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ABSTRACT: The excavation of a tunnel through a mudstone formation provides an opportunity to

examine the effects of the modification of the physical and chemical environment on the rock. The

mineralogical and chemical consequences of hydration-dehydration cycles and of oxidation have

been evaluated in the case of the Toarcian mudstone formation at the Tournemire experimental site

(France). Studies by X-ray diffraction and tansmission electron microscopy of both altered and

preserved samples show that the introduction of air and condensed water causes the oxidation of

pyrite and the subsequent generation of acid and sulphate-rich waters at the micron scale, in the local

environment of pyrites. The fluid-clay particle interactions around the oxidized pyrites induce: (1) a

statistical enrichment in Si of the I-S clay minerals; (2) an increase in the Fe(III)/Fe total ratio in

some of the I-S particles; and (3) the dissolution of illite layers in mixed-layer I-S. These evolutions

are consistent with the results of numerical modelling which reproduced the interaction between the

clay particles and the acid water.

KEYWORDS: mudstone, oxidation, mineralogy, crystal chemistry, numerical modelling.

Argillaceous formations have been selected in

several countries (e.g. Belgium, Switzerland,

France) as potential geological hosts for deep

disposal of nuclear waste (Brookins, 1984;

Madsen, 1998). Clay minerals have a large sorption

capacity, and the low permeability and diffusivity

of clay-rich rocks reduce water movement (Lalieux

et al., 1996). Moreover, the swelling capacity of

some clay particles will cause sealing of potential

fractures, and thus significant retardation in the

transport of most radionuclides (Higgo, 1987).

The mechanical excavation of any underground

materials leads to modifications of the physical and

chemical conditions of the excavated zones. The

introduction of air to subterranean galleries

modifies the redox conditions and the hygrometry

for a significant rock volume, generally up to ~1 m

from the gallery wall (Giraud et al., 1999). As a

function of temperature and hygrometry variations,

either dehydration (during winter) or water

condensation (during summer) occurs. In the

presence of adsorbed water, changes in redox

conditions induce pyrite oxidation. Whatever the

mechanism of pyrite oxidation (Garrels &

Thompson, 1960; Bailey & Peters, 1976; Sévèque,

1986; Mustin, 1992), protons are produced (Panin et

al., 1985) with a local decrease of the interstitial

fluid pH (Blowes & Jambor, 1990; Cathelineau et

al., 1995). In the case of pyrite-rich mudstones,

these processes at the pyrite-fluid interface may
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cause significant mineralogical changes. It has

generally been observed that pH affects clay-

particle stability, that it induces transformation or

dissolution (Aoudjit et al., 1996; Galan et al., 1999)

and that the dissolution rate of clay particles is

greater at low pH values (Zysset & Schindler, 1996;

Bauer & Berger, 1998; Huertas et al., 2001). These

processes have been studied for pure minerals and

for bulk soil properties, but to a much smaller

extent for individual particles in carbonate-rich

mudstones or shales, because the abundance of

calcite is known to buffer fluid pH, and is assumed

to minimize the effect of the low-pH fluid produced

by pyrite oxidation.

Over a long period, repeated dehydration

processes could lead to a considerable decrease of

the swelling and sorption capacities of smectite in

I-S (Huang et al., 1995).

The French Institute for Radioprotection and

Nuclear Safety (IRSN) has selected a site near

Tournemire (Aveyron, France) for its research

program on deep geological waste disposal in

clay-rich rock formation. The site is used as a

laboratory for generic scientific and geotechnical

investigations in underground conditions. A railway

tunnel was built ~100 y ago through a 250 m thick,

indurated Toarcian mudstone and two galleries were

constructed 5 y ago. The mudstone formation

occurs between two limestone formations in a

sub-horizontal Jurassic sedimentary series

(Barbreau & Boisson, 1993; Fig. 1).

The disturbed zone around the tunnel is

characterized by a 1�2 m thick sub-vertical

fracture zone (Bonin, 1998) and by a significant

dehydration of the rock (Giraud et al., 1999).

Previous study of rock surfaces collected in the

‘EDZ’ (excavated disturbed zone) has already

revealed significant changes in the mineralogy of

block surfaces: mudstones are affected by oxidation

in the presence of air and condensed water

(Charpentier et al., 2001). Precipitates at the

oxidized surface constitute a typical association of

oxidation by-products (gypsum, celestine, jarosite

and Fe hydroxides). Crystallization of jarosite, an

Fe,K-sulphate, requires the local availability of K

and a low-pH fluid. As the interstitial pore fluid is

K-poor, with a Na/K ratio ~20 (Charpentier, 2001),

the most probable source of K is clay minerals. In

fact, other K-bearers (such as feldspars) are rare and

not affected by oxidation or alteration. The

objectives of this study were therefore: (1) to

evaluate the mineralogical and chemical modifica-

tions of the clay particles in the oxidized argillite;

and (2) to estimate the role of acid waters in the

change of the water-rock system and its effect on

the stability of clay minerals.

FIG. 1. Geological cross-section of the Tournemire tunnel with inset map showing the location of Tournemire

(after Boisson, 1996).
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GEOLOGICAL SETT ING AND

SAMPL ING

Sampling

Two sets of samples were taken, one from a

preserved zone in the Toarcian formation and one

from the tunnel wall exposed to air.

A sub-horizontal borehole, so-called IM, was

drilled perpendicularly to the wall of the main

100 y old tunnel (Fig. 2). The core was taken

parallel to the stratigraphic layers, in order to

minimize mineralogical changes due to primary

sedimentation changes. Samples IM1420 and

IM1435 were taken at different distances from the

tunnel wall (14.20 and 14.35 m, respectively), within

zones unaffected by the oxidized front. Samples

were wrapped and sealed in an evacuated Al-coated

plastic bag under N2 atmosphere at the sampling site

to ensure that the cores were as pristine as possible

and that the contact time with air was minimal. The

results obtained for the ‘preserved samples’ are

presented together because no significant differences

were noticed between them.

Sample EDF was taken within the tunnel wall.

Samples GE50 and GE76 were collected in the

eastern gallery at 50 and 76 cm from the tunnel

wall. These samples, coming from the same

stratigraphic plane as core samples, are considered

to be the most affected by oxidation. The results

obtained for this group of samples are presented

together because no significant differences have

been noticed between them. These samples were

described in this article as ‘oxidized samples’.

Analytical procedures

Bulk-rock mineralogy. Scanning electron micro-

scopy (SEM) observations were carried out on rock

fragments with an HITACHI1 S2500 FEVEX

microscope (University of Nancy, France). The

SEM was fitted with an energy dispersive spectro-

meter (EDS) for chemical analysis using secondary

X-rays and standard ZAF corrections that allow

semi-quantitative microanalyses and characteriza-

tion of phases.

X-ray diffraction patterns were obtained between

3º2y and 40º2y using a Siemens1 D5000

diffractometer (35 kV, 45 mA) equipped with a

Co tube (Laborato ire Environnement et

Minéralurgie, France). The step size was 0.035º2y
and the counting time was 3 s per step.

Mineralogy and crystal chemistry of clay

particles. After removal of carbonates by treatment

with dilute HCl acid, the clay fractions (<2 mm
grain size) were separated by suspension settled in

distilled water. As illite, smectite and mixed-layer

particles are the smaller particles, this fraction is

enriched in those minerals if they are present.

Oriented aggregates of clay fractions on glass

slides were analysed by X-ray diffraction (XRD).

X-ray diffraction patterns of air-dried and glyco-

lated clay fractions were carried out on a Siemens1

FIG. 2. Sample locations in the Tournemire site (EDZ: excavated disturbed zone of the tunnel) with: (1) EDF:

100 y old tunnel; (2) GE50: 4 y old eastern gallery, 0.50 m from the tunnel wall; (3) GE76: 4 y old eastern

gallery, 0.76 m from the tunnel wall; (4) IM1420: subhorizontal borehole, 14.20 m from the tunnel wall;

(5) IM1435: subhorizontal borehole, 14.35 m from the tunnel wall.
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D5000 diffractometer (35 kV, 45 mA) equipped

with a Co tube (Laboratoire Environnement et

Minéralurgie, France). The step size was 0.035º2y
and the counting time was 3 s per step between

3º2y and 40º2y. The spectra were treated using a
5-point smoothing routine and the background was

subtracted from the total spectrum. A decomposi-

tion routine was then used to determine the position

of the reflections, using Gaussian and Lorentz-

Gaussian options (Opus software, R. Bruker).

The clay-particle compositions of the fine

fractions (<2 mm) were determined by analytical

transmission electron microscopy (ATEM) on well

isolated particles oriented on carbon Ni-grids to

avoid analyses of mixtures. The microscope was a

CM20-STEM working at 200 kV, using energy

dispersive X-ray spectroscopy (EDXS) (University

of Nancy, France). To avoid electron radiation

damage, including element migration and mass loss,

the acquisition time was reduced to 40 s. The

chemical formulae of particles were calculated

assuming Fe as Fe(III) because the valence state

of Fe is mostly Fe(III) in the studied minerals, as

shown later. Structural formulae were calculated

according to the method of Harvey (1943), i.e. on

the basis of 11 oxygens for particles of 2:1-type

(illite or smectite), on the basis of 14 oxygens for

2:1:1-type (chlorite), and on the basis of 7 oxygens

for 1:1-type (kaolinite).

The valence state of Fe in mixed-layer illite-

smectite (I-S) particles (determined by ATEM

analyses) was determined using electron energy-

loss spectroscopy (EELS) in a TEM following the

procedure of Guillaume et al. (2001). The fine

fraction of samples was prepared for EELS by

crushing under methanol, ultrasonic dispersion,

followed by dropping of the suspension to dry on

a Ni TEM grid. MnBr2 diluted in methanol is also

disposed as a drop onto the grid to provide Mn2+ as

an internal standard for the calibration of the

spectra. The valence state of Fe was measured

using the chemical shift of the Fe L3 edge after

calibration of the spectra with the Mn2+ L3 edge.

RESULTS

Bulk mineralogy

Minerals were identified by coupling SEM

observations, SEM-EDS analyses and XRD on

bulk rock. Toarcian mudstone consists of detrital

clay-rich laminae (biotite, chlorite, kaolinite, illite,

interstratified I-S) cemented by carbonates. The

coarse fraction also contains quartz (~20 wt.%),

K-feldspars, bioclasts and pyrite. Carbonates

(calcite with minor dolomite and siderite) constitute

~15 wt.% of the bulk-rock composition. Clay

minerals represent ~60 wt.%. Pyrite is present in

significant amounts (~3 wt.%) and occurs as

framboids in bioclasts and carbonate layers, and

as framboids and cubic crystals dispersed in the

clay matrix (Fig. 3).

Clay mineralogy (<2 mm)

All XRD patterns of representative <2 mm
fractions of oxidized and preserved samples

(Fig. 4) present a reflection at dhkl = 14.3 Å,

which does not show any change after glycolation.

This reflection is assigned to chlorite. The

reflections at dhkl = 10.0 Å and 5.0 Å which

remain after ethylene glycol saturation are attrib-

uted to non-expendable dioctahedral layers (illite or

mica). The asymmetrical reflection plotted at dhkl =

7.2 Å can be attributed to the superposition of

kaolinite and chlorite reflections. The relative

proportion of phases in the clay fraction of

preserved sample is about 40�50% illite, 15�25%
mixed-layer I-S, 25�40% kaolinite + chlorite

(method of Holtzapffel, 1985).

Deconvolutions of XRD patterns of the glyco-

lated samples were carried out in the 5�12º2y

FIG. 3. SEM image of a framboidal pyrite aggregate

(P) in the I-S-rich matrix of a preserved sample.
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domain (Fig. 5). The broad diffracted domain of

preserved samples (Fig. 5a) is plotted between dhkl
= 12.8 and 10.2 Å. From the deconvolution results,

it is assigned to a single mixed-layer phase with a

reflection at dhkl = 11.6 Å and indicates a high

proportion of illite layers (>75%, after Reynolds,

1980) in I-S particles.

The clay fraction of the oxidized samples is also

characterized by a broad diffracted domain between

dhkl = 12.8 and 10.2 Å (Fig. 5b). But in that case,

the best fit is obtained by two elementary peaks.

The reflection at dhkl = 10.2 Å can be attributed to a

mixed-layer I-S close to pure illite. The second

reflection, assigned to the main mixed-layer I-S

phase, shifts slightly towards lower 2y values: it is
located at dhkl = 11.8 Å. In the case of the

preserved samples, when the reflection at dhkl =

10.2 Å is added in the deconvolution program, the

results show that its intensity is very weak: it does

not appear on the deconvoluated X-ray pattern.

Slight differences between the mineralogical

composition of preserved and oxidized samples

can be observed. In the oxidized sample, the mixed-

layer I-S minerals are slightly richer in smectite

layers, and another mineralogical phase close to

pure illite (I-S with a very high proportion of illite

layers) occurs in a minor but significantly larger

amount than in the preserved sample.

FIG. 4. Comparison of the XRD spectra obtained on the <2 mm fraction of a sample taken from the borehole

(preserved) and a sample collected in the EDZ (oxidized): (a) air-dried sample; (b) glycolated sample.
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Chemical composition of clay minerals (<2 mm)

The discrimination of 2:1, 2:1:1 and 1:1 phases

was carried out on the basis of ATEM analyses of

clay particles from the <2 mm fraction, plotted in a

ternary MR3-2R3-3R2 diagram (Fig. 6; Velde,

1985).

The ATEM analyses of 2:1 particles (Tables 1

and 2) are plotted in a ternary celadonite-

muscovite-pyrophyllite diagram (Fig. 7; Hower

& Mowatt, 1966). The data are spread between

the illite and smectite domains, within the field

of mixed-layer I-S. The scattering of the

analyses suggests a large range in the relative

contents of illite and smectite layers in I-S or

mechanical mixing of mixed-layers at very small

scale. The chemical composition of clay minerals

(Table 3) from the preserved samples is close to

the composition of the illite end-member,

whereas those obtained for oxidized samples

plot near the smectite domain. If it is assumed

that illite layers and smectite layers have

constant compositions, then the proportion of

illite layers in the interstratified clays seems to

be greater in the preserved samples than in the

oxidized samples.

The main cation occupancies for the mixed-layer

I-S particles are presented in Fig. 8. Site occupancy

is calculated with 4 atoms of Si and Al per

tetrahedral site, the remaining Al, Fe and Mg being

located in octahedral sites, with Fe considered as

trivalent.

FIG. 5. XRD spectra of glycolated samples and decomposition using smoothed background correction:

(a) preserved sample, (b) oxidized sample.
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FIG. 6. ATEM analyses plotted on an MR3-2R3-3R2 diagram (Velde, 1985) with MR3 = Na+ + K+ + 2Ca2+,

2R3 = (Al3+ + Fe3+-MR3)/2 and 3R2 = (Mg2+ + Mn2+ + Fe2+)/3. The determination of 2:1, 2:1:1 and 1:1

particles is based on chemistry. ^ � 2:1 particles of preserved samples; ~ � 2:1:1 particles of preserved

samples; & � 1:1 particles of preserved samples; ^ � 2:1 particles of oxidized samples; ~ � 2:1:1 particles of

oxidized samples.

FIG. 7. ATEM analyses of 2:1 particles plotted in the Celadonite-Muscovite-Pyrophyllite diagram (Hower &

Mowatt, 1966). Compositions defined by Meunier & Velde (1989): HB = high-charge beidellite, LB = low-

charge beidellite, HM = high-charge montmorillonite, LM = low-charge montmorillonite. ^ � preserved;

~ � oxidized; * � end-member clays.
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The tetrahedral site is occupied for most of the

mixed-layer I-S minerals from the preserved

samples by 3.4�3.5 Si atoms (per half unit cell)

and for I-S from the oxidized samples by 3.6�3.7
Si. The I-S particles of oxidized samples are all

richer in Si than the mixed-layer particles of

preserved samples.

Most analyses of both preserved and oxidized

samples indicate contents of ~0.15 Fe and 0.25 Mg

per 11 oxygen atoms. The Al content in octahedral

sites is more important in preserved samples than in

oxidized samples (~1.6�1.7 and 1.5�1.6).
In preserved samples, the interlayer occupancy of

I-S particles is dominated by K, which ranges from

0.2 to 0.8 atoms with a mode at 0.3�0.4. The Na
and Ca contents are variable (Na from 0 to 0.16,

and Ca from 0 to 0.09). In oxidized samples, the K

and Ca contents are similar to those from preserved

samples, but the Na content is slightly higher

(0�0.2).
In summary, mixed-layer I-S from the oxidized

zone is enriched in Si, but is poorer in Al. The Mg

and Fe contents remain approximately constant.

Oxidation status of Fe

EELS spectra have been obtained for I-S mixed

layers (identified by ATEM) in both sets of

samples. The Fe(III)/total Fe ratio for mixed-layer

I-S particles (Fig. 9) varies from 0.3 to 1 with a

mode of ~0.6 or 0.7 in preserved samples and from

0.4 to 1 with a mode of 0.7 in oxidized samples. In

TABLE 1. Chemical composition of mixed-layer I-S particles of preserved samples obtained by

ATEM analyses (calculated on the basis of a half formula: values correspond to atom numbers

calculated per 11 oxygen atoms. Calculations are made for 4 atoms of Si and Al per tetrahedral site,

Al remaining, Fe and Mg are located in the octahedral site, Fe is in the oxidized state).

Nº Si IVAl Altotal
VIAl Fe3+ Mg Ca Na K

(a) 1 3.38 0.62 2.02 1.40 0.32 0.35 0.04 0.11 0.44
2 3.39 0.61 2.05 1.44 0.23 0.38 0.09 0.14 0.44
3 3.52 0.48 2.08 1.61 0.17 0.28 0.07 0.08 0.37
4 3.50 0.50 1.99 1.49 0.21 0.38 0.05 0.10 0.46
5 3.39 0.61 2.13 1.52 0.24 0.37 0.04 0.08 0.34
6 3.68 0.32 1.84 1.51 0.14 0.25 0.03 0.07 0.70
7 3.37 0.63 2.30 1.67 0.14 0.28 0.04 0.07 0.46
8 3.63 0.37 1.79 1.42 0.25 0.35 0.03 0.08 0.47
9 3.43 0.57 2.10 1.52 0.21 0.30 0.06 0.06 0.35
10 3.49 0.51 2.07 1.56 0.17 0.31 0.07 0.06 0.48
11 3.38 0.62 2.40 1.78 0.11 0.20 0.02 0.06 0.45
12 3.44 0.56 2.10 1.55 0.19 0.38 0.06 0.08 0.35
13 3.47 0.53 2.21 1.68 0.16 0.25 0.03 0.05 0.37
14 3.40 0.60 2.01 1.42 0.34 0.35 0.02 0.05 0.46
15 3.53 0.47 2.10 1.62 0.12 0.28 0.02 0.08 0.51
16 3.41 0.59 2.13 1.54 0.24 0.29 0.03 0.10 0.51
17 3.49 0.51 2.12 1.61 0.16 0.30 0.07 0.04 0.39
18 3.41 0.59 2.18 1.59 0.18 0.29 0.04 0.05 0.46
19 3.38 0.62 2.23 1.62 0.19 0.28 0.07 0.06 0.38
20 3.60 0.40 1.95 1.55 0.22 0.27 0.01 0.04 0.49
21 3.54 0.46 2.20 1.73 0.15 0.19 0.01 0.02 0.33
22 3.50 0.50 2.15 1.65 0.13 0.25 0.02 0.02 0.55
23 3.51 0.49 2.22 1.73 0.11 0.14 0.08 0.15 0.33
24 3.50 0.50 2.06 1.56 0.25 0.26 0.04 0.04 0.36
25 3.49 0.51 2.14 1.63 0.23 0.23 0.05 0.04 0.28
26 3.77 0.23 1.71 1.48 0.26 0.29 0.06 0.02 0.21
27 3.54 0.46 1.84 1.38 0.32 0.32 0.06 0.04 0.39
28 3.58 0.42 2.08 1.66 0.15 0.22 0.03 0.07 0.33
29 3.62 0.38 2.09 1.71 0.14 0.23 0.04 0.01 0.24
30 3.53 0.47 2.15 1.69 0.17 0.23 0.03 0.05 0.28
31 3.48 0.52 2.22 1.70 0.09 0.21 0.01 0.06 0.59
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TABLE 2. Chemical composition of mixed-layer I-S particles of oxidized samples obtained

by ATEM analyses (calculated on the basis of a half formula).

Nº Si IVAl Al VIAl Fe3+ Mg Ca Na K

1 3.73 0.27 1.81 1.54 0.19 0.25 0.05 0.06 0.35
2 3.62 0.38 2.13 1.75 0.10 0.20 0.04 0.03 0.29
3 3.47 0.53 2.18 1.65 0.17 0.23 0.02 0.06 0.43
4 3.62 0.38 2.06 1.68 0.13 0.23 0.03 0.06 0.31
5 3.72 0.28 2.00 1.72 0.13 0.19 0.03 0.05 0.21
6 3.61 0.39 1.93 1.54 0.22 0.27 0.03 0.06 0.40
7 3.85 0.15 1.73 1.57 0.17 0.22 0.03 0.05 0.38
8 3.62 0.38 1.85 1.47 0.19 0.36 0.03 0.11 0.49
9 3.47 0.53 2.24 1.71 0.13 0.25 0.02 0.06 0.42
10 3.52 0.48 2.05 1.58 0.15 0.32 0.02 0.07 0.50
11 3.85 0.15 1.73 1.57 0.17 0.23 0.01 0.04 0.38
12 3.52 0.48 2.12 1.64 0.13 0.28 0.01 0.08 0.43
13 3.63 0.37 1.89 1.52 0.21 0.27 0.03 0.05 0.48
14 3.34 0.66 2.06 1.41 0.32 0.43 0.05 0.08 0.40
15 3.42 0.58 2.23 1.64 0.12 0.22 0.02 0.13 0.58
16 3.68 0.32 1.64 1.32 0.34 0.38 0.03 0.08 0.35
17 3.65 0.35 1.90 1.56 0.20 0.30 0.03 0.07 0.32
18 3.78 0.22 1.69 1.46 0.23 0.28 0.05 0.06 0.38
19 3.68 0.32 1.84 1.53 0.16 0.33 0.03 0.16 0.31
20 3.70 0.30 1.81 1.51 0.16 0.26 0.05 0.19 0.45
21 3.76 0.24 1.86 1.62 0.13 0.27 0.04 0.07 0.28
22 3.59 0.41 2.05 1.64 0.12 0.25 0.03 0.08 0.43
23 3.68 0.32 1.89 1.57 0.16 0.25 0.05 0.08 0.36
24 3.87 0.13 1.64 1.51 0.17 0.27 0.04 0.04 0.37
25 3.51 0.49 2.00 1.51 0.23 0.34 0.03 0.08 0.42
26 3.63 0.37 1.82 1.45 0.22 0.35 0.03 0.07 0.46
27 3.58 0.42 1.73 1.32 0.31 0.51 0.04 0.06 0.31
28 3.64 0.36 1.84 1.48 0.23 0.31 0.06 0.06 0.39
29 3.47 0.53 2.12 1.59 0.20 0.29 0.03 0.07 0.43
30 3.74 0.26 1.88 1.62 0.14 0.25 0.05 0.05 0.30
31 3.53 0.47 2.11 1.64 0.19 0.29 0.03 0.04 0.31
32 3.79 0.21 1.75 1.53 0.18 0.28 0.04 0.07 0.33
33 3.71 0.29 1.83 1.54 0.19 0.30 0.02 0.06 0.36
34 3.55 0.45 1.93 1.48 0.19 0.34 0.03 0.11 0.56
35 3.50 0.50 1.97 1.48 0.23 0.33 0.04 0.10 0.48
36 3.66 0.34 1.90 1.56 0.18 0.25 0.04 0.08 0.43
37 3.52 0.48 2.09 1.61 0.13 0.33 0.05 0.00 0.48
38 3.44 0.56 2.13 1.57 0.17 0.35 0.00 0.12 0.54

TABLE 3. Average composition of mixed-layer I-S particles obtained by ATEM analyses.

Nº Si IVAl VIAl Fe3+ Mg Ca Na K

Preserved Mean value 3.50 0.50 1.58 0.19 0.28 0.04 0.06 0.41
Standard variation 0.09 0.09 0.10 0.06 0.06 0.02 0.03 0.10

Oxidized Mean value 3.62 0.38 1.55 0.18 0.29 0.03 0.07 0.40
Standard variation 0.13 0.13 0.10 0.05 0.06 0.01 0.04 0.08
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FIG. 8. Distribution of mixed-layer particle chemistry from ATEM data; atom numbers calculated per 11 oxygens.

Solid lines: particles from preserved samples; dotted lines: particles from oxidized samples; n: number of

analyses.
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the case of oxidized samples, a significant number

of particles has Fe(III)/total Fe ratios of 0.85 to 1

and a few particles have a ratio of 0.4 to 0.6.

The EELS analyses show that the relative amount

of Fe(III) in mixed-layer I-S particles is greater in

the oxidized sample (>0.7). This change in the Fe

valence in I-S minerals might be attributed to

oxidation.

Numerical modelling

In the ‘EDZ’, cyclic hydrological changes occur

with seasonal periods of dehydration and periods of

water condensation. Condensation water is deliv-

ered to bulk rock during summer, a period of

maximum humidity. During this period, oxidation

of pyrite and localized acid release may occur. Clay

particles around oxidized pyrite may be affected by

acid sulphate-rich waters before their buffering by

calcite dissolution.

Direct sampling of in situ groundwater was

impossible because permeability and pore-fluid

content were too low (10�13m/s and 3.5 wt.%,

respectively, in the formation: Bonin, 1998; De

Windt et al., 1998). Changes in water chemistry at

the interface between clay particles and oxidized

pyrite have been investigated by numerical model-

ling which was carried out using the geochemical

code EQ3/6 (Wolery & Daveler, 1992). Assuming

the solution to be a diluted water, the activity

coefficient model of Debye-Hückel with the B-dot

equation of Helgeson (1969) was used. The

modelling conditions were as follows: constant

temperature (25ºC), closed system and constant

oxygen fugacity fixed as equal to the atmospheric

oxygen fugacity (logfO2
= �0.68).

The first step of the water-rock interaction

simulates the interaction between pure water

representing the water issued from the condensation

process (pH = 5.8) and pyrite. The fluid composi-

tion after reaction is given in Table 4. The second

step considers the interaction of the latter fluid

resulting from pyrite oxidation with the surrounding

clay minerals. As the alteration of pyrite affects

only illite and smectite, and not chlorite and

kaolinite, the minerals considered are illite and

Na-montmorillonite, the montmorillonite:illite

molar ratio being 1:4.

The interaction between the fluid resulting from

pyrite alteration and Na-montmorillonite, illite and

pyrite produces an increase of Si, Al, K, Na and Mg

in simulated solution (Fig. 10, Table 4). Because of

pyrite dissolution, the calculated pH value is low,

between 3.8 and 3.9. The Fe content in solution

remains constant, the solution being saturated with

respect to hematite (Fig. 11). Minerals which are

predicted to form are gibbsite, kaolinite, nontronite

and quartz. The appearance of nontronite between

the new phases indicates that the smectite is stable

in this system and must be richer in Fe than the

starting montmorillonite.

D I SCUSS ION AND CONCLUS ION

Underground mechanical excavation, e.g. galleries

for waste storage or railway tunnels implies

FIG. 9. Distribution of Fe(III)/Fetotal in I-S mixed-layer particles obtained by EELS analyses.
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modification of the redox conditions and hygro-

metry variations. In the presence of adsorbed water,

changes in redox conditions induce pyrite oxidation.

The impact of oxidation over 100 y on the

structural and chemical features of clay minerals in

‘EDZ’ zone is tenuous and localized at the rock

surfaces in the case of the Tournemire formation.

The AEM analyses show some chemical differences

between the mixed-layer I-S clay particles of the

two sets of samples (oxidized and preserved),

especially an enrichment in Na and Si of the I-S

minerals from the oxidized samples. If the initial

compositions of illite and smectite in the mixed-

layer I-S are assumed to be poorly variable in the

formation, the changes in I-S composition can be

attributed to a decrease in the illite content of the

mixed-layer I-S in response to alteration.

Such changes might be explained by two

mechanisms: (1) a transformation of illite layers

into smectite layers; or (2) a destruction of illite

layers.

The formation of smectitic clay particles through

the transformation of a precursor mica or illite has

already been observed in soils under the influence

of climatic modifications or seasonal cycles (Velde

& Church, 1999; Gillot et al., 2000). This

transformation, so-called aggradation by Millot

(1964) involves an addition of silicon. The

following overall reaction illite + Si4+ = smectite

+ K+ + Al3+ was given by Pusch & Karnland

FIG. 10. Evolution of the fluid composition during modelling. The reaction progress consists of a progressive

destruction of input minerals.

TABLE 4. Chemical composition of the modelled fluid. Fluid 1 is issued from the interaction

between pure water and pyrite; Fluid 2 results from the interaction of fluid 1 with 25% Na-

montmorillonite and 75% illite at three steps: (2a) at kaolinite oversaturation, (2b) at

nontronite oversaturation, (3) at equilibrium.

1 2a 2b 3

H+ pH 3.8 3.9 4.0 4.3
SiO2 (mol/kgH2O

) 1.0e�20 6.5e�5 7.1e�5 1.1e�4

Al3+ (mol/kgH2O
) 1.0e�20 1.3e�5 1.1e�5 5.1e�7

Mg2+ (mol/kgH2O
) 1.0e�20 1.7e�6 8.3e�6 5.4e�5

Ca2+ (mol/kgH2O
) 1.0e�20 2.5e�20 2.5e�20 2.5e�20

Na+ (mol/kgH2O
) 1.0e�20 5.2e�7 2.5e�6 1.7e�5

K+ (mol/kgH2O
) 1.0e�20 2.8e�6 1.4e�5 9.0e�5

HCO3
� (mol/kgH2O

) 1.0e�20 1.6e�20 1.6e�20 1.6e�20

Fe2+ (mol/kgH2O
) 3.2e�10 2.9e�10 2.7e�10 6.9e�11

SO4
2� (mol/kgH2O

) 6.3e�5 6.4e�5 7.1e�5 1.1e�4
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(1996). Although generally the source of Si

involved is feldspar or quartz, no evidence of

dissolution of these minerals could be established in

the oxidized samples (Charpentier et al., 2001).

Illite particles may be relatively unstable when

oxidation-reduction cycles or cyclic hydrological

changes occur (Teveldal et al., 1990) if the

aKþ=aHþ is low. Partial dissolution of illite is

possible in areas exposed to oxidation and to a pH

decrease (Raz & Peters, 1989; Wilson, 1999). Thus,

according to the activity diagram showing the

stability relations between muscovite, illite and

smectite, the decrease of pH yields an increased

stability of smectite relative to illite. It may explain

the preferential dissolution of illite layers in mixed-

layer I-S surrounding oxidized pyrite.

As shown by the numerical modelling, the

composition of the fluid interacting with the

mineral association "pyrite + illite + smectite"

changes towards the stability domain of smectite,

supporting the observation that the smectite is more

stable than illite. During the preferential degrada-

tion of illite layers, no modification of the

octahedral composition of bulk mixed-layer I-S is

noticed, except an increase in the relative oxidation

status of Fe. This result indicates that illite and

smectite layers should have a rather similar

octahedral site composition. Transitory phases

predicted by the numerical simulation (kaolinite,

gibbsite) were not observed in natural samples

possibly because they are present in quantities

which are too small to be detected, or are already

replaced by a more stable phase (smectite).

In conclusion, local acidification due to the

oxidation of pyrite during cyclic humidity changes

such as those regulated by seasons yields to the

dissolution of illite layers in mixed-layer I-S.

Dissolution of illite layers leads to the release of

K into solution, which precipitates as jarosite during

evaporation cycles (Fig. 12). Those phenomena are

associated with calcite alteration by acid fluid and

precipitation of gypsum and celestine.

The particular evolution of rock mineralogy in

the EDZ zone is important when considering the

general concept of nuclear waste storage. Thus,

mineralogical changes at the surface of rocks may

cause significant changes to the chemical features

of the fluid in contact with the geological

formation.

In the case of the Tournemire formation, the

alteration of clay minerals is tenuous and localized,

the expandable smectite layers being preserved.

These changes are rather minor at Tournemire and

appear insignificant for waste storage. However,

repeated dehydration processes could lead to an

important decrease in the swelling and sorption

capacities of smectite in mixed-layer I-S. Moreover,

other mineral transformations, such as sulphate

formation might be important and cause modifica-

tion of the fluid compositions.

FIG. 11. Evolution of the secondary mineral assemblage predicted by modelling. The reaction progress consists of

a progressive destruction of starting minerals.
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