breakthrough times are not obtained for Sr, Ba and Cs.

Table 3b-14. Values experimentally determined for material from Feature A /Byegard et
al., 1998/and estimated values.

Species

Na*

sr2

Rb*

Ca t2

Ba*2

Cs+

Kd used in

predictions
mVkg

1.4x10"6

4.7x10s

0.4x103

5.2x10"6

0.2x10"3

6.0x10"3

New Kddata

mVkg

< 0.10-0.20x10'3

< 0.10-0.40x10'3

0.9-2.0x10"3

< 0.7x10"3

0.4-1.8x10"3

1-11x10'3

"Large" K d

mVkg

0.03x103

0.10x10"3

8x10"3

0.05x103

5x103

400x10"3

Impact of an uneven flow distribution

The hydraulic characteristics of Feature A are quite heterogeneous. The transmissivities
at the locations where the boreholes meet the fracture are in the interval 5.9E-9 to
2.1E-7, a ratio of about 35 between the largest and the lowest values. The transmissi-
vities and the drawdowns measured in the STTlb tracer test are shown in Table 3b-15.
A schematic picture of the location of the different sections at the Feature A is shown
in Figure 3b-39. In these tracer tests, the section KXTT3-R2 was used as extraction
section and the tracers were injected at sections KXTT4-R3 and KXTT1-R2. The
section KXTT3-R2 is hydraulically well connected with section KXTT2-R2. However,
the connections with the sections KXTT1-R2 and KXTT4-R3 are not good. Based in
this and the irregular drawdowns, an uneven flow distribution in Feature A may be
expected.
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Figure 3b-39. Schematic picture showing the locations of the borehole sections at Feature A.
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Table 3b-15. Hydraulic data for Feature A.

Borehole

Transmissivity, m2/s

Drawdown, m

KXTT1

8.3E-9

2.0

KXTT2

5.9E-9

5.4

KXTT3

2.1 E-7

6.7

KXTT4

1.8E-8

1.3

KA3005

2.7E-8

1.2

Moreover, the water residence times of these tests are about 10 hours. Considering a
distance between injection and extraction hole of about 5 metres and an extraction flow
rate of 0.4 1/min, the mean fracture aperture required to fit the travel time is

8m -3 .0 mm

It is very improbable that such a large fracture aperture exists over an extent of 10 m.
The most probable situation is an uneven flow distribution with a small fraction of
water flowing through the injection sections. In order to match the experimental
breakthrough times the flow in the injection zones would be reduced by a factor of 30.

Sorption in the fracture

In many situations, the fractures are not clean. In addition to the coating material, other
material may be found in the fracture plane, small rock fragments, fault gouge and
filling material (e.g., clays). The tracer transported in the fracture may then be sorbed
onto these materials. A large surface sorption may be due to a larger available surface
for sorption; e.g. sorption on gouge, sorption on filling material or the existence of
several parallel fractures.

The sorption on the fracture surface or on filling material is usually a fast reaction and
for many situations may be considered to be instantaneous. In this case, the shape of the
breakthrough curve is kept constant. It is only translated in the direction of longer times
(see Figure 3b-40). Figure 3b-40 shows breakthrough curves for the caesium tracer in
STTla when the effect of surface sorption has been increased 10 and 20 times. There-
fore, surface sorption (instantaneous) can not explain the larger retardation observed in
the tracer tests. In order to explain the longer breakthrough times by sorption onto these
materials, slow kinetics is required. A similar effect may be found if the sorption occurs
within particles with a size larger than a few millimetres.

Diffusion into the stagnant water

Since the injection is carried out without over-pressure, it is expected that the tracer
transport from the injection to the extraction hole takes place through one or a few
paths. In addition to diffusion into the rock matrix, the tracer in the fracture may diffuse
into the stagnant water in the fracture plane. This effect is important for narrow paths
and large fracture apertures. Neretnieks /2000/ showed that if the tracer is transport by
several channels a significant retardation is obtained.
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Impact of surface sorption

In the simulations shown above, surface sorption was not included. To test the impact of
surface sorption, simulations were performed for sorption within the matrix and on the
fracture surface acting separately and for both mechanisms acting simultaneously. The
results are for the tracer test STTlb and are shown in Figure 3b-41.

For sodium, the simulated breakthrough times are very similar to the values obtained for
non-sorbing species due to its very small sorption. For rubidium the simulated break-
through times are very short if compared with the experimental values. Surface sorption
is important in this case, but it is not enough to explain the experimental retardation.

For strontium and potassium the experimental breakthrough times are about three times
longer than the modelled times. Finally for cobalt the breakthrough times are very long,
29% of the tracer is recovered after 3 600 hours. For this reason the arrival times for the
5% of the tracer are compared. The simulated breakthrough times are very short if com-
pared with the experimental ones.

Conclusions

It is concluded that the longer experimental times may be caused by several factors
acting simultaneously:

• Higher diffusion/sorption in the rock close to the fracture. New data /Byegard et al.,
1998/ show higher sorption is higher than the values initially obtained.
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• Tracer are transported by a smaller water flow rate. This is supported by the
drawdowns, hydraulic connections and the large fracture aperture needed to fit
residence time.

• Sorption in the fracture surface, filling material, or fault gouge. Some kinetic effect
or diffusion resistances are needed to match the breakthrough curves.

• Diffusion into stagnant water may be important if the transport paths are narrow and
the fracture aperture large.
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