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Abstract. [n situ diffusion experiments have been performed at underground research
laboratories to overcome the limitations of laboratory diffusion experiments. The diffusion
and retention (DR) experiments are long-term, natural-scale, in situ experiments performed in
the anisotropic Opalinus Clay Formation at Mont Terri, Switzerland. Dilution data are
monitored at the injection interval and overcoring data will be measured at samples around
the injection interval at the end of the experiment during overcoring. Interpretation of DR
experiments is complicated by the non-ideal effects caused by the sintered filter, the gap
between the filter and the borehole wall and the excavation disturbed zone (EdZ). Their
impact on parameter estimates has been evaluated with numerical sensitivity analyses and
synthetic experiments having the same geometry and parameters as the real DR experiments.
Dimensionless sensitivities of tracer concentrations in the injection interval and along the
overcoring profiles have been computed numerically. They have been used to identify the
tracer parameters that can be best estimated from tracer dilution and overcoring data.
Sensitivities of tracer dilution data change with time and those of overcoring concentrations
along the bedding are different than those along profiles normal to the bedding.
Concentrations along overcoring profiles are sensitive to the effective diffusion coefficient
normal to the bedding. Synthetic experiments generated with prescribed known parameters
have been interpreted automatically with INVERSE-CORE?® and used to evaluate the
relevance of non-ideal effects and ascertain parameter identifiability in the presence of

random errors for HTO and ?*Na’. Model results show that it is difficult to estimate the
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parameters of the undisturbed clay when tracer dilution data contain noise. The convergence
of the estimation algorithm improves when the starting values are smaller than the true
parameters. Although the parameters of the undisturbed clay and the EdZ cannot be estimated
using tracer dilution data, their joint estimation from overcoring noisy data is possible for
standard deviations up to 0.05. Large estimation errors in the parameters of the undisturbed
clay and poor fits are obtained when the assumption about the existence of EdZ is incorrect.
The effective diffusion coefficient of the filter is a key parameter for the interpretation of the
experiments. Small errors in the volume of the circulation system do not affect the estimates
of the component of the effective diffusion of undisturbed clay parallel to bedding. The
proper interpretation of in situ DR experiments requires accounting for the filter and the EdZ.
Overcoring data allow a more accurate estimation of the parameters of the undisturbed clay
than the tracer dilution data.

Key words: diffusion, sorption, numerical model, dimensionless sensitivity, identifiability

analysis, tritium, sodium, DR experiment, CORE

1. Introduction

In situ diffusion experiments have been performed at underground research
laboratories (URL) in clay formations to overcome the limitations of laboratory diffusion
experiments and to investigate possible scale effects. Such experiments have been performed
in Opalinus Clay in Switzerland (Palut ez al., 2003; Tevissen et al., 2004; Wersin et al., 2004;
van Loon et al., 2004; Yllera et al., 2004; Samper et al., 2006a; Soler et al., 2008) and
Callovo-Oxfordian clay, C-Ox, at Bure in France (Dewonck, 2007; Samper et al., 2008a).

The experimental program that is being carried out in the Mont Terri URL
(Switzerland) aims at investigating the hydrogeological, geochemical and rock mechanical
properties of the Opalinus Clay. The ongoing in situ diffusion and retention (DR) experiment
is designed to study the transport and retention properties of the Opalinus Clay Formation.

Opalinus Clay exhibits significant diffusion anisotropy due to stratification. The interpretation
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of in situ diffusion experiments is complicated by several non-ideal effects caused by the
presence of the sintered filter, the gap between the filter and the borehole wall and the
excavation disturbed zone, EdZ (Samper et al., 2008a). Samper et al. (2008a) evaluated the
relevance of such non-ideal effects and their impact on estimated clay parameters with
numerical sensitivity analyses and synthetic experiments for DIR diffusion experiments at the
Bure URL on C-Ox clay. They found that DIR experiments can be interpreted with a simple
1D axisymmetric model because tracer dilution curves are not sensitive to diffusion
anisotropy. They computed numerical normalized sensitivities of tracer concentrations at the
injection interval for several tracers using a time average sensitivity. They found tracer
concentrations to be sensitive to all key parameters. Sensitivities were tracer dependent. They
analyzed the identifiability of the parameters for HTO and *°Cl from tracer dilution data. They
found that data noise makes difficult the estimation of clay parameters. Parameters of clay
and EdZ cannot be estimated simultaneously when the data contain noise. Models without an
EdZ fail to reproduce synthetic data. The proper interpretation of in situ diffusion experiments
requires accounting for filter, gap and EdZ. Estimates of the effective diffusion coefficient
and of the porosity of clay are highly correlated, indicating that these parameters cannot be
estimated simultaneously. Accurate estimation of D, values and porosities of clay and EdZ is
only possible when the standard deviation of random noise is less than 0.01. Small errors in
volume of the circulation system do not affect clay parameter estimates.

Here we present a thorough full sensitivity analysis for the DR diffusion experiments
performed on Opalinus clay which exhibits a diffusion anisotropy larger than that of C-Ox
clay. Our analysis covers not only the sensitivities of tracer dilution data but also the
sensitivities of tracer concentrations along overcoring profiles. We extend the analysis of
Samper et al. (2008a) by performing the identifiability analysis for HTO and *Na’ by using
tracer dilution and overcoring data. We also address the estimation of the two main

components of the effective diffusion parallel and normal to the bedding.
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The paper starts by describing the DR experiments. Then, numerical methods for their
interpretation are presented. A systematic sensitivity analysis performed in terms of
dimensionless sensitivities is also presented. Then, the identifiability analysis of HTO and
22Na* diffusion and sorption parameters from synthetic diffusion experiments is described.
Finally, the main conclusions and their relevance for the interpretation of real DR experiments

are presented.

2. DR experiments at Mont Terri

The idea for the DR experiment is similar to that of previous in situ diffusion
experiments such as the DI-A (Wersin et al., 2004; van Loon et al., 2004) and DI-B (Yllera et
al., 2004; Samper et al., 2006a; Soler et al., 2008) in the Opalinus clay and DIR experiments
in Callovo-Oxfordian clay (Dewonck, 2007; Samper et al., 2008a). The concept, however, has
been optimized to determine in situ the diffusion anisotropy. The length of the injection
intervals is shorter than that of previous experiments. The experimental time is as long as that
needed to achieve transport distances larger than the injection interval for conservative

tracers, so that diffusion anisotropy can be determined.

The experiment is located in a borehole of the DR niche at the Mont Terri URL. The
borehole was drilled at an angle of 45° with respect to the tunnel bottom so that it is normal to
the bedding. Three test intervals were isolated by packers. The interval at the bottom serves as
an auxiliary interval for the observation of the hydraulic pressure during the experiment.
Tracer cocktails were injected into the upper two intervals. Each injection interval is
connected to the surface equipment which includes a reservoir tank of 20 L. The fluid
circulates continuously to ensure that the tank water and the downhole water are always well

mixed.
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The tracers added at the upper interval include: ®°Co*?, 1¥’Cs*, 3*Ba*?, ?Eu™?, Eu™ and
HDO. In the lower interval the following tracers were injected: HTO, *’Na*, 33Sr*?, I" (stable),
Br (stable), 7°Se™®, Cs™ and '®0. Tracer concentrations and activities in the water of the
circulation system are monitored by taking water samples at regular intervals in sampling
vials. In addition, y-emitter tracers (all radioactive tracers but HTO) are monitored on line in
both circuits with an online y-counting technique which was successfully tested in the DI-A
experiment. At the end of the experiment the rock around the injection intervals will be
overcored and tracer distribution profiles will be measured. The time evolution of the tracer
concentrations in the two injection systems denoted here as “tracer dilution data” and the
tracer profiles in the rock after overcoring (“overcoring data’) will be used to derive tracer

diffusion and retention parameters.

3. Numerical interpretation

3.1. Solute transport equation

The transport equation for a tracer which diffuses through a low permeability medium is
given by (Bear, 1972):

v-(ﬁe-vC)za@ (1)
ot

where c is the tracer concentration, t is time, o is the the capacity factor which is given by:
a= ¢acc +p Kd

2)

@, 1s the accessible porosity which is equal to the total porosity if the tracer is not affected

by anion exclusion, Kq is the distribution coefficient, and p is the bulk density. D, is the

effective diffusion tensor which in a coordinate system defined along the bedding planes is

given by
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D,y 0 0
0 0 D,

where D¢/ and Del are the components of the effective diffusion tensor parallel and normal to
the bedding, respectively.

3.2. Numerical models

Numerical interpretation of DR experiments requires the use of 3D models due to the
diffusion anisotropy. However, symmetry with respect to the borehole axis allows the use of
2D axi-symmetric models. The left-hand-side boundary of the domain corresponds to the
borehole axis. All outer boundaries of the model domain are no-flux boundaries. The
following five material zones were considered in the DR model: the injection interval, the 3
mm thick Teflon filter, the 2 mm gap, the EdZ which has a thickness of 20 mm and the

undisturbed Opalinus Clay.

Prior estimates of the effective diffusion coefficient, distribution coefficient and
accessible porosity for undisturbed Opalinus Clay were derived from available laboratory
experiments results or field experiments (Table 1). An anisotropy ratio of 4.0 was considered
(van Loon et al., 2004). The effective diffusion coefficient and the capacity factor, a, of
different tracers in porous teflon filters were measured by van Loon and Glaus (2008) using a
through-diffusion method. They found that the effective diffusion coefficient in the filter is
approximately equal to 10% of the diffusion coefficient in free water. Effective diffusion
coefficients for other materials were derived from those of undisturbed clay by using Archie’s
law with an exponent equal to 4/3. The filter porosity is 0.3 (Fierz, 2006; Dewonck, 2007).
On the other hand, porosities of EdZ and gap are unknown. As an educated guess, the
porosity of the EdZ was assumed to be twice that of the undisturbed clay while the porosity of
the gap was assumed to be 0.6. The undisturbed clay and the EdZ are assumed to have the

same distribution coefficient. No sorption takes place in the filter and the gap.
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The Gauss-Newton-Levenberg-Marquardt method has been used to minimize the
objective function in using the inverse code INVERSE-CORE?" (Dai and Samper, 2004).
This code can estimate flow and transport parameters and provides statistical measures of
goodness-of-fit as well as parameter uncertainties by computing the covariance and
correlation matrices, the eigenvalues and approximate confidence intervals (Garcia-Gutiérrez
et al., 2001; Dai and Samper, 2004; Dai and Samper, 2006; Dai et al., 2006; Samper et al.,
2006b). Details of the application of INVERSE-CORE?P to the estimation of parameters in

diffusion experiments can be found in Samper et al. (2008a; 2008b).

4. Sensitivity analysis
4.1. Sensitivity runs

A model always entails simplifications of the real system. Model results depend on
parameters that may contain uncertainties. Since parameter estimation errors are related to
sensitivities of the computed concentrations to changes in the parameter, a detailed sensitivity
analysis was performed to identify the key parameters. Sensitivities for a given tracer were
computed for the dilution data at the injection interval and overcoring data in 2 profiles
parallel to the bedding and 4 profiles normal to the bedding (Figure 1). Sensitivity runs were
performed by changing one-at-a-time the following parameters within prescribed ranges: 1)
The effective diffusion coefficients of the filter and the gap; 2) The main components of the
effective diffusion parallel and perpendicular to the bedding, D., and D.L, for the EdZ and the
undisturbed clay formation; 3) The accessible porosity of the gap, the EdZ and the
undisturbed clay; 4) The distribution coefficient, 5) The thickness of the EdZ and 6) The
volume of water in the circulation system.
4.2. Definition of relative sensitivities

Tracer concentrations, ¢, are normalized to their initial values, co. Relative

concentrations, C, are defined as C = ¢/co.
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Since model parameters have different units and vary over different ranges of values,

their sensitivities cannot be compared directly. In order to compare sensitivities of

concentrations to changes in different parameters, relative sensitivities, RS, have been
computed according to:

RS = AC 4)
AP
where AC is the average change in computed concentrations produced by the change in the
parameters, and AP is the relative change in the parameters,
oy [P
AP(%) =——x100 (5)
b

where Py is the value of the parameter in the base run and Ps is the value in the sensitivity run.

Relative sensitivities change with time in the injection interval and vary over space for

the overcoring data. Average values of the relative sensitivity, RS , have been computed from

the average changes in concentrations AC according to

(6)

Average changes in computed concentrations at the injection interval, AC, , are
calculated from:

_ 1 T
ACq =¥j0 C,—C. ldt

(7)

where T is the time period over which sensitivities are calculated, Cy and Cs are computed
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concentrations in the base and sensitivity runs, respectively and | | denotes the absolute value.

This method to compute sensitivities is more systematic than that used by Samper et al. (200
8a) for the sensitivities of the DIR experiments who simply computed the arithmetic average

of sensitivities at arbitrary times.
Average changes in computed concentrations of overcoring data along profiles normal

and parallel to the bedding, AC, and AC, are calculated according to:

— 1 Ve 1 fL

AC., :ano C,—C. dvzfjo C,—C,|dz (8)
2 7 1 Vp _ 2 Ro
Acp ZVPJAO Cb—Cs dv_mj& Cb—CS r dr 9)

For the profile normal to the bedding, z is the coordinate along the profile, L is the total length
of the profile which is defined as the interval in which computed concentrations are above a
threshold of 0.01% of the maximum concentration in such profile. For the profile parallel to
the bedding, r is the coordinate along the profile, R; and R, are the inner and outer radii. The
outer radius, R,, is the radial distance at which the concentration is above a prescribed

threshold of 0.01% the maximum concentration along such profile.

It should be noticed that the average relative sensitivities are dimensionless. Therefore,
the relative sensitivities of different parameters can be compared directly for dilution and

overcoring data.

4.3. Results
Relative sensitivities for dilution data at the injection interval after 3.6 years are listed in
Table 2. Sensitivities for overcoring data along profile II are listed in Table 3 while those of

overcoring data along profile III are listed in Table 4.
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Changes in the thickness of the EdZ and the volume of the circulation system, V, affect
significantly tracer concentrations both at the injection interval and in most of the studied
overcoring profiles. Therefore, both parameters are key factors for tracer diffusion and
sorption in the DR experiments.

Sensitivities to diffusion and sorption parameters are different for different tracers.
Conservative tracers are more sensitive to D./ and @®acc of the undisturbed clay and the EdZ.
Weakly-sorbing tracers, however, are more sensitive to the D,/ of the filter and the EdZ, the
K4 and the D,/ of the undisturbed clay. Stongly-sorbing tracers are most sensitive to the D. of
the filter, the K4 and the D, of the EdZ. Strongly-sorbing tracers lack sensitivities to changes
in the parameters of the undisturbed clay.

Changes in the parameters of the gap do not affect tracer concentrations neither at the
injection interval nor in overcoring profiles for all of the tracers. Therefore, uncertainties in
the parameters of the gap do not affect significantly the interpretation of the DR experiment.

Relative sensitivities for Br~ and I" of dilution data are generally smaller than those of
other tracers, indicating that the parameters of Br™ and I" are the most difficult to estimate from
dilution data. Something similar happens for the relative sensitivities of strongly-sorbing
tracers along overcoring profiles. Therefore, it can be concluded that it may be difficult to
estimate the parameters of strongly-sorbing tracers from overcoring data.

Figure 2 shows that the concentrations of 2’Na’ at the injection interval are very
sensitive to changes in the D, of the filter. They are less sensitive to the D¢/ of the EdZ and
the undisturbed clay for the early times while are opposite for the late times. The times at
which curves are sensitive to changes in D, are firstly for the filter, then for the EdZ and
finally for the undisturbed clay. This conclusion is similar to the sensitivities found by
Samper et al. (2008a) for the DIR experiments.

Sensitivities of the tracer concentrations to changes in parameters vary with time. Figure

3 shows the time evolution of the relative sensitivities for HTO. It can be seen that HTO
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concentrations are most sensitive to changes in the D, of the filter, the D., and the @, of the
EdZ during the first 100 days. After 100 days, concentrations are most sensitive to changes in
D.; of undisturbed clay and EdZ. ?>Na‘ concentrations, however, are most sensitive to
changes in the D. of the filter and the D.;, of EdZ during the first 100 days. Between 100 to
400 days, sensitivities to changes in the K; and the D¢, of undisturbed clay become relevant
and concentrations are most sensitive to the D.; of the undisturbed clay after 400 days (Figure
4). The time evolution of the relative sensitivities for strongly-sorbing tracers is shown in
Figure 5. It can be seen that the concentrations of Cs* are most sensitive to changes in the D,
of the filter and the volume of the circulation system. Relative sensitivities to changes in the
K4 and the D, of the EdZ increase before 700 days and then decrease slightly with time.

The sensitivities of overcoring data along profiles contain information which is
complementary to that provided by dilution data at the injection interval. For instance,
overcoring data are sensitive to changes in the D.L of the undisturbed clay for HTO and Br in
all the profiles (Figure 6 and 7). The concentrations of the sorbing tracers along profiles I are
slightly sensitive to changes in the D.L of the EdZ. However, tracer dilution data lack
sensitivity to the D.L of the undisturbed clay.

Relative sensitivities along overcoring profiles are also tracer dependent and vary
between different profiles (see Tables 3 and 4). The largest sensitivities are obtained along
radial profiles (profiles I and II) and the vertical profiles located closer to the injection interval
(profiles III and IV). Sensitivities for conservative tracers are larger than those of sorbing

tracers because the latter penetrate less into the clay formation.

5. Identifiability analysis
5.1 Methodology
Synthetic experiments are often used to study parameter identifiability and parameter

uncertainties. Synthetic diffusion experiments having the same geometric properties as real
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experiments have been simulated numerically for reference values of diffusion and sorption
parameters. Synthetic concentration data have then been used to estimate parameters. Since
true values are known, one can clearly identify which parameters can be estimated and how
reliable these estimates really are.

The procedure for performing the identifiably study with synthetic data involves the
following steps: 1) Generating synthetic data from a forward run of the numerical model; 2)
Adding multiplicative random noise to synthetic data with increasing standard deviations, o,
ranging from 0 to 0.1, a range includes the values of o of the measured data in DR
experiments; 3) Estimating key diffusion parameters from noisy synthetic data in several
stages, starting first with the estimation of D.,, accessible porosity or the Kg of the
undisturbed clay, followed by the estimation of the EdZ parameters and ending with the joint
estimation of all parameters; 4) Evaluating the effect of the uncertainties in the existence and
thickness of the EdZ, the volume of water in the injection system, V, and the D. of the filter.
There is no need to evaluate the uncertainties in the parameters of the gap because the
sensitivity analysis indicates that gap parameters do not play a major role on the DR
experiments.

Parameter identifiabily analyses have been performed with synthetic dilution and
overcoring data. Nineteen synthetic dilution data are generated at the same times as the real
experiments. Synthetic overcoring data are generated under two assumptions: 1) Ten data

along profile II (one datum per cm) and 2) Fourty-two data along profiles I and II.

5.2 Results for HTO
Table 5 summarizes the results of the identifiability analysis for HTO. Estimation runs
have been performed considering different initial starting values of the parameters and

increasing values of G.
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When only clay D,/ is estimated, estimated values are close to the true value (5.0-10°!!
m?/s) even for 6 = 0.05. It can be seen that noise in the HTO data introduces biases in D./
estimates which for ¢ = 0.05 is 17.8% for the inverse run performed with dilution data and
6.4% for that performed with overcoring data in profile II.

On the other hand, poor estimates of D, and @, of the undisturbed clay are obtained
for noisy dilution data when they are estimated simultaneously because D., and @Puc. are
highly correlated (p = -0.99). However, acceptable estimates of D., and @, are obtained
simultaneously from noisy overcoring data along profile II even for ¢ = 0.05. Since tracer
concentrations along overcoring profiles are more sensitive to changes in @, than to dilution
data, @, of HTO can be estimated with overcoring data better than with dilution data.
Similar conclusions can be drawn when the D., and D.L of the undisturbed clay are estimated
simultaneously. These parameters cannot be estimated simultaneously with noisy dilution
data. However, their estimation errors are small when they are estimated from noisy
overcoring data along profile II even for ¢ = 0.05.

Dey, Det and @ye. of the undisturbed clay and the D., of the EdZ can be estimated
simultaneously from noisy overcoring data along profile II even for ¢ = 0.05. However,
parameter estimates depend on the initial starting values. The joint estimation of these
parameters from dilution data is only possible with noise-free data.

Several runs were performed by assuming no EdZ (see Table 6). No acceptable
estimates were obtained in this case. Since the D., of the EdZ is larger than that of the
undisturbed clay, the estimated values of the D., of the clay are larger than the reference
values when the thickness of the EdZ is 0. Clearly, synthetic data cannot be fit with a model
which disregards the EdZ for inverse runs with either dilution or overcoring data (Figure 8).

Uncertainties caused by possible errors in the volume of water in the injection system,
V, have been evaluated by estimating clay diffusion parameter with a volume 10% smaller

than the true value of V. The error in V does not have a large effect on the estimate of the De/
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of the undisturbed clay but introduces a marked bias in the estimate of the clay porosity,
especially in the inverse runs performed with dilution data (see Table 6). Clearly, the effect of
the uncertainties in V on parameter estimates from dilution data is larger than from overcoring
data.

If the D, of the filter is taken to be twice its reference value, an optimum fit is achieved
with a clay porosity slightly smaller than the true value and a D., of the undisturbed clay
slightly larger than the reference value when these parameters are estimated from dilution
data. Acceptable estimates of the parameters of the undisturbed clay are obtained from
overcoring data even for o = 0.05. The best fit in this case is shown in Figure 8.

The number of synthetic data has a significant effect on the estimates of the parameters
of the undisturbed clay. Such an effect has been evaluated by estimating the parameters of the
undisturbed clay for the following 3 cases: 1) 10 data along profile II, 2) 10 data along
profiles I and II, respectively and 3) 20 data along profiles I and II, respectively. Model
results indicate that the estimation errors are smallest for case 3. Figure 9 shows the
comparison of the estimation errors of clay porosity for the three cases. It can be seen that for
o = 0.1, the estimation errors of @... in cases 1 and case 2 are 12.3 and 5.1 times larger than

that in case 3.

5.3 Results for ’Na*

The identifiability analysis for ?2Na* has been performed in a manner similar to that of
HTO. Parameter estimation results are summarized in Table 7. The D., and K, of >*Na" in the
undisturbed clay can be estimated properly even for ¢ = 0.1 when the rest parameters are
perfectly known. Parameter estimation errors from overcoring synthetic data are smaller than
those from dilution synthetic data (Figure 10). The estimates of the D., and the K4 of the
undisturbed clay from dilution data depend on the initial values. They can be estimated only

for 6 < 0.02 because they are strongly correlated (p = -0.95). The D., and Ks of the
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undisturbed clay can be estimated from noisy overcoring data even for ¢ = 0.05. In this case

their correlation coefficient is equal to 0.57.

The joint estimation of the D.y, D.L and Ks of the undisturbed clay is only possible
when dilution data are free of noise. However, they can be estimated simultaneously with
from noisy overcoring data even for o = 0.1. Data noise affects the estimate of the D.L more

strongly than to the estimates of D., and Ky of the undisturbed clay.

When the D., of undisturbed clay, the D., of the EdZ and the K, are estimated
simultaneously from dilution data, parameter estimates are poor and depend on the initial
values. Acceptable estimates are obtained for ¢ < 0.01 with initial values smaller than the true
values even though the D,/ of the undisturbed clay and the EdZ are highly correlated (p = -
0.96). In the inverse runs performed with overcoring data, however, the D., and the D.L of the
undisturbed clay, the D, of the EdZ and the K, can be estimated simultaneously even for ¢ =
0.1. Therefore, the effect of data noise on parameter estimates is much stronger on dilution

data than on overcoring data.

The parameters of the undisturbed clay (Des, DeL and K,) cannot be estimated
simultaneously when the EdZ is disregarded. Poor estimates are obtained (see Table 8). The
fit to the data is poor. Figure 12 shows the fit to overcoring data in this case. Therefore, the
uncertainty in the existence of the EdZ has a large effect on the estimates of the parameters of

the undisturbed clay.

A decrease of 10% in V leads to estimation errors for 6 = 0. The best fit in this case is
shown in Figure 11 for the dilution data. Uncertainties in V affect the estimate of K4 more
strongly than the estimates of the D., and the Dc1 of the undisturbed clay. Parameter estimates
obtained from overcoring data contain less error than those obtained from dilution data.
Estimation errors from overcoring data are 13.4% for Ky, 10.4% for D., of the clay and 4.0%

for the D.L of the clay.
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Identifiability runs performed using a D. of the filter twice its true value indicate that
parameter estimates deviate from their true values in the inverse runs performed with dilution
data even though the fit to synthetic data is good. Acceptable estimates and good fits to data
(see Figure 12). are obtained in the inverse runs performed with overcoring data (see Table 8).
Therefore, it can be concluded that uncertainties in the D. of the filter affect strongly the
estimates of the parameters of the undisturbed clay when they are derived from dilution data.

Such effect is negligible when overcoring data are used.

6. Conclusions and relevance for real diffusion experiments

The interpretation of the DR diffusion and retention experiments performed at the Mont
Terri on Opalinus clay is complicated by several non-ideal effects caused by the sintered
filter, the gap between the filter and the borehole wall and the EdZ. The relevance of such
non-ideal effects and their impact on estimated clay parameters have been evaluated with
numerical sensitivity analyses and synthetic experiments.

Dimensionless sensitivities of tracer concentrations at the injection interval and 6
profiles in the rock have been computed numerically. Computed concentrations are tracer
dependent, vary with time and are different among different profiles. Contrary to the dilution
data, concentrations along overcoring profiles are sensitive to the effective diffusion
coefficient normal to the bedding. Sensitivities have been used to identify parameters that can
be estimated with less uncertainty.

Synthetic experiments generated with known parameters have been interpreted
automatically with INVERSE-CORE?P and then used to evaluate the relevance of non-ideal
effects and to ascertain parameter identifiability for HTO and ?*Na* in the presence of random
measurement errors. Identifiability analysis of synthetic experiments reveals that data noise
makes the estimation of undisturbed clay parameters difficult. The joint estimation of
undisturbed clay and EdZ parameters with dilution data is only possible when o < 0.01.

However, excellent parameter estimates are obtained simultaneously with the inverse runs
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performed with overcoring data. The diffusion anisotropy can be estimated from overcoring
data but cannot be estimated from dilution data. A model which neglects the EdZ fails to
reproduce the synthetic data. The proper interpretation of the in situ DR experiments requires
accounting for filter and EdZ. Small errors in the volume of the circulation system do not
affect significantly the estimates of the clay parameters. Parameter estimates derived from
overcoring data contain less errors than those obtained from dilution data.

Dimensionless sensitivities for tracer dilution and overcoring data and the conclusions
of the identifiability analysis will be most useful for the calibration and interpretation of the

real DR experiments.
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Table 1. Reference values of diffusion and sorption parameters in different materials for all
the tracers. De// is the effective diffusion parallel to the bedding. The component normal to
the bedding is 4 times smaller than De//. ®acc is the accessible porosity and Kd is the

distribution coefficient.

HTO, Br, 2Na* 133Ba2*, 37Cs*, Cs',
HDO I 85Qr2* 00Co?*
. D, (10'm?/s) 6.27 2.00 8.79 8.79 14
Filter ®,.. 0.30
Ga D, (10'm?/s) 31.7 10.1 44.5 44.5 190
P Do 0.60
Doy (107" m?/s) 12.6 9.3 17.6 17.6 75.6
Dyce 0.30
EDZ Thickness (cm) 3.0
K. (10 m¥kg) 0 0 2.048 13 5500
. Doy (10 'm¥s) 5.0 16 7.0 7.0 30
Undg;‘“bed By 0.15 0.08 0.15 0.15 0.15
y Ko (10*m¥/kg ) 0 0 2.048 13 5500

Table 2. Average relative sensitivities, RS, (defined in Eq. 6) of dilution data at the injection
interval at 3.6 years to changes in the parameters. De, and DL are the effective diffusion
components parallel and normal to the bedding and @, is the accessible porosity.

HTO HDO Br/I 2Na* 133Ba2+ 8582t Cs*

Clay Do) AD:.<0 0.0644 0.0635 0.0235 0.0782 0.0667 0.0596 <0.0001

¢ AD.>0 0.0422 0.0417 0.0160 0.0465 0.0367 0.0323 <0.0001

Clay DL AD:.<0 0.0070 0.0069 0.0022 0.0050 0.0017 0.0015 <0.0001

¢ AD.>0 0.0053 0.0053 0.0017 0.0041 0.0015 0.0013 <0.0001

Clay e AdPa<0 0.0140 0.0138 0.0097 0.0048 0.0011 0.0010 <0.0001

Ada >0 0.0056 0.0056 0.0036 0.0023 0.0005 0.0005 <0.0001

EdZ D) AD:.<0 0.0296 0.0292 0.0152 0.0473 0.0818 0.0743 0.0417

¢ AD.>0 0.0092 0.0090 0.0050 0.0146 0.0266 0.0240 0.0153

EdZ DL AD:.<0 0.0101 0.0099 0.0044 0.0118 0.0105 0.0092 0.0002

¢ AD. >0 0.0077 0.0075 0.0033 0.0088 0.0077 0.0067 0.0002

EdZ ®... A®Pa<0 0.0096 0.0095 0.0109 0.0065 0.0039 0.0035 <0.0001

ace Ada>0 0.0093 0.0092 0.0104 0.0063 0.0038 0.0035 <0.0001

EdZ Athick= -1cm 0.0227 0.0224 0.0105 0.0341 0.0515 0.0465 0.0134

thickness Athick = lcm 0.0092 0.0091 0.0040 0.0136 0.0180 0.0161 <0.0001

Gap D. AD. <0 0.0028 0.0013 0.0016 0.0044 0.0079 0.0072 0.0099

AD. >0 0.0008 0.0008 0.0004 0.0013 0.0023 0.0021 0.0014

Gap Buee Ada<0 0.0010 0.0010 0.0012 0.0007 0.0005 0.0005 <0.0001

Ada >0 0.0005 0.0005 0.0006 0.0004 0.0002 0.0002 <0.0001

Filter D. AD. <0 0.0063 0.0070 0.0020 0.0325 0.0567 0.0772 0.2069

¢ AD. >0 0.0019 0.0019 0.0005 0.0096 0.0168 0.0242 0.0554
Volume of

circulation AV =-10% 0.0133 0.0131 0.0064 0.0186 0.0234 0.0228 0.1642

system
K AK4<0 -- -- - 0.0354 0.0802 0.0728 0.0652
AKq>0 -- -- - 0.0253 0.0489 0.0437 0.0144
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Table 3. Average relative sensitivities, RS, (defined in Eq. 6) of overcoring data along profile II after
3.6 years to changes in the parameters. D.s and D.L are the effective diffusion components parallel and

normal to the bedding and @, is the accessible porosity.

HDO _ ™Ba® __ HTO 2Na® B2 Br/T _ Cs/Co>

Clay Dy AD. <0 0.1052  0.1130  0.1056  0.1024 _ 0.1097 _ 0.1017 _ 0.0004
. AD > 0 0.0485  0.0388  0.0487  0.0388  0.0374  0.0427  0.0008

AD. < 0 0.0291  0.0028  0.0297 _ 0.0198 _ 0.0022 _ 0.0179 _ <0.0001

Clay Dot AD. >0 0.0157 00036  0.0159  0.0146 00032  0.0110  <0.0001
Clay B ADa<0 0.0833  0.0037 _ 0.0832  0.0139 _ 00037 _ 0.1129 _ <0.0001
Ada >0 0.0497  0.0036  0.0496  0.0168 00036  0.0558  <0.0001

AD. < 0 0.0176  0.0313  0.0176  0.0251 _ 0.0301 _ 0.0329 _ 0.0068

EdZ Dy AD, > 0 0.0056  0.0087  0.0056  0.0069 00084  0.0061  0.0073
. AD. < 0 00021 00036 _ 0.0017 _ 0.0026 _ 0.0032 _ 0.0011 _ <0.0001
e AD. >0 0.0013 00029 00013 00023 00027  0.0007  <0.0001
— ADa<0 00021 00011 _ 0.0022 _ 0.0017 _ 0.0011 _ 0.0026 _ <0.0001
Ada >0 00021 00011  0.0055  0.0010  0.0032  0.0076  <0.0001

EdZ Athick=-lem _ 0.0132  0.0219  0.0131 _ 0.0143 _ 0.0211 __ 0.0125 _ 0.0066

thickness  Athick=1cm  0.0112  0.0206  0.0111  0.0141  0.0198  0.0115  0.0011
Gap D, AD. < 0 00014 00014 00012 _ 0.0014 _ 0.0013 _ 0.0014  <0.0001
e AD. > 0 0.0004 00003  0.0004  0.0003  0.0003  0.0004  <0.0001

Gap @ ADa <0 0.0002 00002 _ 0.0002 _ 00002 _ 0.0002 _ 0.0002 _ <0.0001
Ada > 0 0.0002 00002  0.0002 00002  0.0002  0.0002  <0.0001

Filier D AD. < 0 0.0037 _ 0.0132 00030 _ 0.0114 _ 0.0195 _ 0.0017 _ 0.0020
AD. > 0 0.0009 00031  0.0009  0.0033  0.0051  0.0005  0.0014

Volume of

circulation AV =-10% 0.0211 0.0598 0.0215 0.0436 0.0560 0.0078 0.0147
system

AK4<0 -- 0.0796 -- 0.0355 0.0598 -- 0.0252

Ka AK4>0 -- 0.0491 -- 0.0405 0.0481 -- 0.0086
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Figure 1. Location of the six types of profiles along which the sensitivities of overcoring data are

calculated.

1.0 s

/
/

N \‘
0.9 \\

C/Co

0.8 \\
— base run A
\

—0.5 De of filter

07 .-~ 0.5 De// of EdZ \
— - 0.5 De// of undisturbed clay
0.6
0.1 1 10 100 1000 10000

Time (days)

Figure 2. Sensitivity of the concentrations of **Na* at the injection interval to changes in the D, of the
filter, the D, of the EdZ and the undisturbed clay. The times at which tracer concentrations start to be

sensitive are different for each parameter.
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Figure 3. Time evolution of the computed relative sensitivities at the injection interval for HTO.

Curves are shown only for the most sensitive parameters.
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Figure 4. Time evolution of the computed relative sensitivities at the injection interval for »?Na”.

Curves are shown only for the most sensitive parameters.
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Figure 5. Time evolution of the computed relative sensitivities at the injection interval for Cs*. Curves

are shown only for the most sensitive parameters.
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Figure 6. Sensitivity of the concentrations along profile I to changes in the D.L of the undisturbed
clay.
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Figure 7. Sensitivity of the concentrations along profile IV to changes in the DL of the undisturbed

clay.
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Figure 8. Best fits to HTO noise-free synthetic overcoring data for the inverse runs: 1) with a D, of the

filter twice its true value and 2) No EdZ.
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Figure 9. Estimation errors of @, for HTO versus the standard deviation of the synthetic data when
the D., and @, of the undisturbed clay are estimated simultaneously. P is estimated value of the

parameter and Py, is the true value of the parameter.
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Figure 10. Estimation errors of K, for Na* versus the standard deviation of the synthetic data when

only Ky is estimated. P is estimated value of the parameter and Py is the true value of the parameter.

Estimation errors of K, are much smaller from overcoring data than from dilution data.
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Figure 11. Best fits to ?Na’ noise-free synthetic dilution data for the inverse runs: 1) With De of the

filter twice its true values; and 2) 10% smaller volume of water in the circulation system.
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Figure 12. Best fits to 2*Na* noise-free synthetic overcoring data for the inverse runs: 1) With

D. of the filter twice its true values; and 2) no EdZ.
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