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Abstract

Traditional laboratory diffusion experiments in rock material are time consuming, and
quite small samples are generally used. Electrical conductivity measurements, on the
other hand, provide a fast means for examining transport properties in rock and allow
measurements on larger samples as well. Laboratory measurements using electrical
conductivity give results that compare well to those from traditional diffusion
experiments.

The measurement of the electrical resistivity in the rock surrounding a borehole is a
standard method for the detection of water conducting fractures. If these data could be
correlated to matrix diffusion properties, in-situ diffusion data from large areas could be
obtained. This would be valuable because it would make it possible to obtain data very
early in future investigations of potentially suitable sites for a repository.

This study compares laboratory electrical conductivity measurements with in-situ
resistivity measurements from a borehole at Aspo. The laboratory samples consist
mainly of Aspo diorite and fine-grained granite and the rock surrounding the borehole
of Aspo diorite, Smaland granite and fine-grained granite. The comparison shows good
agreement between laboratory measurements and in-situ data.
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1 Introduction

Matrix diffusion is a process that is of great importance for the retardation of
radionuclides escaping from a future repository for nuclear waste. Many laboratory
diffusion experiments have been carried out during the last 20 years, and a lot of
diffusion data can be found in the literature (Valkiainen (1992), Ohlsson and Neretnieks
(1995)). Due to long experimental times it is, however, difficult to use samples that are
large enough to represent the intact bedrock. Extensive analysis requirements also limit
the number of samples that can be used in a laboratory study. A simple and fast method,
both for laboratory and in-situ purposes, would be desirable to make it possible to
readily determine the diffusion characteristics of a selected bedrock area. Field
measurements would also automatically account for the influence of rock stresses.

For laboratory samples, electrical conductivity measurements have proven a good and
fast alternative to traditional diffusion experiments (Skagius (1986)). Larger samples
can be used, and the measurements can be used for prediction of the diffusivity of an
uncharged species. The latter can be useful for simulation of a "reference species" in
diffusion experiments with sorbing species or anions. Due to the negatively charged
pore walls, ions are affected by electrostatic forces, and behave differently from
uncharged molecules.

Even though large samples can be examined by this method, an in-situ measurement
would provide us with matrix diffusion information from measurements under the
actual pressure and ground water conditions.

The measurement of the electrical resistivity in the rock surrounding a borehole is a
standard method for the detection of water conducting fractures. In this study we intend
to evaluate the possibility to use these data for determination of the matrix diffusion
characteristics of the bedrock.

2 Theory

Fick's first law applied to a porous medium states that a molecule moves in the
dCp

direction of lower concentration under a concentration gradient, — - :
dx

R dCn dCn dCD
N = - D W 8 ^ - ^ = - D p e — ^ = -DwF f —2- (2-1)

x dx dx dx

N is the diffusive flux (mole/m2,s), Dw and Dp (m
2/s) the molecular diffusion coefficient

in the bulk liquid and in the liquid filled pores respectively, s is the dry porosity of the
medium, 8D the constrictivity of the pores and T2 the tortuosity. Cp is the pore
concentration and Ff is a geometric factor called the formation factor.
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In the same manner ions will move in an electric field under a potential gradient, —
dx

(Atkins 1995):

Expressed in terms of electrical conductivity and in a porous medium Eq. (2-2) will
have the following appearance:

(2-3)

KP is the electrical conductivity due to the ions in the pore solution. In analogy with Eq.
(2-1) the formation factor can then be expressed in terms of both diffusivity and
electrical conductivity:

(2-4)

KW is the electrical conductivity due to the ions in the free solution.

The cations that "sorb" only by electrostatic forces to the negatively charged pore
surfaces in the rock constitute a swarm of mobile ions in the electrical double layer.
Considering this extra transport in the pores results in the following equations for
diffusion and for the electrical conductivity respectively:

(2-5)

(2-6)

Where Ds is the surface diffusivity and K<j the sorption coefficient (m3/kg). oj (mole/m3

rock) is the sorbed amount of ion which is described by a sorption isotherm:

(2-7)
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When the pore water has a low ionic strength, the influence of surface diffusion is large
and for highly saline solutions, where KW is large, it is insignificant. This is seen in Eq.
(2-8):

-2i- = -E L = F f + ^ - (2-8)
Iv,,, iv,,, •*•«./

3 Methodology and Data

Electrical resistivity data was provided from measurements in borehole KAS02 at the
Aspo Hard Rock Laboratory (Data was obtained from the SKB site caracterization
database system, SICADA). The rock resistivity was measured in the surrounding rock
along the borehole. Also the free ground water resistivity was measured along the hole.

This information has, in this study, been used to evaluate if the in-situ measurements
can be used to investigate the matrix diffusion characteristics of the rock and also to
evaluate the influence of surface diffusion effects in-situ.

The laboratory samples used in this study are not from KAS02, but they are also from
Aspo and the rock composition is similar. The samples mainly consist of Aspo diorite
and fine-grained granite while the borehole consists of Aspo diorite, fine-grained granite
and Smaland granite.

3.1 Laboratory data

The formation factor, Ff, has been determined for laboratory samples by electrical
conductivity measurements with highly saline pore water and by diffusion experiments
(Ohlsson and Neretnieks (1997), Johansson et al. (1997)). Also the effect of surface
diffusion has been studied by electrical conductivity measurements at different ionic
strengths (Ohlsson and Neretnieks, 1997). In Figure 2-1 the formation factor for 45
samples with varying length is shown. It is seen that most values lay in a range between
1 * 10'5 to 1*10"4. The spread in results is about the same for the electrical conductivity
measurements and the through diffusion experiments, and there is no significant
difference between results from the two methods.
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Figure 3-1. Formation factors versus sample length for laboratory samples ofdiorite
and fine grained granite from Aspo hard rock laboratory

From electrical conductivity measurements (Ohlsson and Neretnieks (1997)) it has been
shown that the relation Kr/Kw increases with decreasing ionic strength of the pore
solution due to surface conductivity (see Eq. 2-8). For high ionic strength pore solutions
the surface conductivity becomes negligible and the value of Kr/Kw will be equal to the
formation factor. In Figure 3-2 this is shown, and this plot is also used in chapter 4,
where laboratory data corrected for variation in ionic strength are used to predict in-situ
behaviour.
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Figure 3-2. The effect of surface conductivity for different ionic strength pore
solutions.

3.2 In-situ data

The electrical resistivity of the surrounding bedrock had been measured by the normal
resistivity method (Almen and Zellman (1991)). The measurements are primarily used
to locate fractures intersecting the drill hole, and results in a resistivity profile along the
hole. Apart from the fractures, the resistivity data also reflects the variation in rock
matrix resistivity. To assess the influence of the ionic strength of the pore water on the
electrical resistivity of the matrix, the pore water resistivity must also be known

The pore water resistivity data is also provided from the borehole logging. In Figure 3-3
resistivity data has been converted to conductivity (conductivity=resistivity"1), and the
rock conductivity as well as the ground water conductivity are plotted along the
borehole.

If it were only the pore water conductivity that contributed to the rock conductivity one
would expect the rock and the bulk liquid conductivity to follow the same pattern. This
is not the case and we will explore if surface conductivity can be a reason for this
behaviour.
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Figure 3-3 In-situ conductivity data for the rock and the bulk water along the drill
hole.

4 Results

From the laboratory results it was seen how the surface diffusion affects the
conductivity measurements in different ionic strength pore waters (Ohlsson and
Neretnieks (1997)). Using this knowledge and the measured electrical conductivity of
the ground water along the drill hole, the in-situ rock conductivity can be predicted
along the borehole.

In Figure 4-1 the relation between the electrical resistivity of the pore water to that of
the rock, Kr/icw, is plotted along the drill hole. The area within the lines at 1 * 10"5 and
1 * 10"4 represents the range within which 90 % of the laboratory results are found. Also
the ground water conductivity in the borehole is plotted in the same diagram.
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Figure 4-1 In-situ conductivity data for the rock and the bulk water along the drill
hole.

It can be seen that there is an increase in the ratio, Kr/Kw, at around 100-200 m depth
compared to values at the deeper parts of the borehole. At 800-900 m depth the high
ratio is due to a major fracture zone, which can also be seen from the core description
(Stanfors et al. (1997)). Around 100-200 m depth fractures cannot explain the high
values of the ratio. Studying the ground water conductivity along the borehole shows
that at the depth 100-200 m there is a low conductivity zone. The increased ratio, Kr/Kw,
at this depth is consistent with the findings from the laboratory experiments and could
be due to a contribution from transport of cations in the electrical double layer to the
conductivity from the free pore ions.

If the laboratory sample range (the area between the dotted lines in Figure 4-1) is
corrected for the variation in ionic strength of the ground water in the borehole, the
possibility to predict the appearance of the in-situ plot in Figure 4-1 can be evaluated.
This is done in Figure 4-2, where the higher and lower straight lines are corrected for
the actual variation in ground water conductivity, which was shown in Figure 3-2. The
centre line represents the probable case i.e. the most representative case from the
laboratory samples.
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Figure 4-2 Prediction of borehole data by correction of laboratory data for changing
ground water salinity along the borehole.

In Figure 4-2 correction has also been made for the influence of rock stress on in-situ
rock. In laboratory measurements it has been found that the formation factor under
stress (300-350 bar) is 20-70 % of the formation factor determined in samples released
from stress (Skagius (1986)). Birgersson and Neretnieks (1990) have also showed this
in in-situ measurements. A decrease of 50 % was used in this case.

Discussion and conclusions

This first attempt to use in-situ electrical resistivity data for comparison with and
validation of laboratory results gave promising results. The prediction of the behaviour
of the relation Kr/icw from laboratory samples is good

For safety assessment purposes these results lead to interesting possibilities. In-situ
electrical resistivity measurements could in the future be used not only to detect fracture
zones in an area of interest, but also for determination of in-situ matrix diffusion data.
These data are then site specific, and can be used directly in the transport simulation
programs used for the safety assessment calculations. Together with knowledge on the
nature of the fracture system this would give a direct measure of the suitability of the
area as a future repository.

This was a first encouraging test of our hypothesis. The in-situ results from this
borehole support the laboratory results, and a continuation will be to look at more
borehole data. Especially boreholes with large variations in ground water ionic strength
along the borehole would be of interest for further verification of laboratory
measurements.
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