
This paper was presented at a colloquium held at the University of Lausanne on 20th May 1999 in honour of
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ABST RACT: Hydrothermal experiments were performed at 100 and 2008C and at different
clay:water ratios in order to investigate the transformation of smectitic layers during the alteration of
a montmorillonitic starting material. This study focused on three phenomena: (1) the amount and
localization of charge within the layer of the newly-formed dioctahedral smectite; (2) the stacking of
low- and high-charge layers in the dioctahedral smectitic material; and (3) the neoformation of
trioctahedral smectites.

In all of the runs, the formation of beidellite from montmorillonite induced morphological changes
in clay particles which suggests a reaction proceeding by a dissolution-crystallization mechanism.
Illite layers were detected in K-saturated montmorillonite runs after the transformation of ~50% of
the starting montmorillonite into beidellite (i.e. after 5 months of reaction with distilled water at
2008C). These illite layers were interstratified with both high-charge and low-charge dioctahedral
smectites in a hypothetical three-component mixed-layer mineral.

K EYWORD S: montmorillonite, beidellite, illite-smectite, experimental illitization.

The smectite-to-illite reaction, which proceeds via an
intermediate mixed-layer series (illitization), has been
well documented by clay mineralogists through
studies of natural samples and hydrothermal experi-
ments. From the literature it appears that illitization
is a complex phenomenon considered as an overall
reaction controlled by several poorly understood
processes: solid state transformation, dissolution-
crystallization, Ostwald ripening, or crystal growth
and coalescence (Whitney & Velde, 1993; Altaner &
Ylagan, 1997; Meunier et al., 2000). Hydrothermal
experiments give an insight into the chemical and
physical variables which affect the rate of the overall

reaction (Eberl et al., 1978; Howard & Roy, 1985;
Whitney & Northrop, 1988; Guven & Huang, 1991).
Several kinetic models have been proposed (Pytte &
Reynolds, 1989; Huang et al., 1993, among others).
However, such models (which aimed to fit the
multiple-step reaction of illitization with a kinetic
expression using a single rate law) remain question-
able (Meunier et al., 1998). Indeed, numerous studies
which proved changes in the layer charge of
smectites subjected to hydrothermal treatments
(Howard & Roy, 1985; Whitney & Northrop, 1988)
or diagenetic conditions (Sato et al., 1996) were
based on the assumption that the smectitic layers
remain unchanged (i.e. montmorillonite) while the
illite layers were formed in the I-S series. Little
attention has been paid to the transformation
processes which affect the smectitic material prior* E-mail: daniel.beaufort@hydrasa.univ -poitiers.fr
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to the occurrence of illite layers (i.e. prior to the
identification of true I-S mixed layers by X-ray
diffraction (XRD)).

The purpose of the present study is to provide
insights into the transformations which affect a
montmorillonite starting material at the beginning
of montmorillonite-to-illite reaction under hydro-
thermal conditions. Several hydrothermal experi-
ments were performed at 100 and 2008C and at
different clay:water ratios and our crystal-chemical
investigations of the products were based on XRD
and transmission electron microscopy (TEM)
analyses.

E X P E R I M E N T A L P R O T O C O L A N D
A N A L Y T I C A L T E C H N I Q U E S

Two series of experiments were conducted in batch
reactors. The first series investigated at 100 and
2008C the reaction of a mixture of quartz
(Mon tredon- Labessoni é , France ), sanidine
(Rhineland, Germany) and Na-montmorillonite
(Crook County, USA) with an aqueous solution at
neutral pH. The experiments were conducted under
saturated water vapour pressure in Savilex1 teflon
vials. At each temperature, several hermetically
closed vials corresponding to different water:rock
ratios were introduced with water in a Parr1

hydrothermal vessel and held at constant temperature
for 39 to 330 days. After completion of the run, the
vials were opened and the progress of reaction was
monitored by analysing both the solution and the

clay fraction. The starting solids were prepared as
follows. The quartz and sanidine samples were
crushed, sieved for grain size (0.2 1 mm and
0.25 0.5 mm respectively) and cleaned ultrasoni-
cally to remove fine particles. The bulk smectitic
material was used without treatment. Its chemical
composition, determined by ICP-AES, indicated that
it was a mixture of Na-montmorillonite with minor
amounts of quartz, K-feldspar, calcite and mica, also
detected by XRD analysis. The starting solution
contained 23 ppm Si for the 1008C runs and
103 ppm Si for the 2008C runs in order to be
saturated with respect to quartz from the beginning
of the runs. These starting concentrations were
obtained by dissolving appropriate amounts of
Backer1 silicic acid in deionized water under
hydrothermal conditions. We assumed that such
concentrations, below or close to the amorphous
silica solubility at 258C, did not allow the
polymerization of aqueous silica during stocking at
room temperature before the runs. Several experi-
ments were conducted at various solution:solid mass
ratios ranging from 0.7 to 2. The relative proportion
of the constituents in the starting assemblages was
47 to 50% for quartz and feldspar and 0.5 to 5% for
the bentonite. These conditions are assumed to
broadly model arkosic sediments.

The second series of experiments investigated the
water-smectite reaction. The starting material was
the <0.1 mm fraction of the Crook County
bentonite, extracted from bulk material by centri-
fugation. The XRD patterns (Fig. 1) indicated that
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FIG. 1. XRD patterns of the starting material (Crook County bentonite). AD = air dried, EG = after ethylene-
glycol solvation, K sat EG = after K saturation and ethylene-glycol solvation, 2L W = interlayer cation hydrated
by two sheets of water, 1L W = interlayer cation hydrated by one sheet of water, 2L EG = interlayer cation

hydrated by two sheets of ethylene glycol.
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this fraction was composed of a nearly pure
smectite. It was a naturally Na-saturated mont-
morillonite in which <10% of the layers are high-
charged ones (reversibly collapsed to 10 AÊ in the
K-saturated state). The structural composition
calculated from the microprobe analyses of the
<0.1 mm fraction of the Crook County bentonite
was consistent with a low-charge montmorillonite
(i.e. very low tetrahedral charge <0.05, interlayer
charge of 0.34 for 11 oxygens):

Si3.95Al0.05
IV Al1.51

VI Mg0.29Fe0.20
3+ Ti<0.01Mn<0.01

Ca0.02K0.02Na0.28

The K- and Ca-saturated samples were obtained
by dispersion of the smectite in 1 N KCl or CaCl2
solutions followed by repeated washings with
distilled water. 50 mg of each smectite were
reacted at 100 and 2008C for 90 to 150 days with
5 ml of the same starting solution as that in the
previous series of experiments.

Solution analysis

At the end of the experiments, 200 ml of the
reacted solution were sampled, diluted in 2 ml
deionized water and immediately ultrafiltered
through Centricon1 -10 filters (10,000 da). The
aqueous silica concentration was measured using
the molybdate colorimetric method (Strickland &
Parsons, 1972). The dissolved Al and K concentra-
tions were measured by atomic adsorption/emission
spectroscopy (Perkin-Elmer Zeemann 5000), in
flame for K or in graphite furnace for Al, after
addition of 2% HNO3. The pH was measured in the
Savilex1 vials, immediately after the sampling of
the solution, using an Ingold1 micro-electrode.
However, in the runs conducted with more than
0.05 g of smectite per g of solution, the final
solution could not be retrieved (because of the
formation of ‘gel’) and there are no solution data
for these experiments.

Solid analysis

XRD patterns for the solids were obtained at
ambient conditions using oriented powder prepara-
tions on a Siemens D501 diffractometer equipped
with a stepping motor drive on the goniometer and a
KEVEX PSI counting system. Motor and intensity
acquisistion were monitored using a Socabim DACO
system. Diffracted-beam-monochromated Cu-Ka was
used (30 kV, 50 mA). The divergence slit, receiving

slit and scatter slit were 18, 0.1 mm and 18,
respectively. The experimental conditions used for
XRD were the following: angular range 2 3082y
Cu-Ka; (44.00 2.98 AÊ ); step size 0.0282y Cu-Ka;
counting time 5 s/step. No smoothing procedure was
applied to the XRD patterns.

Clay mounts from run products were X-rayed in
the air-dried (AD) state at ambient relative humidity
conditions and after solvation with ethylene glycol
(EG) under low-vacuum conditions for 12 h. The
glycolated samples were then dried to drive off the
ethylene-glycol complex and saturated with Ca (run
products having incorporated K during the experi-
ments) or K and then Ca (other runs) before being
glycolated and X-rayed again (the K-samples were
heated to 1108C overnight prior to EG solvation
according to the procedure published by Bouchet et
al., 1988).

On the basis of the XRD procedure above, three
types of layers were distinguished: (1) low-charged
layers which always remain fully expandable;
(2) high-charge layers which collapse to 10 AÊ after
K saturation but re-expand to 17 AÊ after Ca
saturation; and (3) illite layers which remain
irreversibly collapsed to 10 AÊ in all cases. The
relative proportions of the different layers in the run
products were estimated by comparison of experi-
mental XRD patterns with simulated ones
(NEWMOD program; Reynolds, 1985). According
to Schultz (1969), the formation of a double-layer
EG complex (17 AÊ ) occurs if the layer charge per
half unit is 0.43 or less. The Greene-Kelly test was
used to evaluate the relative proportions of tetra-
hedral and octahedral charges (Greene-Kelly, 1953).

The TEM examination of very small particles
was performed using a JEOL 100C device. Carbon-
coated Cu grids were prepared with the <1 mm clay
fraction dispersed ultrasonically in deionized water.
Semi-quantitative chemical analyses of individual
particles were performed using a Philips CM120
transmission electron microscope by means of
X-ray analysis (EDS) using a scanning transmission
electron microscope (STEM) mode and a standard-
less procedure (EDAX).

R E S U L T S

Fluid chemistry

The pH and the concentration of silica, Al and K
of the reacted solutions (when extraction was
possible) are reported in Table 3 as a function of
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the experimental conditions. Except in one run, the
pH values increased slighly during the runs, from
5.7 (equilibration with atmospheric CO2) to 7 8 at
1008C and to 6 7 at 2008C. Aqueous silica exhibits
more significant variations. In the bulk system, Si
concentration remained close to the quartz solubi-
lity at 2008C. At 1008C, by contrast, it increased
strongly at the beginning of the run and then
decreased with time towards the quartz solubility.
In the purified clay system, the concentration of
aqueous silica increased strongly to 55 ppm Si at
1008C and 275 ppm Si at 2008C, which corresponds
to the solubilities of b-cristobalite at 1008C and
2008C, respectively. A possible explanation is that
the purified clay fraction concentrated the finest

particles and therefore the less crystallized but more
reactive phases. The Al and K show steady state
values in the bulk system, one order of magnitude
greater than in the purified system. This probably
reflects a chemical control of these elements by the
detrital K-feldspar and mica.

X-ray diffraction

Reaction of bulk bentonite with sanidine, quartz
and water. The XRD patterns of the starting
material (Fig. 1) and the reacted samples from
runs at 100 and 2008C are different (XRD patterns
of the reacted products obtained after experiments
at 2008C are presented in Fig. 2).
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FIG. 2. XRD patterns of the reacted products obtained after three diffrent runs (at 39, 112 and 330 days) of
hydrothermal treatement of the Crook County bentonite at 2008C in presence of sanidine and quartz. Ca EG =

after Ca saturation and ethylene-glycol solvation.
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The (001) reflection of the starting Na-mont-
morillonite is centred near 12.5 AÊ in AD conditions
(one water layer). However, it is weakly assyme-
trical toward the lower angular range. This suggests
the presence of minor amounts of smectitic
component with two water layers (15 AÊ ). The
(001) reflections of the reacted samples are
typical of an interstratification between the two
hydration states. The relative proportion of each
hydration state changes with the duration of the
reaction: at 2008C for example, the two-layer
hydration state predominates largely up to 39 days
of reaction whereas the one-layer hydration state
increases significantly after 112 days and predomi-
nates after 330 days of reaction.

After glycolation, the XRD patterns of the
starting material and all the Ca-saturated reacted
samples are similar. They are typical of a 100%
expandable smectite with rational (001) and (002)
reflections at 17.02 AÊ and 8.50 AÊ , respectively.

After glycolation, the XRD patterns of all the K-
saturated samples (starting and reacted material) are
characterized by a broad (001) reflection and a
deviation from the rationality of the basal reflec-
tions. This indicates a random mixed layering of
variable amounts of high-charge smectite layers
(reversibly collapsed to 10 AÊ in the K-saturated
state) with low-charge layers (always fully expand-
able). As summarized in Fig. 3, the proportion of
high-charge layers increases with run duration and/

or temperature. It increases progressively, from
<10% in the starting material up to 20% and 35%
after 330 days of reaction at 100 and 2008C
respectively. The Greene-Kelly test indicates that,
in the reacted samples, the amount of tetrahedrally-
charged layers (beidellite) increases with increasing
reaction time. Nevertheless, they are always
associated with octahedrally-charged layers
(unreacted starting montmorillonite, Fig. 4a).
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FIG. 3. Variation of the proportion of high-charge
layers (H.C.) in the reacted products obtained after
hydrother mal treatement of the Crook County
bentonite in the presence of sanidine and quartz as a

function of temperature and run duration.
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FIG. 4. XRD patterns of the reacted products after the Greene-Kelly test. (a) After hydrothermal treatement of the
Crook County bentonite at 2008C in the presence of sanidine and quartz. (b) After hydrothermal treatement of the
K-saturated <0.1 mm fraction of the Crook County bentonite at 1008C in the presence of water saturated in Si vs.
quartz. The run duration and percentage of high-charge (H.C.) layers are given in parentheses and the index

reflections of montmorillonite (solid line) and beidellite (dashed line) are shown.
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The 90 day runs at 1008C using <0.1 mm
samples. The XRD patterns of the reacted samples
from hydrothermal experiments (3 months at
1008C) are quite similar in the Ca-saturated state
(Fig. 5): they are typical of a 100% expandable
smectite with rational (001) and (002) reflections.
The proportion of high-charge layers (Table 1) is
the highest (31%) for K-saturated starting montmor-
illonite and the lowest for Ca- and Na-saturated
ones (23 and 20% respectively). The Greene-Kelly
test indicates that larger amounts of tetrahedrally-
substituted smectites were formed from the
K-saturated starting material (Fig. 4b).

The 150 day runs at 2008C using <0.1 mm
samples. The reaction of the K-saturated starting
material produces illite layers which are interstrati-
fied with the smectitic ones. The broad and weak
superstructure which appears near 24 AÊ on the AD
diffraction pattern, shifts toward 27 AÊ after ethylene-
glycol solvation (Fig. 6). This is typical of regularly-
ordered I-S mixed layers (R = 1). However, the
rational reflections of this I-S (R = 1) mixed layer
are partly hindered by the basal reflections of
smectites and/or randomly mixed-layer I-S which
are also present in the reacted material. Such a
mixture of clay minerals gives complex and
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FIG. 5. XRD patterns of the reacted products obtained after hydrothermal treatement of the <0.1 mm fraction of
the Crook County bentonite for 90 days at 1008C in the presence of water saturated in Si vs. quartz. Na sat =
Na-saturated starting material, Ca sat EG = after Ca saturation and ethylene-glycol solvation, K sat EG = after K

saturation and ethylene-glycol solvation.
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asymmetric XRD reflections with maximum inten-
sities near 16 and 9.06 AÊ . The position of the
maximum intensity of the (002) and (003) XRD

reflections (9.06 AÊ and 5.40 AÊ , respectively) indi-
cates that ~50% of the layers were collapsed to 10 AÊ .
However, the XRD pattern of same sample after Ca

TABLE 1. Percentage of high-charge layers (collapsed to 10 AÊ after K-saturation, heating to
1108C, and EG solvation) produced in the purified Crook County montmotrillonite (<0.1 mm
fraction, 10 mg/ml) as a function of time/temperature and the nature of the compensating

cation.

Experimental conditions Ca-saturated Na-saturated K-saturated

90 days at 1008C 20 23 31
150 days at 2008C 35 38 50
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FIG. 6. XRD patterns of the reacted products obtained after hydrothermal treatement of the <0.1 mm fraction of
the Crook County bentonite for 150 days at 2008C in the presence of water saturated in Si vs. quartz. The index
positions of the XRD reflections of I-S (R = 1) with 50% of fully expandable layers are illustrated by the solid

lines and those of 100% expandable smectite are illustrated by dashed lines.
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saturation and then after glycolation, is significantly
different: the position of the maximum intensities of
the (001), (002) and (003) reflections have shifted
toward 17, 8.70 and 5.55 AÊ respectively. This is
typical of randomly oriented I-S (R = 0) mixed-
layers with 25% of illite (i.e. 25% of the layers
remained irreversibly collapsed to 10 AÊ ).

The XRD patterns of the Na- and Ca-saturated
starting materials, reacted for 150 days at 2008C,
are quite similar and characteristic of a 100%
expandable smectite with 35 and 38% of high-
charge layers, respectively.

Textural and compositional variations of the clay
particles. The TEM micrographs of particles
(<0.1 mm fraction) are presented in Fig. 7. Both
morphology and size change with the nature of the
interlayer cation. The Na-saturated smectite parti-
cles are frequently elongated and sometimes lath
shaped. The Ca-saturated smectite particles are
thicker (more opaque to the electrons) and consist
of packets of subhexagonal plates. The K-saturated
smectite particles present a ragged and frayed
aspect which reveals a random spatial arrangement
due to a high degree of deformation.

The TEM observations indicate that the morpho-
logical characters of the clay particles obtained
from both types of experiments change with
increasing temperature and/or reaction time. The
particles of the reacted products tend to become
euhedral, i.e. hexagonal in shape (Fig. 8). Such a
morphological change is accompanied by aggrega-
tion and stacking of individual subhexagonal plates
forming coarse multiparticle structures. These
structures are similar to the island-and-step patterns
indicative of a dissolution-precipitation process.

The particle semi-quantitative chemical analyses
of the starting product are constant whereas they are
highly variable for the reacted products of all our
experiments. Three compositional poles have been
found on the basis of EDS spectra (Fig. 9) and
calculated Si:Al and Si:Mg ratios (Table 2): (1) the
chemical composition of the starting montmorillon-
ite; (2) the chemical composition of beidellite
which differs from the starting montmorillonite in
having a lower Si:Al ratio and Mg content; and (3)
the chemical composition of trioctahedral smectites
(saponite or stevensite) characterized by high Mg
and very low Al contents. The intermediate
chemical compositions between montmorillonite
and beidellite have frequently been measured in
euhedral particles. Type 1 and 2 particles are the
most numerous. Type 3 particles are scarce.

D I S C U S S I O N

Formation of high-charge beidellitic layers

The present study indicates that illitic layers were
formed in restricted conditions: i.e. from K-mont-
morillonite after 5 months of reaction at 2008C. In
all the other runs, significant structural transforma-
tions and compositional change occurred but no
illitic layers were formed. In the absence of (or
prior to) the formation of illite layers, the most
obvious transformation is the development of high-
charge expandable layers replacing the low-charge
layers of the starting montmorillonite.

The amount of high-charge layers increased with
increasing temperature and run duration (Fig. 3)
and was enhanced when clays previously saturated
with K were used (Table 1). These results are
consistent with previous studies: (1) Howard & Roy
(1985) indicated that high-charge layers were
formed when montmorillonite reacted at 150 and
2508C, even in K-deficient systems; and (2) Eberl
(1978) and Whitney (1992) stated that the
formation rate of high-charge layers is promoted
by an increase of K-content in the system.
However, it should be noted that this transformation
progressed at a slower rate in the bulk bentonite
systems (cf. Fig. 3 and Table 1). This rate
difference can be explained by differences in the
solution chemistry between the two experimental
series. The greater Al concentration in the bulk
systems, when compared to the purified systems,
probably decreased the reaction rates since Al is
well known to be an inhibitor of dissolution of
aluminosilicates. (Oelkers et al., 1994). The
formation of high-charge layers is obviously
linked to an increase in the tetrahedral charge
(Fig. 4). Nevertheless, at present, a question
remains: is the tetrahedral charge added to the
octahedral charge of the starting montmorillonite by

TABLE 2. Average values of Si:Al and Si:Mg ratios
measured in the different clay particles of the reacted
products from hydrothermally-altered Crook County

montmorillonite (TEM analyses).

Si:Al Si:Mg

Montmorillonite &1.9 &10
Beidellite &1.25 >100
Stevensite/saponite &40 <1.6

218 D. Beaufort et al.



FIG. 7. TEM photomicrographs of the <0.1 mm fraction of montmorillonite particles from the Crook County
starting material. (a) Particles of Na-saturated starting material. (b) Particles of Ca-saturated starting material.

(c) Particles of K-saturated starting material.

Formation of beidellite from montmorillonite 219



FIG. 8. TEM photomicrographs of clay particles after hydrothermal reaction of the <0.1 mm fraction of the Crook
County starting material. (a) Reacted product of hydrothermal treatment of bulk bentonite with sanidine, quartz
and water for 330 days at 2008C. (b) Reacted product of hydrothermal treatment of K-saturated starting material
for 90 days at 1008C. (c) Reacted product of hydrothermal treatment of K-saturated starting material for 150 days
at 2008C. (d) Reacted product of hydrothermal treatment of Ca-saturated starting material for 150 days at 2008C.

220 D. Beaufort et al.



a solid state transformation process or does it result
from the growth of a dioctahedral smectite
controlled by a dissolution-crystallization process?

The STEM analyses (Fig. 9, Table 2) give evidence
of particles having beidellitic composition or mixed
montmorillonite-beidellite composition in most of
the reacted smectitic materials.

The formation of an additional layer charge in
the tetrahedral sheet of smectite by the substitution
of Al for Si is considered to be a step in the
illitization process (Eberl & Hower, 1976). High-
charge expandable layers resulting from the
formation of tetrahedral charges from a low-
charge montmorillonitic reacted material was
experimentally investigated by Howard & Roy
(1985). Sato et al. (1996) described the formation
of tetrahedral charges causing the conversion of
montmorillonite to beidellite in the early diagenetic
stages of shale and sandstone from the Eocene
sedimentary formations in Japan.

The TEM observations show that the formation
of beidellite from montmorillonite is concomitant
with morphological changes of clay particles: flakes
are replaced by hexagonal particles. This suggests a
dissolution-crystallization mechanism (Altaner &
Ylagan, 1997).

The montmoril lonite to high-charge beidellit ic
+ Mg-smectite reaction

The montmorillonite beidellite transformation
corresponds to an increase in the Al content of
the particles. With montmorillonite being the sole
source of Al in our experiments on the water-
smectite reaction, the excess Mg and Si released by
this reaction is either incorporated in secondary Al-
poor phases or remains in the aqueous phase.
Previous experimental alteration of montmorillonite
indicated that these components concentrated in by-
products of the reaction as quartz (Howard & Roy,
1985; Whitney & Northrop, 1988), unidentified
non-crystalline (Al, Mg) (OH) phases (Howard &
Roy, 1985) and chlorite (Whitney & Northrop,
1988; Whitney, 1992). In the present study, we did
not observe the crystallization of quartz or chlorite
but the formation of Mg-smectite. Using the
composition of the starting montmorillonite, we
deduce that the formation of one unit of a
3Mg-trioctahedral smectite results from the dissolu-
tion of 10 montmorillonite units. This explains the
scarcity of Mg-rich particles which cannot be
identified by XRD (their reflections are hindered
by the intense reflections of the dioctahedral
smectitic phases). We did not observe the precipita-
tion of quartz either (at least in the runs conducted

FIG. 9. EDS spectra of different types of clay particles
analysed in this study. (a) Montmorillonite particle in
Na-saturated <0.1 mm fraction of the Crook County
bentonite. (b) Beidellite particle in reacted product of
hydrothermal treatment of the bulk bentonite with
sanidine, quartz and water for 330 days at 2008C.
(c) Saponite/stevensite particle in reacted product of
hydrothermal treatment of the Ca-saturated <0.1 mm
fraction of the Crook County starting material for

157 days at 2008C.
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with purified samples), but Table 3 indicates
aqueous silica concentrations twice as high as that
required for quartz saturation.

From these observations, the reaction for the
formation of beidellite from montmorillonite can be
written as follows:

Low-charge montmorillonite +
quartz-saturated solution ?

high-charge beidellitic smectite +
Mg-trioctahedral smectite +

quartz-oversaturated solution

This reaction is consistent with a number of
experimental and field observations. The formation
of a beidellite + saponite assemblage was observed
by Yamada & Nakasawa (1993) after experimental
alteration of synthetic beidellite-montmorillonite
mixed layers at high temperature. The beidellite +
saponite assemblage was also identified between
100 and 3208C in active high-enthalpy geothermal
fields where montmorillonite seems no longer stable
at temperatures >1008C (Beaufort et al., 1995a,b).
This early beidellite + saponite assemblage is
transformed to an Al-rich illite + Mg-rich chlorite
assemblage via illite-beidellite mixed layers and
corrensite, respectively, as the duration of the
hydrothermal activity increases (Beaufort et al.,

1995a; Bril et al., 1996). Further, data from
hydrothermal experiments and from active
geothermal fields indicate that Mg-smectites are
the most likely Mg-phyllosilicates to be formed in
the 100 2008C thermal range considered here
(Whitney, 1983) and may be considered as a
precursor in the overall reaction of chloritization
w h i c h o c c u r s a t h i g h e r t e m p e r a t u r e
(Kristmannsdottir, 1979; Arnorsson et al., 1983;
Inoue & Utada, 1991; Buatier et al., 1995).

The polarity of smectite layers

The ordered I-S (R = 1) obtained from the
K-saturated starting material after 5 months of
reaction at 2008C disappears after further
Ca-saturation and glycolation. This demonstrates
that high-charge layers alternate regularly with the
low-charge ones (17 AÊ in the K- or Ca-saturated
states) as represented schematically in Fig. 10.
Such behaviour, previously reported by Whitney &
Northrop (1988) in high-temperature experiments,
may be explained by heterogeneities within the
swelling layers. The results from our runs which
did not produce illite indicate that the high-charge
smectite component has a rather beidellitic nature
and the low-charge component has a rather

TABLE 3. Solution data from the experimental runs.

Experimental conditions pH Si Al K
(258C) (ppm) (ppm) (ppm)

Bulk smectite+sanidine+quartz (5 to 10 mg clays/ml solution)
1008C, 39 days 7.16 57 1.36 33.2

126 days 6.83 38 0.18 11.0

330 days 7.05 29 0.18 14.0

2008C, 39 days 6.01 120 1.09 13.3
112 days 6.42 129 1.07 17.5
330 days 4.51 124 0.77 23.6

330 days at 2008C (25 mg/ml) 6.50 170 0.18 10.8

Purified smectite (<0.1 mm fraction) 10 mg/ml solution
Ca- saturated, 150 days at 2008C 5.90 275 0.20 3.74

90 days at 1008C 7.15 56 0.05 0.19

K- saturated, 150 days at 2008C 6.28 275 0.29 n.d.
90 days at 1008C 7.53 55 0.05 0.15

Na-saturated, 150 days at 2008C 7.05 275 0.34 3.65
90 days at 1008C 8.75 54 0.15 0.30

n.d. = not determined
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montmorillonitic nature. This leads us to consider
three components in the I-S mixed layers formed
after 5 months of water-smectite reaction at 2008C,
i.e. low- and high-charge expandable layers
alternating with illite ones. The I-S minerals in
which two types of expandable layers (differing by
their layer charge) and illite are interstratified has
been reported already in natural systems (Shutov et
al., 1969; Foscolos & Kodama, 1974; Drits et al.,
1997). These last authors have named them illite-
smectite-vermiculite mixed layers (I-S-V). To our
knowledge, this type of mixed layer has not been
reported explicitly in experimental works before
this study. The ‘‘non-expandable dehydrated
smectite’’ component reported by Mosser-Ruck et
al. (1999) within the reacted products of hydro-
thermal alteration of K-smectite at 3008C and 100
bar could probably be interpreted as a third
interstratified component (high-charge smectite or
vermiculite) of the I-S mineral. The heterogeneity
within the swelling layers of these I-S minerals
may be explained by polarized structures as
proposed by Cuadros & Linares (1995). The
polarization of the swelling structures is related
to increase of the layer charge which itself is
related to the formation of tetrahedrally-charged
layers.

C O N C L U S I O N S

Low-charge montmorillonite is not a stable
material in deep diagenetic conditions or in
hydrothermal environments. This experimental
study shows that thermal effects (100 to 2008C)
drive important structural modifications. The
reaction begins with the formation of high-charge
beidellite (tetrahedral substitution) and minor
amounts of a Mg-rich, Al-poor smectite (saponite
or stevensite) which incorporates the excess of Si
and Mg. This type of reaction, which is very
similar to the reaction observed in some
geothermal fields, may be considered as a first
step in the overall illitization process of the
montmorillonite. The amount of beidellitic layers
increases with increasing temperature and/or run
duration, but the reaction progresses more slowly
at lower water:rock ratios. This latter observation
is probably related to the higher aqueous Al
concentrations measured in the ‘bulk’ experiments;
hence the lower affinity of the dissolution reaction
of the starting montmorillonite.

In our experiments, the low-charge montmorillon-
ite to high-charge beidellite reaction is accompanied
by morphological changes which suggest that it
proceeded by a dissolut ion-crystallizat ion

FIG. 10. Schematic representation of the layer stacking after ethylene-glycol solvatation of the run products in the
untreated and Ca-saturated states. In the untreated state, the interlayering between 10 AÊ layers (collapsed
K-saturated high-charge layers) and 17 AÊ layers (expanded low-charge layers) is regular. In the Ca-saturated

state, most of the high-charge layers re-expand giving a random stacking.
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mechanism. The first illite layers occurred when
~50% of the starting montmorillonite had reacted
(5 months of reaction of a K-saturated montmorillon-
ite at 2008C). The illite layers were interstratified
with both high-charge and low-charge dioctahedral
smectites in a three component mixed layer similar to
the I-S-V mixed layers already proposed as actual
structure of some natural I-S mixed layers. The Al
for Si tetrahedral substitution affecting only a half
unit of the basic structure could explain the regular
alternation of layers having the properties of illite,
high charge beidellite (or vermiculite), and mont-
morillonite components.
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