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a b s t r a c t
The illitization of kaolinite at increasing pressures was followed by hydrothermal experiments of kaolinite in
KOH solution at 300 °C for 12 h and pressures between 500 and 3000 bar. XRD indicated a direct
transformation of kaolinite into muscovite/illite with increasing pressure. However, the 27Al MAS NMR
spectra showed, in addition to the muscovite/illite resonances, the presence of a signal at 61 ppm that should
correspond to a secondary phase, not detected by XRD. A second series of experiments at 300 °C and 1000 bar
for 1, 3 and 6 h was carried out to show direct evidence of such phase. The XRD patterns of the products clearly
showed the crystallization of K–F zeolite, while the 27Al MAS NMR spectra of these samples displayed a signal
at 61 ppm that must correspond, therefore, to Al in the K–F zeolite structure. In conclusion, kaolinite
transformed into muscovite/illite when submitted to hydrothermal reaction in KOH solution with increasing
pressure, with the formation of a secondary metastable phase called K–F zeolite, whose coherent diffraction
domains were too small as to be detected by XRD.
© 2010 Elsevier B.V. All rights reserved.

1. Introduction
When sandstones and mudstones are buried, diagenetic mineral
transformations occur in response to the increased temperatures and
pressures. In an average typical marine mudstone, detrital kaolinite
comprises ~ 25% of these rocks at low temperatures. An important fate
of this kaolinite is its transformation to illite and eventually to
phengite (Kisch, 1983). Studies of the paragenesis of authigenic illite
in arkosis sandstones of various regions and ages have revealed that
the illitization of kaolinite is an important reaction accounting for
authigenic illite formation in sandstones during burial diagenesis
(Dutta and Suttner, 1986; Hancock and Taylor, 1978; Seeman, 1979;
Sommer, 1978); Martín-Martín et al., 2006)). Direct precipitation of
illitic minerals from kaolin precursor has been also described in
shallow-buried sandstone units from the Norwegian Continental Shelf
(De Almeida, 1999).
Since Velde (1965) synthesized muscovite from kaolinite and KOH
solutions, experimental illitization of kaolinite in aqueous solutions
containing K+ has been a subject of study for a number of years. Most
of the studies report the inﬂuence of different factors like pH,
temperature and rock/ﬂuid ratio on the kinetics of kaolinite illitization. Chermak and Rimstidt (1990) experimentally determined the
transformation rate of kaolinite to muscovite/illite in KCl solutions at
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temperatures of 250–307 °C, while Huang (1993) studied the
conversion rate of kaolinite to muscovite/illite in KOH solution from
225 °C to 350 °C and 500 bar pressure. Bauer et al., (1998) also studied
the transformation of kaolinite in high molar (0.1 to 4.0 M) KOH
solutions but they applied low temperatures (35 and 80 °C). The
sequence of reaction products observed under these conditions was:
illite followed by KI-zeolite, phillipsite and K-feldspar. Bentabol and
co-workers (Bentabol et al., 2003a; Bentabol et al., 2003b; Bentabol et
al., 2006) described the results of kaolinite illitization in solutions
containing NaOH, KOH and MgCl2. The presence of Na+ ions caused
the formation of analcime (zeolite) at the intermediate stages of the
reaction, while the presence of Mg2+ ions yielded thin illite particles
covered by 14-Å clinochlore-like layers in addition to analcime and Kzeolite.
Most of the studies described previously used autoclaves or
hydrothermal reactors that generate an internal pressure
corresponding to the water vapour pressure at each temperature.
The use of this type of reactors, therefore, hinders carrying out the
experiments at higher pressures when working below the critical
temperature of water (374 °C). To our knowledge, the only study of
kaolinite illitization carried out at higher pressures was that of Huang
(1993) commented previously, where direct conversion of kaolinite
to muscovite/illite was observed.
Studying the transformation of kaolinite into illite with an
increasing pressure is important because the formation of illite via
illitization of kaolinite takes place at an intermediate burial depth of
3–4 km, where pressure can reach values of some 100 MPa
(~1000 bar) (Bjorlikke, 1980). Our study was devoted to the analysis
of the illitization of kaolinite in KOH solution at increasing pressures,
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using the capabilities of the hydrothermal laboratory at the
Bayerisches Geoinstitut (Bayreuth, Germany).
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2. Methods
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2.1. Hydrothermal reactions
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2.2. Characterization techniques
X-ray diffraction (XRD) patterns were recorded using a PANalytical
X'Pert Pro diffractometer with Ni-ﬁltered CuKα radiation, steps of 0.02º,
and counting time of 160 s. Magic angle spinning nuclear magnetic
resonance (MAS NMR) spectra were recorded in a Bruker DRX400
(9.39 T) spectrometer equipped with a multinuclear probe, using 4 mm
zirconium rotors spinning at 10 kHz. 29Si MAS NMR single pulse
experiments were carried out with a pulse length of 2.5 μs (π/2 pulse
length = 7.5 μs), an observation frequency of 79.49 MHz, and an
optimized delay time of 40 s. The chemical shifts were related to
tetramethylsilane. A modiﬁed version of the Bruker Winﬁt program,
which handles the ﬁnite spinning speed in MAS experiments (Massiot et
al., 2002), was used for the modelling of the 29Si MAS NMR spectra. Single
pulse 27Al MAS NMR spectra were recorded at 104.26 MHz with a pulse
length of 1.1 μs (π/2 pulse length =11 μs) and a delay time of 0.5 s. The
chemical shifts were reported in ppm from a 0.1 M AlCl3 solution.
Scanning electron microscopy (SEM) studies were carried out using a
SEM-FEG microscope with a ﬁeld emission gun operating normally at
20 kV acceleration voltage. The microscope was equipped with a XFlash
Detector 4010 (Bruker AXS) for Energy Dispersive X-ray analysis.
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KGa-1b kaolinite (Pruett and Harold, 1993), with the formula
(Si3.83 Al0.17) (Al3.86 Fe0.02Ti0.11) (Ca, Na, K, Mg)0.05 O10(OH)8 was
supplied by the Source Clays Repository of The Clay Minerals Society
(www.clays.org). A small amount of anatase appears as impurity.
Each sample was prepared by placing approximately 100 mg of as
received kaolinite into a gold capsule (30 mm length, 5 mm o.d.,
4 mm i.d.) containing 100 μL of KOH solution (2.85 M). The gold
capsules were welded shut and weighed before and after hydrothermal reaction to detect leakage during the run. Samples that leaked
were discarded. The gold capsules were also ﬂattened after welding to
eliminate free space within the experimental volume. The hydrothermal experiments were conducted using a stainless-steel hydrothermal reactor in horizontal resistance furnaces equipped with
thermocouple. Temperatures and times were maintained constant:
12 h and 300 °C respectively, while pressure was varied from 500 to
3000 bar. A second series of experiments were carried out at 300 °C
and 1000 bar changing duration of the reaction (1, 3 and 6 h). After
the hydrothermal reaction the sample was washed with distilled
water, ﬁltered and dried at room temperature. The high rock/ﬂuid
ratio used here (1000 mg/mL) yielded a moist powder that did not
allow separating the solid from the liquid phase. Therefore, no
chemical data of the solutions can be reported.
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Fig. 1. XRD patterns of kaolinite before (a) and after hydrothermal reaction in 2.85 M
KOH solution at 300 °C and 500 bar (b), 1000 bar (c), 1500 bar (d), 2000 bar (e) and
3000 bar (f). *: Reﬂections from muscovite/illite. Al: aluminium reﬂections of the
sample holder. Ant: Anatase impurity.

muscovite and illite are indistinguishable and are grouped as
muscovite/illite (Bailey, 1984). The position of the weak 001 reﬂection
indicated a basal spacing of ~ 10.2 Å, characteristic of TOT layers with
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3. Results and discussion
3.1. Phase transformations as seen by X-ray diffraction (XRD)
The XRD patterns of kaolinite before and after the hydrothermal
reaction at 300 °C for 12 h at increasing pressures are shown in Fig. 1.
The position of the d001 reﬂection in the starting kaolinite indicated a
basal spacing of 7.14 Å, while the d value of the 060 reﬂection was
1.488 Å, in good agreement with the dioctahedral nature of the
sample (Grim, 1968). The XRD pattern of the product obtained at
500 bar showed, in addition to the kaolinite reﬂections, a new set of
reﬂections that indicated the crystallization of muscovite/illite (ICDDPDF 29-1496 for 1M illite, and ICDD-PDF 07-0025 for 1M muscovite).
In the pure K2O/Al2O3/SiO2/H2O system, as is the present case,
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Fig. 2. 27Al MAS NMR spectra of kaolinite before (a) and after hydrothermal reaction in
2.85 M KOH solution at 300 °C and 500 bar (b), 1000 bar (c), 1500 bar (d), 2000 bar (e)
and 3000 bar (f). SSB = Spinning Side Band.
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dehydrated interlayer K+ ions. As pressure increased, the XRD
patterns showed a notable increase of the intensity of the muscovite/illite reﬂexions, concomitant with the decreasing intensity of
kaolinite reﬂections. At P ≥ 1500 bar muscovite/illite appeared as the
unique crystalline phase. The position of the 060 reﬂection shifted
from 1.488 Å for kaolinite to 1.502 Å for muscovite/illite. The
reﬂection at 4.11 Å (21.66°2θ in Fig. 1) indicated that the mica
polytype formed was 1M at any pressure value. Examination of the
XRD patterns reported by Huang (1993), who obtained muscovite/
illite at 500 bar in KOH solution indicated the formation of the same
polytype. Bentabol et al. (2003a), however, obtained a mixture of 1M
and 2M1 polytypes in their experiments at lower pressure (~85 bar,
which is the water vapour pressure controlling their experiments at
300 °C). Given that the results of the present study indicated that
pressure does not inﬂuence the mica polytype formed, at least at

P N 500 bar, the formation of the second polytype at 300 °C in Bentabol
et al. (2003a) could be favoured by the presence of other cations like
Na+ and Mg2+ in the system.
3.2.

27

Al MAS NMR spectroscopy study

unreacted

The 27Al MAS NMR spectra of the reaction products of kaolinite
reacted for 12 h at 300 °C and increasing pressures are shown in Fig. 2.
The spectrum of the starting kaolinite was also included. The
spectrum of the unreacted kaolinite consisted of a signal centred at
1.5 ppm corresponding to the aluminium present in the octahedral
sheet of the clay mineral (Müller et al., 1981). The shoulder on the
high frequency side was explained as due to the effect of an electric
ﬁeld gradient at the quadrupolar aluminium nucleus (Meinhold et al.,
1985). The asymmetry was also assigned by Hayashi et al. (1992) to
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Fig. 3. XRD patterns (top left) and 27Al MAS NMR spectra (top right) of kaolinite before and after hydrothermal reaction in 2.85 M KOH solution at 300 °C and 1000 bar for 1, 3 and
6 h. M/I: muscovite/illite. Z: K–F zeolite. SSB = Spinning Side Band. Bottom: Polyhedral representations of the crystal structures of kaolinite, muscovite and K–F zeolite.
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the presence of two aluminium sites in the octahedral sheet of the
kaolinite structure, although Massiot et al. (1995), using two different
magnets (7.0 T and 8.4 T), were unable to discriminate between the
two types of VIAl sites. When kaolinite was submitted to the
hydrothermal reaction at 300 °C and 500 bar (Fig. 2b), a new band
with two maxima at ~61 and 69.8 ppm was observed in the frequency
range corresponding to IVAl nuclei. At 1000 bar, the IVAl band intensity
increased notably with respect to the intensity of the VIAl resonance.
Subsequent reactions progressively decreased the signal at ~61 ppm
and, eventually, a unique signal at 69.8 ppm was observed when the
sample was reacted at 3000 bar. On the other hand, the signal
corresponding to VIAl became more asymmetric with increasing
pressure as a result of the quadrupolar interaction of the nucleus with
the surrounding electric ﬁeld gradient. This latter signal shifted
slightly towards higher frequency values, showing the maximum at
3.4 ppm in the sample reacted at 3000 bar, to be compared to 1.5 ppm
for the starting kaolinite.
According to the XRD data, the spectra of all the reaction products
should show 27Al resonances corresponding to muscovite/illite while
those of samples reacted at 500 and 1000 bar, should also contain the VIAl
signal of kaolinite. Sanz and Serratosa (1984) reported IVAl in pure
muscovite at ~67 ppm and VIAl, at 1.5 ppm. Therefore, the high frequency
27
Al NMR resonance present in all the spectra at 69.8 ppm can be assigned
to Al in the tetrahedral sheet of the muscovite/illite phase formed as a
consequence of the reaction. The assignation of the 27Al signal at ~61 ppm,
clearly shown in the spectra of the samples reacted at 500 and 1000 bar,
was not straightforward. In a previous study (Mantovani et al., 2009), the
transformation of kaolinite into muscovite/illite was analysed at 300 °C
and 500 bar with increasing reaction time. The XRD patterns showed a
direct transformation of kaolinite into muscovite/illite while the 27Al MAS
NMR spectra showed the presence of a signal at ~60 ppm that was
tentatively assigned to an intermediate phase representing a partially
transformed kaolinite structure containing small amounts of IVAl. In order
to look for a direct evidence of such phase, kaolinite was submitted to
hydrothermal reactions in KOH solution at 300 °C and 1000 bar for 1, 3
and 6 h.
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3.3. The secondary phase
The XRD patterns of the products of the hydrothermal reaction of
kaolinite in KOH solution at 300 °C and 1000 bar for 1, 3 and 6 h are
shown in Fig. 3 on the left. All three patterns showed a well resolved
series of reﬂections of K–F zeolite (KAlSiO4·1.5 H2O, PDF 38-0216,
marked with Z in the Figure). The pattern after 3 h reaction also
showed the presence of a broad reﬂection of muscovite/illite at
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Fig. 4. 29Si MAS NMR spectra of kaolinite before (a) and after hydrothermal reaction in
2.85 M KOH solution at 300 °C and 500 bar (b), 1000 bar (c), 1500 bar (d), 2000 bar (e)
and 3000 bar (f). Crosses: Experimental. Continuous: Fit.
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Fig. 5. Area under the curve (proportional to the number of Si nuclei) obtained from the
ﬁtting of the 29Si MAS NMR spectra to the different contributions of Si environments for
kaolinite, muscovite/illite, K–F zeolite and Si-containing amorphous phase.
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8.7° 2θ, which increased in intensity with time. The typical reﬂections
of kaolinite were still present after 6 h reaction. The corresponding
27
Al MAS NMR spectra are shown in Fig. 3 on the right. The spectra
proﬁle was similar to those in Fig. 2. At short reaction times, a new
prominent signal was observed at 61.4 ppm that should correspond,
according to the XRD data, to IVAl in the K–F zeolite. The intensity of
the shoulder at higher frequency values increased with increasing
reaction time and can be assigned to IVAl of muscovite/illite.
In view of these results, the 27Al signals at ~61 ppm observed in
the spectra of Fig. 2 must correspond to VIAl in K–F zeolite nuclei with
a coherent diffraction domain size not large as to be detected by XRD.
The results suggest, therefore, that kaolinite transformed into
muscovite/illite, with the formation of K–F zeolite as a secondary

metastable phase, which eventually transformed to muscovite/illite.
Formation of zeolites during kaolinite illitization was reported by
Bentabol et al. (2003a, 2006). Bauer et al. (1998), using low
temperatures (35 °C and 80 °C) observed, however, direct transformation of kaolinite into illite, followed by KI-zeolite, phillipsite and Kfeldspar when long reaction times (up to 150 days) were used. On the
other hand, Huang (1993), in his study of illitization of kaolinite in
KOH solution at 500 bar (very similar to the conditions used in our
experiments), reported direct transformation of kaolinite into
muscovite/illite, as observed by XRD. Given the results of the present
study, it is likely that K–F zeolite nuclei were also present in his
reaction products. Considerable structural changes are expected for
the formation of zeolite from kaolinite, because it implies increasing
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Fig. 6. Scanning electron microscope images of starting kaolinite (a and b), illite-muscovite obtained after hydrothermal reaction of kaolinite at 3000 bar (c and d) and a prismatic
crystal of K–F zeolite in the product of hydrothermal reaction of kaolinite at 1000 bar for 3 h (e).
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the condensation of Si tetrahedra (Q3–Si to Q4–Si), to transform a
layered silicate to a tectosilicate and again decreasing from Q4–Si to
Q3–Si to form muscovite/illite from K–F zeolite (Fig. 3, bottom).
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pressures. This study shows the importance of using techniques that
inform on the local ordering of the atoms to detect the incipient
formation of phases invisible to long range order techniques.

3.4. Semiquantitative study of the illitization of kaolinite
Acknowledgements
The 29Si MAS NMR spectra of kaolinite before and after the
hydrothermal reaction in KOH solution at 300 °C for 12 h with
increasing pressure are shown in Fig. 4. The starting material
displayed a 29Si spectrum consisting in a single symmetric signal at
−91.5 ppm, corresponding to Q3(0Al) units in the tetrahedral sheet of
kaolinite (Kinsey et al., 1985). The hydrothermal reaction at 500 bar
caused the appearance of a broad contribution on the high frequency
side of the kaolinite resonance. The broad band is compatible with Si
in muscovite/illite (expected at − 89.5 ppm, − 86.5 ppm and
−83.0 ppm for Q3(0Al), Q3(1Al) and Q3(2Al), respectively; (Weiss
et al., 1987)) and K–F zeolite (expected a − 85.6 ppm; (Engelhardt
and Michel, 1987)). The intensity of the broad contribution increased
as the kaolinite signal decreased with increasing run pressure.
Attempts to decompose the spectra into ﬁve different contributions
(three of muscovite/illite, one of K–F zeolite and one of kaolinite)
were unsuccessful because of the proximity of the K–F zeolite signal to
the one corresponding to Q3(1Al) environment in muscovite/illite.
These two signals were considered as a single one for the ﬁttings
and, eventually, only the content of Si nuclei in muscovite/illite + K–
F zeolite could be obtained. An additional low intensity signal at
~ − 100 ppm was necessary for a correct ﬁtting of the low frequency
region of the spectra. This signal could be produced by Q4 units in an
amorphous Si-containing phase not detectable by diffraction. Fig. 5
shows the evolution of the different Si environments with pressure.
The signal of kaolinite decreased exponentially while that of
muscovite/illite + K–F zeolite increased sharply at low pressure
values and reached a plateau at P ≥ 1500 bar. The Si-containing
amorphous phase only appeared at low pressures and transformed
eventually to muscovite/illite.
3.5. Morphology of the particles
Fig. 6a and b are SEM images of the starting kaolinite. Fig. 6a shows
well-deﬁned kaolinite books. The pseudo-hexagonal morphology of
the particles, with clean edges, is observed in Fig. 6b. The EDX
spectrum (inset of Fig. 6a) was in agreement with the chemical
formula of the KGa-1b kaolinite. Fig. 6c and d are SEM images of
muscovite/illite particles obtained after hydrothermal reaction of
kaolinite at 300 °C and 3000 bar for 12 h. Fig. 6c displays aggregates of
muscovite/illite particles that keep the book morphology of the
unreacted kaolinite particles. The EDX spectrum (inset of Fig. 6c)
indicated the incorporation of K+ ions into the layered structure. The
muscovite/illite particles showed very irregular edges (Fig. 6d).
Finally, Fig. 6e is a SEM micrograph of a well-deﬁned prismatic
crystal corresponding to the K–F zeolite formed after 3 h reaction at
300 °C 1000 bar. The EDX analysis showed the presence of Si, Al, and K
lines characteristic of this K–F zeolite. It was not possible to ﬁnd this
type of particles in any other sample reacted at 300 °C for 12 h with
increasing pressure.
4. Conclusions
Muscovite/illite formed from kaolinite at the lowest pressure used
in this study (i.e. 500 bar), with muscovite/illite as the unique stable
phase at P ≥ 1500 bar. Whilst XRD indicated a direct transformation of
kaolinite into muscovite/illite, 27Al MAS NMR results showed the
development of a secondary metastable phase, K–F zeolite, which
formed at 500 bar and progressively decreased with increasing
pressure. An additional Si-containing amorphous phase was revealed
by the 29Si MAS NMR spectra of the samples reacted at the lower
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