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38041 Grenoble Cedex 9, France
2 ANDRA, Parc de Croix Blanche, 1-7 rue Jean Monnet, 92298 Châtenay-Malabry Cedex, France
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Abstract—The impact of alkaline solutions (pH = 13.2) on the clay mineralogy of the Callovo-Oxfordia n
formation hosting the French underground laboratory for nuclear waste disposa l investigation (Meuse-
Haute Marne site) has been studied experimentally . Initially , each of the four samples selected as
representativ e of the mineralogica l transition in this Callovo-Oxfordian formation consists of a mixture of
three main clay phases: discrete illite, discrete smectite and a randomly interstratified mixed-layere d
mineral (MLM) containing ~65% of non-expandabl e layers. Clay separates were altered in batch reactors
at 608C using high solution:soli d ratios. The mineralogy of this clay fraction and solution chemistry were
monitored as a function of reaction time. In addition, the interaction s between organic matter and clay
particles were investigate d using scanning transmission X-ray microscopy (STXM).

The clay mineralogy is little affected even though the pH is still high after 1 y reaction time. The only
significant mineralogica l evolution is the partial dissolution of the discrete smectite component leading to
the formation of a new randomly interstratified illite-expandabl e MLM. Additional mineralogica l
transformation s lead, for one sample, to the dissolution of micro-crystallin e quartz and, for another sample,
to the crystallizatio n of a tobermorite-lik e phase. The low reactivity of clay minerals may be attributed to
the presence of organic matter in the samples. In their initial state, all outer surfaces of clay particles are
indeed covered with organic matter. After 1 y reaction time, STXM studies showed the basal surfaces of
clay particles to be devoid of organic matter, but their edges, which are the most reactive sites, were still
protected.
Key Words—High pH, French Underground Laboratory , Organic Matter, STXM, XRD.

INTRODUCTION

Nuclear waste disposal in deep geological formations
is currently under investigation in several countries.
Based on a directive of December 31st 1991, France is
conducting research in a clay-rich formation, the
‘Callovo-Oxfordian argilite’, in the Meuse-Haute
Marne site (MHM, Eastern Paris basin). An underground
laboratory will soon be operational allowing investiga-
tion of the confinement properties of this host formation.
However, disposal in such deep environments demands
technical solutions which ensure that waste is stored in a
safe way preventing harmful effects to the population. In
particular, concrete is often thought of as a civil
engineering material in such deep storage facilities or
as a component of the waste package, especially for
intermediate-level long-lived waste (ILLW – ‘B type’
according to the French nuclear waste classification).
However, the water-induced alteration of concrete
generates alkali-rich high-pH (12.5  13.6) solutions
(Anderson et al., 1989; Lunden and Andersson, 1989),
the release of which to the surrounding media has been
modeled (Jeffries et al., 1988; Haworth et al., 1989;
Berner, 1990; Reardon, 1990; Vieillard and Rassineux,

1992). Such modeling shows that solution composition is
first controlled by the release of NaOH and KOH leading
to very high solution pH (pH >13). In a second step, the
solution composition is controlled by portlandite
(Ca(OH)2 – pH 12), and finally by calcium-silicate-
hydrate (CSH) phases (pH 9  10).

As a consequence, numerous investigations have
been conducted on the stability of clays in such high
pH conditions (Mohnot et al., 1987; Carroll-Webb and
Walther, 1988; Carroll and Walther, 1990; Chermak,
1992, 1993; Eberl et al., 1993; Huang, 1993; Bauer and
Berger, 1998; Bauer et al., 1998; Bauer and Velde, 1999;
Cama et al., 2000; Taubald et al., 2000; Huertas et al.,
2001). These studies consistently indicate that the clay
minerals described in the Callovo-Oxfordian formation
of the MHM site (smectite, illite and mixed-layer illite-
smectite – Bouchet and Rassineux, 1997; Claret, 2001)
would react when in contact with high-pH alkali-rich
solutions. For example, recent high-pH experimental
investigations on smectite-type minerals indicated a fast
montmorillonite-to-beideillite transformation (Rassineux
et al., 2001). On the other hand, the bulk mineralogy of
the formation offers a good buffering capacity, espe-
cially in the presence of silicates such as quartz
(~20 wt.%) and of carbonates. Similar studies on natural
formations such as in the Maqarin analog site depict an
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alteration halo restricted to a few mm thick along a
conducting fracture (Cassagnabere et al., 2001).

The main objective of this study was to investigate
the specific behavior of the natural clay mineral
assemblages from the Callovo-Oxfordian formation in
the MHM site when in contact with Ca-Na-K-rich
solutions at high pH (>13). The experimental work was
conducted on <2 mm clay separates. These reactive size
fractions were altered hydrothermally in closed systems
for periods varying from 1 day to 1 y. Both fluids and
solids were recovered and analyzed.

MATERIALS

Starting materials

The French underground laboratory will be located in
Bure (eastern Paris Basin), between the Haute-Marne
and Meuse departments. This laboratory will be hosted
in the Callovo-Oxfordian formation the burial depth of
which ranges from 422 to 552 m in the exploration drill
hole EST 104. This clay formation is a hard shale
containing 40  45% clay minerals, and ~50% of calcite
and quartz. Bouchet and Rassineux (1997) showed that
this clay formation included a mineralogical transition
from smectitic ‘R0’ mixed-layered minerals (MLM) at
the top of the formation to more illitic ‘R1’ MLM in its
deeper section. In the sampled well, EST 104, four core
samples were selected at 447, 490, 494 and 516 m below
ground level as being representative of the whole
mineralogical sequence covered by the clay formation.
Two ‘R0’ samples were chosen, the first with a high
smectite content (~65%) and the other one with ~50%
smectite in the ‘R0’. These I-S compositions were
estimated from the method developed by Inoue et al.
(1989). Another two samples were selected in the ‘R1’
part of the drillhole, the first one with ~60% illite, and
the other with ~70% illite. These compositions were
estimated from X-ray diffraction (XRD) patterns using
the criteria defined by Velde et al. (1986). Their
chemical composition was determined by Bouchet and
Rassineux (1997), and additional analyses of S and C in
the starting material were performed using a LECO-125
C/S analyzer. The total organic matter (TOC) and the S
concentration in the initial solids are given in Table 1,
the organic matter having been described exhaustively
by Faure et al. (1999). Because organic matter is known
to react with alkali solutions, particular attention was
paid to this component.

Before extracting the <2 mm size-fraction by centrifu-
gation, carbonates were removed using the acetic acid-
acetate buffer method described by Moore and Reynolds
(1989), but organic matter was not removed before size
fractionation. Finally the clays were saturated with Ca.
The mineralogy of the clay samples was investigated in
detail by XRD (Claret, 2001) and scanning electron
microscopy (SEM). All four clay samples consist of a
mixture of three main phases: discrete illite, discrete
smectite and a randomly interstratified mixed-layer
mineral (MLM) containing ~65% of non expandable illite
layers (Table 2; Claret, 2001). As a function of burial
depth, the relative proportion of smectite decreases from
20 to 2% whereas that of discrete illite increases from 15
to 25%. The relative amount of the MLM phase (65%), as
well as its composition, remains unchanged throughout
the depth profile (Table 2; Claret, 2001). As a conse-
quence, the mineralogical transition initially described, as
for a diagenetic series, by a progressive illitization of I-S
MLMs, corresponds to the progressive removal of discrete
smectite with increasing depth together with the progres-
sive increase of a discrete illite component.

Small amounts of kaolinite, chlorite and/or quartz
may also exist in the different samples, sample 447
showing the highest concentration of quartz, which is
detectable even in the 40.2 mm size-fraction.

Starting solution

The simple young fluid (SYF) chemical composition
is typical of solutions resulting from the initial stages of
cement alteration (Nagra, 1995). The starting solutions
were prepared from analytical reagent grade KOH,
NaOH and Ca(OH)2 salts. The solution composition
and the initial pH are given in Table 3.

EQ3 (Wolery, 1983) calculations were performed to
determine the distribution of aqueous species in solution
in the absence of CO2. At the initial pH, the solution is
slightly oversaturated with respect to portlandite (log Q/
K = 0.407). The starting solutions were nevertheless
clear and showed no evidence of precipitation with time,
when not exposed to air.

Table 1. Total organic carbon (TOC) and sulfur
content (wt.%) of the initial clay samples.

Sample TOC Sulfur

447 1.32 0.2439
490 1.31 0.2133
494 1.32 0.135
516 1.36 0.2596

Table 2. Mineralogica l composition of the clay (<2 mm) size-
fraction of the initial clay samples as determined by Claret
(2001) from experimental XRD profile fitting using the
multi-specimen technique (Sakharov et al., 1999).

Sample Smectite MLM Illite Kaolinite Chlorite
%Sm Ab. %Sm Ab. %Sm Ab. Ab. Ab.

447 100 20 65 65 5 15 0 0
490 100 13 65 66 5 20 0 1
494 100 2 65 74 5 19 4 1
516 100 2 65 63 5 23 9 2

The data were derived from the characterization of the Ca-
saturated and EG-solvated samples. %Sm indicates the relative
proportion of expandable layers in randomly interstratified
mixed-layer minerals (MLM). Ab. indicates the relative propor-
tion of the various phases in the clay fraction.
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Experimental set-up and sample preparation

Clay samples weighing 0.5 g were added to 10 mL
[liquid/solid ratio (L/S) = 20] and 40 mL (L/S = 80) of
SYF solution. Batch experiments were performed for up
to 12 months at 608C in Savilex containers. The
temperature control was precise to ±28C and accurate
to ±48C. The bottles were shaken twice a week. The
containers were removed at specific intervals, quenched
in cold water (258C), and opened. After the experiments,
the reacted material and the solution were separated by
centrifugation. The supernatant suspensions were fil-
tered through a 0.45 mm filter before analysis.

The solids were then washed six times with
bidistilled water (Milli-Q/18.2 MO cm  1). After each
washing step the solid was separated by centrifugation
and resuspended in 50 mL Milli-Q water. In the next
step the clays were re-suspended in 50 mL of 1 M SrCl2
solution in order to ensure the presence of two water
layers in the expandable interlayers. To promote
complete cation exchange, the suspensions were stored
for 4 h at 508C. Following the cation exchange, the clays
were dialyzed in tubes prepared by boiling in distilled
water for one day with repeated changes of the water to
remove any excess organic material.

METHODS

X-ray diffraction

Oriented slides were prepared by pipetting a slurry of
the Sr-saturated samples on a glass side and drying it at
408C for a few hours to obtain an air-dried (AD)
preparation. Ethylene glycol (EG) solvation was
achieved by exposing the oriented clay slides to ethylene
glycol vapor at 708C for 12 h. The XRD patterns were
recorded with a Bruker D5000 diffractometer using a
0.048 step size and 6 s counting time per step. The
divergence slit, two Soller slits, antiscatter slit and
resolution slit were 0.58, 2.38, 2.38, 0.58 and 0.068,
respectively.

To characterize the structural modification of the
reacted clay samples, their structure was determined
using the multi-specimen fitting procedure described by
Sakharov et al. (1999). This method, which may be used
to describe complex polyphasic clay parageneses,
requires the recording of XRD patterns of each sample
after different treatments (e.g. Sr-saturated in AD and
EG solvated states). For each XRD pattern, structural
parameters such as the composition of the MLM phases
(proportions of the different layer types), their stacking

mode (Reichweite parameter R, junction probabilities),
and an estimate of their relative proportions are adjusted
to fit the experimental XRD pattern (Sakharov et al.,
1999; Claret, 2001). Because the different treatments
may change the thickness and scattering power (nature,
amount and position of interlayer species) of the
swelling interlayers but not the distribution of the
different 2:1 layer types, a consistent structural model
is obtained for one sample when the structural para-
meters obtained from all XRD patterns of the same
sample coincide.

To fit the experimental XRD patterns, the program of
Drits and Sakharov (1976) was used over the 2  5082y
CuKa range. Instrumental and experimental factors such
as horizontal and vertical beam divergences, goniometer
radius, dimensions and thickness of the samples were
measured and introduced. The sigmastar value was set to
12 and the mass absorption coefficient (m*) to 45, as
recommended by Moore and Reynolds (1989). The Z
coordinates of atoms proposed by Moore and Reynolds
(1989) were used for all 2:1 layer types. The d001-values
used for simulations are given in Table 4. The K content
in the illite interlayers was set at 0.75 atoms per
O10(OH)2. The lognormal thickness distributions of
coherent scattering domain sizes (CSDS) were charac-
terized by the mean and maximum CSDS (Drits et al.,
1997).

Scanning electron microscopy, scanning transition
X-ray microscopy

Scanning electron microscope (SEM) images of
untreated and reacted materials were recorded to identify
minor components which may not be detected by XRD
and to determine the relative stability of the different
reaction products. These micrographs were obtained
using a JEOL GSM-6100 instrument equipped with a
KEVEX energy dispersive detector.

Scanning transmission X-ray microscopy (STXM)
investigations were performed at beamline X1-A of the
National Synchrotron Light Source (Brookhaven
National Laboratory) operated by the State University
of New York at Stony Brook. The principle of the
method is described in detail in Jacobsen et al. (1991)
and Zhang et al. (1994). Sample preparation was
performed by squeezing 1 mL of aqueous colloid
suspensions between Si3N4 windows, using a wet-cell
assembly to maintain the hydration state (Neuhäusler et

Table 4. d-spacings (d001) (in AÊ ) of the different layer types
used for the calculation of mixed-layer mineral XRD
patterns.

Illite Smectite Smectite
2 layers 1 layer

Ethylene glycol
solvated 9.98 16.65  16.7 12.9  13.3

Air-dried state 9.98 14.8  15 12.5  12.8

Table 3. Composition of the Simple Young
Fluid (SYF) and the initial solution pH.

NaOH 2.606 g/L
KOH 9.033 g/L
Ca(OH)2 0.166 g/L
pH 13.22
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al., 1999). Initial clay samples (42 mm size-fraction)
were kept in suspension in deionized water, whereas
reacted samples were kept in suspension in reacted SYF.

The Fresnel zone plate used for these measurements
had a diameter of 160 mm and a outermost zone width of
45 nm giving a theoretical lateral resolution of 55 nm
(Rayleigh criterion), at a focal length of 1.7 mm
(Spector et al., 1997). The exit and entrance slit set-up
was chosen to obtain an energy resolution DeV of 0.1 eV
at the C K-edge (Winn et al., 1996). Energy calibration
of the spherical grating monochromator was performed
by using the photon energy of the CO2 gas adsorption
band at 290.74 eV (Ma et al., 1991; Hitchcock and
Mancini, 1994).

The STXM images of clay suspensions were recorded
at the C K-edge and K L-edge. The STXM measure-
ments yield information on the product of sample
thickness (d) and of its mass absorption coefficient
m(E) through the relation Abs(E) = m(E)*d = ln[I0(E)/
I(E)] in which I0(E) is the incident flux on the sample
and I(E) the flux measured behind the sample at the
energy E. I0(E) is obtained from regions free of particles
or from XANES spectra measured without sample. Low-
resolution image stacks can be measured as a function of
energy.

High-resolution images were collected at selected
energies below and above C (Ebelow = 280 eV, Eabove =
S(285  290 eV)) and K (Ebelow = S(280  290 eV),
Eabove = 297.3 eV) edges. Ratio images were subse-

quently calculated giving to each pixel the correspond-
ing  log(AbsEabove

/AbsEbelow
) ratio to visualize the

distribution of K and C, to image the association
between clay and organic matter in untreated and
reacted samples (Figure 1).

In addition, X-ray absorption near-edge structure
(XANES) spectra were extracted from low-resolution
image stacks in the 280  310 eV range after a careful
stack alignment (Jacobsen et al., 2000). In the XANES
spectra, clay minerals are identified using the X-ray
absorption of structural interlayer K, and more precisely
the absorption band double feature at 297.3 eV
(L3-edge) and 300 eV (L2-edge). These energy values
are shifted by 3 eV as compared to the values tabulated
for K by Henke et al. (1993), because potassium is
present as K+ in these interlayers.

For XANES comparison, all spectra were corrected
for the baseline and normalized to the absorption
intensity of the K L3-edge energy (297.3 eV).

Determination of solution composition

The pH was measured using an Orion 525A pH meter
calibrated with five standard solutions (pH 7, 9, 10, 11,
13). Because pH measurement of high-pH solutions is
always critical, each measured value was checked
against a pH 13 standard. A maximum drift of ±0.1 pH
unit was observed during pH measurements.

The concentrations of dissolved Si, Al, Na, K, Ca and
Fe were determined for all samples on a Plasma 400
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Figure 1. Absorption of a smectite suspension in organic-containing solution. The image collected at Ebelow illustrates the very
limited absorption of this dilute suspension of thin smectite particles. The ratio-image  log(AbsEabove

/AbsEbelow
) allows us to localize

specifically organic functional groups absorbing, in this case, at 285 eV.
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Table 5. Concentration of the different aqueous species as a function of time.

Reaction time pH Si Al Na K DOC Sulfate
(days) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)

Sample 447 L/S 20
1 13.17 53.7 14.4 1433.6 4632.0 30.3 29.5
3 13.15 193.6 12.5 1452.7 4416.0 46.9 52.8
6 13.21 348.5 9.4 1402.0 4113.0 67.2 79.2
9 13.16 500.0 7.6 1426.7 4186.0 80.3 92.0
16 13.13 1101.0 5.8 1411.0 4138.0 101.9 92.4
30 13.09 1512.6 5.7 1408.4 4148.0 132.8 100.3
74 12.97 2139.0 5.4 1498.0 4489.0 170.1 132.0
145 12.56 2720.8 5.3 1466.6 4645.8 229.1 145.5
350 12.25 4134.5 6.2 1472.0 4427.0 269.5 181.4

Sample 490 L/S 20
2 13.21 53.0 14.8 1452.7 4289.0 27.3 27.3
4 13.21 79.7 24.6 1405.1 3995.0 36.6 36.8
9 13.18 99.2 32.9 1448.0 4226.0 76.8 59.4
16 13.17 139.4 41.1 1436.2 4190.0 110.5 80.4
30 13.13 158.1 46.2 1451.0 4148.0 131.8 120.4
74 13.1 215.0 54.8 1499.5 4289.0 139.6 145.0
145 13.06 334.2 48.4 1498.0 4268.4 147.8 192.0
350 13.04 269.5 49.4 1492.4 4057.6 150.9 195.1

Sample 494 L/S 20
1 13.19 33.2 11.6 1494.5 4603.0 15.3 13.9
3 13.2 62.0 23.2 1422.3 4450.0 20.0 18.4
6 13.21 86.3 33.5 1422.0 4330.0 34.0 23.4
9 13.2 100.2 42.7 1428.8 4254.0 42.8 28.2
16 13.19 136.9 48.2 1422.6 4267.0 73.6 36.6
30 13.19 142.3 57.7 1439.6 4326.0 92.1 54.7
74 13.18 144.2 73.1 1484.1 4356.0 110.4 78.0
145 13.08 195.7 73.8 1457.6 4425.8 134.2 79.4
350 13.04 223.7 76.2 1418.0 4286.2 180.1 81.7

Sample 516 L/S 20
1 13.22 31.2 21.0 1417.8 4913.0 21.1 22.6
3 13.19 46.6 29.6 1435.7 5156.0 23.1 41.3
6 13.22 70.4 50.2 1462.1 4157.0 60.9 68.0
9 13.25 82.2 65.7 1469.3 4378.0 48.0 99.1
16 13.22 93.4 92.5 1447.3 4404.0 76.2 118.2
30 13.22 118.6 114.1 1481.0 4480.0 99.1 149.9
74 13.2 159.4 148.8 1497.0 4789.0 101.0 201.0
150 13.09 176.9 162.0 1498.0 4662.0 113.4 219.9
350 13.05 141.4 191.8 1491.6 5083.8 119.5 239.9

Sample 447 L/S 80
1 13.24 7.7 7.1 1507.1 5301.0 17.2 10.0
3 13.22 50.5 10.2 1482.7 5079.0 20.8 21.3
6 13.2 142.9 11.3 1504.9 5059.0 28.6 25.8
9 13.18 227.6 11.1 1492.7 4890.0 32.8 28.2
16 13.18 385.3 10.5 1504.6 4721.0 37.2 33.9
30 13.17 826.9 11.6 1509.2 4978.0 45.5 36.9
74 13.16 997.0 15.4 1467.6 4813.0 67.4 44.0
145 12.98 1225.4 7.6 1503.0 4950.6 77.9 51.6
350 12.95 1835.0 6.5 1506.4 5165.4 81.8 55.9

Sample 490 L/S 80
1 13.21 11.4 7.3 1434.4 5243.0 10.3 7.5
3 13.21 21.0 11.4 1483.1 5048.0 10.5 11.9
6 13.18 34.4 16.3 1495.7 5496.0 10.4 13.3
9 13.21 47.4 23.7 1479.2 4861.0 12.9 18.5
16 13.19 71.9 29.0 1512.7 4766.0 26.9 21.3
30 13.17 80.9 33.7 1514.9 4849.0 34.9 24.6
74 13.16 128.3 55.2 1451.5 4859.0 47.8 34.0
145 13.17 180.4 54.1 1453.8 5342.4 57.8 44.5
350 13.14 233.1 79.2 1472.6 5058.0 66.6 47.3
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ICP-AES (Perkin Elmer) after appropriate dilution. The
sulfate concentrations were determined using a DX-300
ion chromatograph. The dissolved organic carbon (DOC)
was measured using a Shimadzu TOC-5000, after
appropriate dilution, and pH adjustment with concen-
trated HCl (pH 2  3).

To determine the size distribution of released
colloidal material, the reacted solutions were passed
through polyethersulfone membranes of nominal mole-
cular weight cut off ranging from 103 to 106 Dalton
(MicrosepTM Microconcentrators). Each filter was
washed 15 times with Milli-Q water before use.

EXPERIMENTAL RESULTS

Solutions

All reacted solutions showed a change in color during
the experiment. This change was not the same for the
different samples, and was most intense for sample 447.
For this sample, the solution was dark brownish after
74 days and opaque at the end of the experiment (L/S =
20). Filtration through a 0.45 mm filter for solution
analysis purposes did not modify this strong coloration.
Even after ultra-filtration through a 103 Dalton filter
(1 nm) the solution still showed a dark brownish color,
which is induced by colloidal organic material.

Dissolved organic carbon and sulfate. A similar evolu-
tion of DOC and sulfate concentrations was observed for
all samples (Table 5). With increasing reaction time, the
positive slope of these concentration curves decreased,
maximum DOC concentration (270 mg/L) being ob-
tained for sample 447 (L/S = 20) at the end of the
experiment (350 days). The DOC was the dominant

species in solution for the two L/S ratios except for
sample 516 for which the solution is dominated by
sulfate for the two L/S ratios. Maximum sulfate
concentration (240 mg/L) was found in sample 516
(L/S 20) after 350 days (Table 5).

To determine the size distribution of this colloidal
organic material as a function of reaction time, reacted
solutions were filtered through polyethersulfone mem-
branes, and DOC was measured in the filtrate and
compared with the initial DOC in solution. The
evolution of this size distribution as a function of time
was the same for all four samples, the average size of the
organic material decreasing with increasing reaction
time, independently of L/S ratio (Figure 2). For exam-
ple, in sample 516 (L/S = 80) ~50% and 80% of the
initial DOC was present in the filtrate of a 1000 Dalton

Sample 494 L/S 80
1 13.23 7.2 6.3 1463.1 5000.0 6.9 3.5
3 13.21 19.1 12.5 1466.6 4945.0 7.7 5.1
6 13.23 32.0 18.3 1420.7 4978.0 11.3 8.7
9 13.22 46.1 25.1 1509.1 4918.0 14.7 11.2
16 13.21 53.8 29.0 1492.3 4771.0 20.5 13.3
30 13.23 59.7 35.2 1511.8 4906.0 24.5 14.8
74 13.24 90.8 60.9 1495.0 4886.0 28.4 18.0
145 13.16 124.0 55.8 1457.2 5042.4 37.3 17.3
350 13.15 131.4 76.4 1443.4 5424.8 48.8 20.8

Sample 516 L/S 80
1 13.21 9.5 12.5 1482.7 5206.0 5.3 11.6
3 13.22 12.7 14.1 1468.0 5156.0 8.3 13.8
6 13.21 26.6 22.7 1444.0 5009.0 14.6 18.5
9 13.23 33.1 29.9 1519.6 5139.0 20.4 20.9
16 13.2 52.9 42.8 1506.9 4935.0 25.7 24.0
30 13.24 62.4 66.4 1514.7 4956.0 32.0 33.5
74 13.22 100.1 116.5 1411.3 4933.0 36.1 46.0
145 13.16 160.6 135.4 1461.0 5248.8 46.4 50.7
350 13.16 141.1 164.8 1477.0 5257.2 47.9 55.9

Table 5. (Contd. )

Reaction time pH Si Al Na K DOC Sulfate
(days) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L) (mg/L)
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Figure 2. Evolution of the dissolved organic carbon (DOC) size
distribution as a function of time for sample 516 (L/S = 80).
Open and solid triangles show the DOC size-distribution after
74 days and 1 y reaction times, respectively.
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Filter after 74 and 350 days reaction times, respectively
(Figure 2).

Si and Al. The evolution of Si and Al concentrations
with time was different for sample 447 when compared
to the other three samples (Table 5). For sample 447, the
initial increase of [Si] was followed by a decrease in the
slope of the concentration curve for both L/S ratios.
However, the slope was still positive after 1 y and no
steady-state concentration was reached. For this sample,
[Al] decreased after the initial increase to reach the same
final [Al] for the two L/S ratios (6 mg/L). For the other
three samples (490, 494 and 516), the evolution of Si and
Al concentrations showed the same trend for both L/S
ratios, the positive slope of the concentration curve
decreasing with increasing time. Typical values were
~150  300 and 50  200 mg/L for Si and Al, respectively
(Table 5). In addition, it is notable that there was a
decrease of [Si] at the end of the experiment for sample
490 (L/S = 20) (Table 5).

The Al and Si concentrations in solution were not
correlated with the presence of organic material as
shown on Figure 3. In this figure, one may note that for
sample 516 (L/S = 80, 350 days) Al and Si concentra-
tions were constant whatever the filter cut off was. On
the contrary, DOC concentration decreased with this
parameter to indicate that Al and Si are present as
aqueous species, rather than sorbed on organic colloids.

Na, K, Ca, Mg and Fe concentrations. After the initial fast
decrease, [Na] and [K] were constant (~1400 and
5000 mg/L, respectively) throughout the experiment for
the two L/S ratios (Table 5). In all experiments, the Ca,
Mg and Fe concentrations were below the detection limit.

Evolution of pH. Contrasting pH evolutions as a function
of time were observed for the different samples

(Table 5). In samples 490, 494 and 516, the pH was
constant throughout the experiment for both L/S ratios,
whereas in sample 447, the pH decreased to 12.2 (L/S =
20) and to 12.9 (L/S = 80) at the end of the experiment
(350 days).

Solids

SEM. The SEM analysis of sample 447 showed a strong
dissolution of quartz in this initially quartz-rich sample.
In all samples a small number of very fine blocky
crystals can be found. These appear to be randomly
distributed and to have a mixed Ca, Mg hydroxide
composition. In most samples, limited precipitation of
fibrous to honeycomb-textured CaAlSi-hydroxide phases
(CASH) was also observed. Finally, rare occurrences of
newly formed portlandite and brucite also appeared in
most samples. Apart from the limited presence of these
newly-formed phases, no significant textural modifica-
tion was observed in the reacted clay samples.

X-ray diffraction. The XRD patterns obtained from
reaction products are very similar to those of the initial
raw materials, and in most cases no significant dissolu-
tion or neoformation was detected. Kaolinite and
chlorite, whose proportions increase with depth in the
sequence, showed no tendency to react during the
experiments, whereas quartz disappeared in sample 447
for both L/S ratios. No significant modification of the
clay mineralogy could be detected for samples 447 and
516 (Figure 4). On the contrary, a significant neoforma-
tion was observed for sample 494 (L/S = 20), the new
phase being characterized by a rational series of basal
reflections (d001 = 11.45 AÊ ) which may be observed for
the 74 and 350 days, reaction times experiments (L/S =
80, Figure 5). The saturation of this sample with
different cations, its solvation with EG or its complete
dehydration under secondary vacuum (10  5 Torr) did not
alter its XRD pattern (Figure 6). Even though it was
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Figure 3. Distribution of aqueous species as a function of time
for sample 516 after 1 y reaction time (L/S = 80). Si, Al and DOC
are shown as open squares, solid circles, and solid triangles,
respectively.
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Figure 4. XRD patterns of sample 447 as a function of reaction
time (L/S = 80 – Sr-saturation and EG solvation). The positions
of the diffraction maxima are indexed. Quartz (qz) and calcite
(Cal) impurities are labeled.
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possible to reproduce the set of peak positions using a
2:1 layer with d001 = 11.45 AÊ , it was impossible to obtain
a correct distribution of intensities between these
reflections whatever the occupancy of the interlayer
space. These reflections are more likely related to a
newly-formed tobermorite-like phase (11 AÊ variety)
which is reminiscent of the CASH phases observed
using SEM.

A detailed study of XRD patterns recorded for sample
490 showed a continuous decrease of the smectite
contribution at 17.3 AÊ with increasing reaction time,
and the presence of a new peak at ~12.0 AÊ in the EG
pattern (Figure 7). These modifications were more
obvious for L/S = 80. In this case, the diffraction
maximum at 12.0 AÊ is probably related to a phase
different from that described for sample 494, because the
series of reflections was not rational and because the
contribution of this phase to the diffracted intensity
varied as a function of sample state (cation saturation,
EG solvation).

Application of the multi-specimen method indicates
that after 1 y the reacted material is composed of five
different phases. In addition to illite, chlorite and
kaolinite which were initially present, two randomly
interstratified MLM phases are also present. The first
one with a 70% illite content and R = 0 ordering (random
interstratification), is similar to the MLM phase present
in the starting material (Claret, 2001). Fitting both AD
and EG Sr-saturated patterns it was possible to estimate
a 50% illite content for the other randomly interstratified
MLM phase (Figure 8). In addition, the multi-specimen
method confirmed the assumed disappearance of the
initial smectite phase with reaction time.

Spectromicroscopic results. Spectroscopic investigation
of untreated clay suspensions systematically showed the
coexistence of K and C in the same area (Figure 9). To

investigate these ubiquitous associations between K in
clay minerals and C from organic matter, a detailed
STXM study was carried out on sample 447 because the
experimental alteration of this sample led to high DOC
concentration in solution (Table 5). The absorption of
the unaltered sample 447 was measured at the K L3 edge
(297.3 eV), above the C edge (Figure 10a). Dark gray
values (regions 1  3) indicate a high combined absorp-
tion of K and C, showing large aggregates of clay-sized
particles (~1 mm). The comparison of the ratio images of
K (Figure 10b) and C (Figure 10c) distributions pro-
vided qualitative information on the relative contents of
K and C, light gray values indicating high K or C
content. The presence of high K concentrations over the
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Figure 5. XRD patterns of sample 494 as a function of reaction
time (L/S = 80 – Sr-saturation and ethylene glycol solvation).
The positions of the diffraction maxima are indexed. Quartz (qz)
and calcite (Cal) impurities are labeled. The rational series of
reflections associated with the newly-formed tobermorite-like
phase are shown as dashed lines.
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Figure 6. XRD patterns of sample 494 as a function of sample
preparation (L/S = 80 – 1 y). The positions of the diffraction
maxima are indexed, and the reflections attributed to the
tobermorite-like phase are shown as dashed lines. (a) Na
saturation and deep vacuum conditions (10  5 torr) during data
collection, to ensure complete dehydration of expandable
interlayers. (b) Na saturation and air-dried (AD) state. (c) Mg
saturation and AD state. (d) Sr saturation and AD state. (e) Sr
saturation and ethylene glycol solvation.
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Figure 7. XRD patterns of sample 490 as a function of reaction
time (L/S =80 – Sr saturation and EG solvation). The positions of
the diffraction maxima are indexed, and quartz (qz) impurities
are labeled. The position of the smectite contribution is shown as
an irregular dashed line.
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absorbing domains (regions 1  3) allowed their identi-
fication as K-rich phyllosilicates, such as the MLM,
containing ~65% of non-expandable layers which makes
up most of the clay-size fraction in all samples.
Furthermore, these ratio images confirmed the associa-
tion of organic material with these clays deduced from
the XANES spectra (Figure 9). As shown by the similar
distributions of K (Figure 10b) and C (Figure 10c),
organic material covered clay plate surfaces and clay
particle edges as well as inter-particle contacts for this
unreacted sample. After reaction of sample 447 (350
days, L/S = 20), the contrast of the K ratio image
(Figure 10e) is not as good as for the unreacted sample
(Figure 10b). The concentration of this sample is very
high and does not always allow a clear identification of
the K contribution to the high global absorption (regions
4, 7). However, such an identification is possible in the
low-absorption zones (regions 6, 8) of the reacted
sample image. Furthermore, the unreacted sample was
put in suspension in deionized water and, as a

consequence, contained K only in the solid fraction.
By contrast, both liquid and solid components of the
reacted sample suspension in reacted SYF contain K,
thus lowering the contrast (region 5). However, the
identification of the large absorbing domains as K-rich
phyllosilicates is beyond doubt .

In turn, the C ratio image of this reacted sample 447
(Figure 10f) showed a global depletion in the C content,
and more especially a reduced amount of C on basal
surfaces of clay particles whereas high C contents were
still observed on particle edges and at inter-particle
contacts (lighter gray values outlining regions 4 and 7).
In particular, one may note that in the lower left corner
of the reacted sample image (region 8) the K distribution
is homogeneous (Figure 10e) whereas additional details
(particle edges?) are visible on the C ratio image
(Figure 10f).

Further investigation of the C (1s) absorption edge
for untreated sample 447 showed characteristic features
of aromatic carbon at 285 eV and 289 eV, carboxylic
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Figure 8. Mineralogical characterization of sample 490 (L/S = 80 – 1 y) using the multi-specimen method described by Sakharov et
al. (1999). Experimental XRD patterns are shown as crosses, whereas calculated patterns are shown as solid lines. (a) Sr saturation
and EG solvation. Contributions of the initial MLM phase with ~70% of illite layers and of the newly-formed MLM phase with ~50%
illite layers are shown as solid and thin gray lines, respectively. The position of the latter contribution is shown as a dashed line. I, K
and C labels indicate the positions of diffraction lines for illite, kaolinite, and chlorite respectively. (b) Sr saturation and EG
solvation. Optimum fit to the experimental data is shown as a solid line. In addition to the two contributions from the MLM phases
shown in part a, this calculated pattern includes that of discrete illite, kaolinite and chlorite. (c) Sr saturation and AD state. Optimum
fit to the experimental data is shown as a solid line. The contributions to the diffracted intensity are similar to that in part b.
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groups at 289 eV and a broad shoulder at 287  288 eV
(Table 6, Figure 9), which may be attributed either to a
resonance of aromatic carbon bond to oxygen or to
methyl and methylene groups of aliphatic carbon (Cody
et al., 1995). The XANES spectrum (Figure 9) of reacted

sample 447 (350 days in SYF; L/S 20) showed
equivalent features with comparable intensities of
absorption bands at 285 eV (aromatic carbon bonded to
either proton or carbon) and at 289 eV (aromatic and/or
aliphatic carboxylic acids).

After normalization to the K L3-edge intensity, the
continuum step of C absorption (i.e. the plateau after the
absorption edge) decreased after 1 y reaction time to
indicate that a smaller amount of organic material is
associated with clay particles. However, this apparent
decrease may be overestimated because of the different
K concentrations in initial and reacted samples.
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Figure 9. XANES spectra recorded at the carbon K-edge on
unreacted sample 447 (solid line), and on sample 447 after 1 y
reaction time (dashed line). The intensity is normalized to the L3

absorption band of K at 297.3 eV. An additional peak at 300 eV
corresponds to the L2 absorption band of K (Henke et al., 1993).
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Figure 10. STXM images of unreacted sample 447 (a,b,c) and of sample 447 after 1 y reaction time with the Simple Young Fluid
(L/S = 80 (d,e,f). The two sets of images are topped by a labeled sketch of the images for descriptive purposes (see text). Images 10a
and 10d were taken at 297.3 eV. The dark gray values indicate a combined absorption by C and K. Images 10b and 10e are ratio
images to visualize the distribution of K (Ebelow = S(280  290 eV), Eabove = 297.3 eV). Images 10c and 10f are ratio images to
visualize the distribution of C (Ebelow= 280 eV, Eabove = S(285  290 eV)). The light gray values in ratio images indicate high K (b,e)
or C (c,f) contents (see text).

Table 6. Assignment of energy bands to block building
groups of organic matter.

Energy (eV) Transition (s) Functional group

285 1s-p* Carom.-C, Carom.-H
a

287 1s-p* Carom.-OHa,b

288 1s-3p/sC-H* CH2, CH3
c

289 1s-p* C=O, COOH, COORc,d,e

1s-2p* Carom.-H, Carom.-C
b

290 1s-4p CH2, CH3
c

291 1s-2p* Carom.-OHe

297 LIII Potassium f

300 LII Potassium f

Note: a(Hitchcock et al., 1992); b(Francis and Hitchcock,
1992) c(Hitchcock et al., 1986); d(Ishii and Hitchcock, 1987);
e(Robin et al., 1988); f(Henke et al., 1993)
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DISCUSSION

Mineralogical evolution

The main goal of this experimental investigation was
to determine the possible effects of basic solutions which
might result from the initial alteration of concrete on the
crystal chemistry of typical clays from the geological
environment of the future French Meuse-Haute Marne
underground laboratory. Such alteration of clays under
low-to-moderate temperature and high-pH conditions
was described previously by Eberl et al. (1993), Bauer
and Berger (1998) and Bauer and Velde (1999). During
their smectite alteration experiments, Bauer and Velde
(1999) observed an initial decrease in the smectite CSDS
followed by a decrease of the clay expandability via
illite-smectite (I-S) MLM phases, i.e. illitization, in
agreement with Eberl et al. (1993).

In our experiments, XRD pattern modeling indicates
that a limited proportion of smectite transforms into a
randomly interstratified MLM containing ~50% of illite
layers after 1 y (L/S = 80). Indeed, XRD shows that in
reacted sample 490, the amount of smectite, which was
initially ~10% (Claret, 2001), decreases with reaction
time simultaneously with the neoformation of this MLM
phase (Figures 7, 8). On the other hand, no precipitation
of this MLM phase or dissolution of smectite is observed
in reacted samples 447 and 494 even though they
initially contain discrete smectite. The contrasting
scattering powers of the various phases present in the
clay fraction may account for this apparent inconsistency
as the presence of phases with high scattering powers in
these samples could conceal the presence of a MLM
phase similar to that identified in sample 490. For
example, the presence of a newly-formed 11.45 AÊ

tobermorite-like phase in sample 494 or the over-
whelming intensity of smectite in sample 447 can
impede the characterization of such a MLM phase. The
very high scattering amplitude of the smectite phase may
also conceal the possibility that it decreases with
increasing reaction time if the initial discrete smectite
is not strongly depleted as in sample 490.

The very high pH conditions of the experiments were
found to be compatible with the neoformation of
tobermori te- like phases in sample 494 (L/S =
80  74 days to 1 y terms) as these phases are usually
formed under similar conditions during the binding
process of Portland cements (Taylor, 1992). The SEM
data indicate that this phase is present as traces in all
altered samples although XRD detected its presence only
in sample 494. At present there is no consistent
explanation for the higher proportion of this tobermor-
ite-like phase in altered sample 494.

In conclusion, except for the unusual precipitation of
this tobermorite-like phase, the observed mineralogical
evolution of clay minerals, and especially that of the
discrete smectite phase, is compatible with earlier
experiments (Eberl et al., 1993; Bauer and Velde,

1999) and leads to the formation of randomly inter-
stratified MLM phases. However, one may note that the
observed evolution is very limited and affects only the
discrete smectite phase, leaving all other clay phases
unaltered. In particular, the randomly interstratified
MLM containing ~65% of illite layers which make up
most of the clay-size fraction (Claret, 2001) and the
discrete illite phase seem unaltered in all experiments. In
addition, the discrete smectite phase is only partly
affected, as its decreasing proportion could be observed
only for sample 490 which initially contained ~10% of
this phase (Table 2). This decrease was undetectable for
sample 447 which initially contained ~20% of discrete
smectite, probably because of the high scattering
amplitude of this phase. On the contrary, the evolutions
described in the literature affect all of the smectite phase
(Eberl et al., 1993; Bauer and Velde, 1999). The origin
of such a limited reactivity of clay phases when in
contact with alkaline solutions will be discussed below.

Evolution of solution chemistry

Except for sample 447 for which the observed pH
drop was induced by the dissolution of micro-crystalline
quartz, the solution pH did not change significantly
throughout the experiments. Consistent with the limited
mineralogical evolution of clays, this steady pH
indicates that there is no significant fluid-clay reaction
as a pH drop is expected as a result of clay-fluid
interaction because of the speciation of Al3+ and Si4+.
Chermak (1992) measured such a drop, from 12.91 down
to 6.68, of the quenched pH in his batch experiments
with fine-grained Opalinus Shale (35 days, 2008C).
Decarreau (1999) also observed such a pH drop in the
experiments conducted with samples from the Callovo-
Oxfordian formation in alkaline solution. After one
week, depending on starting solution, the pH decreased
from 12.6 to 7.0 or from 13.5 to 10 as a result of the
OH  consumption. One may note that in these experi-
ments the limited liquid:solid ratio (3:1) enhanced this
pH drop. Bauer and Berger (1998) observed the same
evolution of solution pH in the batch experiments at 35
and 808C for kaolinite and smectite, respectively, for
initial KOH concentrations below 0.1 M.

The limited reactivity of clays is confirmed by the
rather low Si and Al concentrations measured in
solution. The only high [Si] value (4134 mg/L), which
was measured for sample 447, results from the dissolu-
tion of micro-crystalline quartz. All other measured
values are similar, or lower, to that measured by Bauer
and Berger (1998) in KOH 0.1 M solution (initial in situ
pH 11.47 at 808C).

The initial interlayer cation (Ca2+) is likely to have
been exchanged rapidly for K+ at the beginning of the
reaction as shown by the initial reduction of [K+] in
solution. Liberated Ca, as well as that introduced in the
initial SYF solution, are not retrieved in solution, and
probably precipitated as CASH or tobermorite-like
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phases, which were observed by SEM. This hypothesis is
supported by the systematic dissolution of calcite traces
in reacted sample 494 in which the tobermorite-like
phase was observed (not shown).

Influence of organic matter

The measured increase of DOC concentration with
reaction time indicates that the organic material is much
more affected than clays by alkaline solutions. This was
expected as treatment with basic NaOCl solutions, for
example, is recommended to remove organic material
from clay samples (Moore and Reynolds, 1989). With
increasing reaction time, organic matter in solution is
gradually decomposed as shown by the evolution of the
DOC size-distribution (Figure 2).

The STXM investigations indicate that the organic
material is preferentially released from the basal
surfaces of clay particles whereas the edges of these
particles are still covered after one year. As will be
discussed below, it is likely that this specific reactivity
of the organic clay coverage is responsible for the
observed limited alteration of clay minerals in the
present high-pH experiments. This hypothesis is sup-
ported by the strong dissolution features observed by
SEM on mineral species, e.g. quartz, which were not
initially covered by organic material.

Because of the preferential desorption of the organic
material from their basal surfaces, an important propor-
tion of clay particle surface area is accessible to alkaline
solution after several months of reaction. However, in
spite of this increased direct contact surface between the
clay minerals and the solution, the evolution of these
minerals remains very limited. Bauer and Berger (1998)
explained contrasting reactivity observed between
kaolinite and smectite in high molar KOH solutions at
35 and 808C by structural considerations and empha-
sized the main role of crystal edges. The essential role
played by crystal edges in the alteration process of clay
minerals may also account for the low alteration rate
observed in our experiments, as access to these edges is
blocked by organic material throughout the experiments
as shown by STXM investigations.

The dominant influence of edge surface sites on the
dissolution rate has also been demonstrated for biotite
based on macroscopic experiments conducted at low pH
(Turpault and Trotignon, 1994). Consistently, Bosbach
et al. (2000) observed that the proton-promoted dissolu-
tion of hectorite particles takes place exclusively at the
crystal edges, the basal surfaces being completely
unreactive on the experiment time scale. Furthermore,
crystal edges are readily blocked by the presence of
organic material as demonstrated by Chin and Mills
(1991). The latter authors showed clearly that the
presence in solution of humic acids from soils
(50 mg L  1) inhibit kaolinite dissolution, and hypothe-
sized that large humic acid molecules bind to multiple
surface Al sites preventing the adsorption of both H+ and

small organic ligands. Such a passivation of the reactive
clay edges by organic material coverage was demon-
strated by Taubald et al. (2000) who showed that
chlorite which is unstable under oxidizing conditions
showed no tendency to react during their experiment.

CONCLUSIONS

The effect of alkaline solutions on clay mineralogy
was investigated experimentally at 608C as a function of
time to mimic the effect of a pH plume resulting from
the alteration of cements on the clay formation hosting
the future French underground laboratory. From the
three clay phases initially present, i.e. discrete smectite,
discrete illite, and a randomly-interstratified MLM phase
containing ~65% of illite layers, only the smectite was
shown to transform. The evolution of discrete smectite
to a randomly interstratified MLM phase containing
~50% of illite layers is consistent with earlier similar
experiments (Eberl et al., 1993; Bauer and Velde, 1999).
The neoformation of a tobermorite-like phase was the
only additional significant mineralogical evolution.

Coverage of clay mineral outer surfaces, and more
especially of the crystal edges, may be responsible for
the very limited character of the observed mineralogical
transformation by blocking the access of the alkaline
solution to these most reactive sites. After 1 y of
reaction time, the bonding of organic ligands to crystal
edges is still effective whereas basal surfaces appear to
be free of the initial organic coverage. As a result,
aqueous concentration of DOC is high but does not
promote clay mineral dissolution by complexing Al or
Si. The average size of this colloidal organic material
tends to decrease with increasing reaction progress.

At lower pH values than those used in this study (e.g.
7  8) such humic material may influence the sorption of
metal ions, and more especially that of actinides. Their
complexation both in solution and on solid surfaces will
be an essential parameter for their fate.
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minéralogiques dans les formations argileuses: Contrôles et
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