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Abstract Four main serpentine varieties can be distin-
guished on the basis of their microstructures, i.e. lizar-
dite, antigorite, chrysotile and polygonal serpentine.
Among these, antigorite is the variety stable under high
pressure. In order to understand the structural response
of these varieties to pressure, we studied well-charac-
terized serpentine samples by in situ Raman spectros-
copy up to 10 GPa, in a diamond-anvil cell. All
serpentine varieties can be metastably compressed up to
10 GPa at room temperature without the occurrence of
phase transition or amorphization. All spectroscopic
pressure-induced changes are fully reversible upon
decompression. The vibrational frequencies of antigorite
have a slightly larger pressure dependence than those of
the other varieties. The O—H-stretching modes of the
four varieties have a positive pressure dependence,
which indicates that there is no enhancement of hydro-
gen bonding in serpentine minerals at high pressure.
Serpentine minerals display two types of hydroxyl
groups in the structure: inner OH groups lie at the centre
of each six-fold ring while outer OH groups are con-
sidered to link the octahedral sheet of a given 1:1 layer to
the tetrahedral sheet of the adjacent 1:1 layer. On the
basis of the contrasting behaviour of the Raman bands
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as a function of pressure, we propose a new assignment
of the OH-stretching bands. The strongly pressure-
dependent modes are assigned to the vibrations of the
outer hydroxyl groups, the less pressure-sensitive peaks
to the inner ones.

Keywords Raman spectroscopy - High pressure -
Serpentine minerals - Diamond-anvil cell

Introduction

Serpentine minerals are hydrous phyllosilicates
(~13 wt% water) formed during the hydration of basic
and ultrabasic rocks. Serpentine minerals are rather
abundant in the oceanic lithosphere, conferring on
them an important role in the global water cycle
(Scambelluri et al. 1995; Ulmer and Trommsdorff 1995;
Wunder and Schreyer 1997; Iwamori 1998; Schmidt
and Poli 1998).

Serpentine minerals are based upon a 1:1 layer
structure, corresponding to the stacking of layers com-
posed of one tetrahedral and one octahedral sheet
(Fig. 1). Changes in the curvature of these 1:1 layers lead
to four distinct varieties (e.g. Wicks and O’Hanley 1988).
Lizardite displays a planar structure, chrysotile a cylin-
drical wrapping of the 1:1 layers, leading to its fibrous
habit (asbestos), and antigorite is characterized by a
modulated structure involving also changes in the layer
polarity. Finally, polygonal serpentine alternates flat
and curved sectors and has a fibrous habit like chrysotile
(e.g. Baronnet et al. 1994). Recent experimental studies
have shown that among serpentine minerals, antigorite
is the variety stable under high-pressure conditions
(Bose and Ganguly 1995; Ulmer and Trommsdorff 1995;
Wunder and Schreyer 1997). Moreover, natural serp-
entinites sampled in high-grade terrains also display
antigorite as the most abundant variety in the matrix
(Mellini et al. 1987; Scambelluri et al. 1995; Guillot et al.
2000; Auzende et al. 2002). Lizardite and chrysotile are
the major components of pseudomorphic textures
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Fig. 1 a, b Crystal structure of
lizardite-17 (Mellini 1982). a
View along [001] and b view
along [010]. O4-H4 corre-
sponds to the inner OH groups
and O3-H3 to the outer OH
groups. T is the tetrahedral
sheet and O the octahedral one

observed in low-grade serpentinites such as those found
in oceanic lithosphere or low metamorphic grade ophi-
olites. Hence, in order to understand the contrasting
behaviour of the various serpentine varieties with respect
to pressure, we investigated their behaviour up to 10
GPa. The results point out that antigorite is slightly
more sensitive to pressure than the other varieties and
provide new constraints on the still-debated assignment
of the OH-stretching vibrational modes.

Experimental

Sample characterization

This study was performed on well-characterized natural samples,
even though simultaneous occurrence of several phases is often
observed in serpentinites (Viti and Mellini 1997). The chemical
analyses and structural formulae are given in Table 1. These sam-
ples are close to the ideal formula Mg;Si,Os(OH),, with only slight
substitutions of Mg and Si by Fe and Al respectively.

The lizardite sample comes from Monte-Fico (Isle of Elba). The
structure and chemistry of this material have been extensively
investigated (Mellini and Viti 1994; Fuchs et al. 1998). The sample
occurs as a polycrystalline material. Lizardite crystals occur as
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Table 1 Microprobe analyses of the investigated serpentine sam-
ples and associated structural formulae

outer OH groups

inner OH groups

Lizardite*  Chrysotile®  Polygonal® Antigorite®
SiO, 39.60 43.50 43.20 41.65
Al O3 2.90 0.60 0.80 345
FeO 3.84 2.60 2.30 4.15
MgO 38.00 38.80 40.60 37.37
Total 84.34 85.50 86.9 86.66
Si 1.92 2.06 2.01 1.96
Al 0.17 0.03 0.04 0.19
Fe 0.16 0.10 0.09 0.16
Mg 2.75 2.73 2.82 2.62
Total 4.99 4.93 4.97 4.94

& Melhm and Viti (1994)
®Fuchs et al. (1998)
¢ this study

trigonal prisms, typically 0.3 x 0.3 x 0.7 mm in size. They corre-
spond to the 17 polytype, which is the closest to the ideal serpen-
tine trigonal structure. Lizardite 17 displays only small distortions
of the tetrahedral layer, and was refined in space group P31m
(Mellini and Viti 1994). The structural formulae (Table 1) indicate
that the lizardite is more substituted in Fe and Al than chrysotile
and polygonal serpentine, in agreement with the results of the



chemical investigations of Wicks and Whittaker (1970). However, it
contains less aluminium than antigorite. Although observations
both by optical microscopy and by transmission electron micros-
copy (TEM) revealed minor amounts of chrysotile (less than 5%),
lizardite is the dominant mineral in the sample (Viti and Mellini
1997).

The antigorite sample originates from the Escambray Massif
(Central Cuba). It occurs as a polycrystalline aggregate where an-
tigorite blades are several tenths of a mm in size. Antigorite is
considered to be monoclinic (e.g. Wicks and O’Hanley 1988), and
has been tentatively assigned to space group Pm (Uehara 1998),
although no three-dimensional refinement can precisely constrain
its structure. The crystals are mostly one-layer polytypes, with a
regular superperiodicity of 37 A (m = 13) and fine stacking se-
quences (Auzende et al. 2002). The antigorite sample displays
substitutions in Fe and Al reaching 4.2 and 3.5 wt%, respectively.
TEM observations have indicated that this sample consists mostly
of antigorite, associated with minor amounts of chrysotile (less
than 5%) (Auzende et al. 2002).

The fibrous varieties, i.e. chrysotile and polygonal serpentine,
display similar substitution rates, with small amounts of Fe (<3%)
and Al (<1%) in the structure. The chrysotile sample originates
from the asbestos mines of Thetford (Quebec). It consists of a black
compact serpentinite associated with white fibrous veins. The fibres
used had been previously characterized by X-ray diffraction
(Lemaire et al. 1999), and correspond to the monoclinic polytype
(clinochrysotile). Their characteristic diameter is 100 nm. The
polygonal serpentine sample comes from the Jeffrey Mines (Que-
bec). The TEM study revealed a combination of polygonal ser-
pentine fibres larger than 200 nm, and a small amount of chrysotile
(less than 5%).

High pressure techniques

High-pressure experiments were performed in a Mao-Bell-type
diamond-anvil cell, equipped with 600-um culet low fluorescence
diamonds; 200 pm-diameter holes drilled in a stainless-steel gas-
ket pre-indented at ~80 um thickness served as pressure cham-
bers. The samples were cut with a razor blade to approximately
30 um thickness. A 16:3:1 methanol-ethanol-water mixture was
used as a pressure-transmitting medium to achieve hydrostatic
conditions to 10 GPa, at room temperature. Pressure was deter-
mined by the calibrated shift of the R1 fluorescence line of a ruby
chip located next to the sample (Mao et al. 1986). Raman spectra
were recorded in the backscattered geometry, with a Dilor XY
double subtractive spectrograph equipped with 1800 g mm™
holographic gratings, and a nitrogen liquid-cooled EGG CCD
detector. The resolution was 1cm™'. A microscope with a
Mitutoyo Apoplan 50x long-working distance objective was used
to focus the incident laser beam (514.5 nm line of an Ar™ laser)
into a 2-um spot and to collect the Raman signal from the
sample. Spectra were acquired over 120 to 600 s, with a laser
output power adjusted between 200 and 600 mW depending on
the intensity of the signal.

Fitting procedure

In the low-frequency range (200-800 cm™'), adjustments of the
spectra by Voigt functions make it possible to get the peak
positions and the full width at half maximum (FWHM). Since
the signal is rather complex in the O-H-stretching region, the
different O-H-contributions were deconvoluted using Voigt
functions. Fitting models were created from high-pressure spec-
tra, where the Raman bands are best resolved due to a large
splitting, difference from room condition, where bands are highly
convoluted. We chose the minimum number of peaks required
to gain the best fit to the spectra. These peaks were allowed to
vary only in position and intensity, working from high to low
pressure.
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Results

Raman spectra of lizardite, antigorite, chrysotile and
polygonal serpentine were recorded in situ upon com-
pression to peak pressures of 9.5, 11.3, 7.1 and
10.8 GPa, respectively, then along the decompression
path. Selected Raman spectra collected at various pres-
sures in the low-(200-800 cm™") and high-(3550—
3850 cm™') frequency ranges are displayed in Fig. 2. The
investigated pressure range embraces the pressure sta-
bility field of antigorite (Ulmer and Trommsdorff 1995),
i.e. the serpentine variety stable at high pressure. Only
chrysotile could not be investigated above 7.1 GPa. In-
deed, at 8.0 GPa, we could neither observe the sample in
the DAC nor focus the laser beam onto it, suggesting
that chrysotile and the pressure-transmitting medium
had reached the same refractive index. Upon decom-
pression, the chrysotile sample recovered both contrast
and Raman spectrum, without any noticeable change in
the spectrum. The evolution of all bands as a function of
pressure is fully reversible, as indicated by the similar
data obtained upon compression and decompression
(Fig. 3).

Under ambient conditions, the Raman spectra char-
acteristics of the four serpentine varieties are in excellent
agreement with those described by Lemaire et al. (1999).
The low-frequency Raman signal of the four different
varieties, corresponding to lattice and internal vibra-
tional modes, is almost identical (Fig. 2). Nevertheless,
some slight differences distinguish one variety from the
other. While lizardite displays a very weak Raman peak
at 240 cm™', this mode is more intense in the spectra of
the other varieties, and occurs around 230 cm™ . In this
frequency range, the Raman modes at 390, 433, 465 and
624 cm™ are identical for lizardite, chrysotile and
polygonal serpentine, but are systematically shifted to-
ward lower frequencies in the antigorite Raman spectra.
Hence, antigorite and lizardite can be easily distinguished
from the fibrous varieties, on the basis of their Raman
spectrum at low-frequency. In the high-frequency do-
main (3550-3850 cm™'), the vibrational signal corre-
sponds to the internal stretching vibrations of the OH
groups. Lizardite displays two intense peaks at 3688 and
3703 cm™'. Chrysotile shows a major peak at 3699 cm™'
with a shoulder at 3685 cm™". Polygonal serpentine has a
signal intermediate between chrysotile and lizardite
(Lemaire et al. 1999) with a major peak at 3695 cm™' and
a shoulder at 3688 cm™'. These three varieties also dis-
play a very weak peak centred around 3650 cm™'. The
signal displayed by antigorite is decomposed in two
major bands centred at 3665 and 3697 cm™' and a weak
band at 3619 cm™'. The large differences in band posi-
tions permit a good discrimination between the four
structural varieties (Lemaire et al. 1999).

Upon compression, all Raman bands shift toward
higher wavenumbers (Fig. 2). In antigorite spectra, for
instance, these shifts are comparable for all peaks in the
low-frequency range, whereas they display a contrasting
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Fig. 2 a-d Reduced (ie. with
intensity corrected for first-order
frequency dependence) Raman
spectra of serpentine minerals at
ambient temperature under
increasing pressure. a lizardite;

b antigorite; ¢ chrysotile;

d polygonal serpentine
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behaviour at high frequency. The Raman band located
at 3699 cm™' under ambient conditions is shifted to
3730 cm™! at 10.6 GPa, while the band centred at
3665 cm™! is shifted to 3770 cm™" over the same pres-
sure range. These features, i.e. a similar behaviour in the
low-frequency range and contrasted shift rates in the
OH-stretching range, are shared by all serpentine vari-
eties (Fig. 2).

The pressure evolution of all measured frequencies is
plotted in Fig. 3. Only intense bands could be followed
upon increasing pressure. Weak bands under ambient
conditions rapidly lose resolution (e.g. the peak at
461 cm™' in antigorite spectra). Linear regressions were
used to fit the frequencies of the lattice and internal
vibration modes (from 200 to 800 cm™') as a function of
pressure (Table 2). They display with a mean slope



Fig. 3 a—d Pressure dependence
of the Raman mode frequen-
cies. Full symbols represent data
obtained during compression
and empty symbols correspond
to decompression data. Symbol
size exceeds the estimated stan-
dard deviations in the pressure
estimation and frequencies.

a Lizardite; b antigorite;

c chrysotile; d polygonal
serpentine
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Table 2 Observed Raman modes for the low-pressure spectra and their pressure dependence obtained as linear fits to data. The error on

the slope is given in brackets. In the case of polygonal serpentine three bands were fitted with polynomial curve fits of the form y = ax +
bx + ¢
Lizardite Chrysolite Antigorite Polygonal
Vo dv/dpP Vo dv/dpP vo dv/dP vo dv/dP dv? /dP?
(em™)  (em™' GPa™h (em™)  (em™'GPa}) em™)  (em™'GPah em™)  (em™'GPah (cm™'GPa™)
238 4.2(2) 235 4.3(2) 235 4.3(2) 236 4.6(1)
393 3.1(1) 391 3.9(1) 377 4.1(1) 391 3.7(1)
695 4.1(3) 694 5.0(2) 685 4.9(2) 696 4.003)
3619 -0.9(2)
3654 0.7(1) 3649 1.1(2) 3641 1.2(1) 3646 1.4(2)
3670 8.6(5) 3684 6.6(2) 3643 10.8(2) 3678 10.5(1)* .18
3683 8.8(5) 3689 2.2(1) 3652 10.9(3) 3685 10.5(2)* .19
3690 8.8(3) 3694 7.1(3) 3661 2.3(1) 3690 10.1(1)* 06
3697 1.1(1) 3698 7.8(1) 3686 2.1(1) 3691 1.6(1)
3706 1.9(1) 3701 2.4(1) 3698 2.6(1) 3698 2.7(1)

#Mean slope over the considered pressure range
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Fig. 4 a—d Deconvolution of the
Raman signal in the O-H-

a. Lizardite

b. Antigorite

stretching mode area and associ-
ated fitting residues at 9.5, 11.3,
7.1 and 10.8 GPa for a lizardite
b antigorite ¢ chrysotile and
d polygonal serpentine, respec-
tively. The band, which is located
at 3646 cm™! in polygonal ser- 1
pentines under ambient condi- !
tions, is not resolved in the
10.8 GPa spectrum
|
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(Ov/OP); = 4.2(2)cm~! GPa~'. Antigorite vibrations
are characterized by a pressure dependence (9v/0P); =
4.6(2) cm~! GPa ™! slightly higher than those of the other
serpentine varieties. No significant correlation of the
FWHM of the lattice modes with pressure has been
evidenced in this study. For example, the FWHM of the
230 cm ™! band of antigorite is 13(1) cm™! under ambient
conditions, 15(2) cm™' at 4.5 GPa and 14(2) cm™' at
7.8 GPa. This confirms that serpentine minerals do not
tend to amorphize within the investigated pressure
range, and that pressure conditions were kept hydro-
static along the different experiments.

In the high-frequency range (3550-3850 cm™), six
active Raman OH-stretching bands are used to

3850 3560 3850

deconvolute the spectra of lizardite, chrysotile and
polygonal serpentine, while seven bands are required to
best fit the signal of antigorite (Fig. 4). The bandwidths
extend from 10 to 25 cm™' for all but one band. In-
deed, the band centred at 3658 cm™' in the antigorite
high-pressure spectrum (Fig. 4) is poorly resolved and
its high FWHM (64 cm™") strongly suggests that it
contains several unresolved peaks.

The bands in the 3550-3850 cm™' range display a
positive linear dependence on pressure, except three
bands of the polygonal serpentine (Fig. 3), whose pres-
sure evolution is best fitted by a second-order polyno-
mial relationship. For all varieties, two distinct
behaviours are recognized in this frequency domain:



strongly pressure-dependent bands with positive shift
rates between 6.6 and 10.9 cm™' GPa™' and weakly
pressure-dependent peaks with shift rates between 1.1
and 2.7 cm™' GPa™!. The bands displaying the larger
pressure dependences are those located on the low-fre-
quency side at ambient conditions. With increasing
pressure, these bands catch up and then overrun the
sluggish bands. As already observed in the low-fre-
quency domain, the most pressure-sensitive bands in the
O-H-stretching region belong to antigorite. The weak
bands centred around 3650 cm™! in lizardite, chrysotile
and polygonal serpentine display lower shifting rates
than antigorite (Table 2). Antigorite spectra also display
a weak peak (3619 cm™! under ambient conditions) with
a slightly negative shift (Table 2). This peak was not
documented in the spectra of the other varieties.

Discussion
Pressure-induced changes in serpentine minerals

When compressed, the serpentine varieties (lizardite,
antigorite, chrysotile and polygonal serpentine) still dis-
play well-resolved Raman spectra close to 10 GPa and
room temperature, thus indicating no amorphization of
serpentine minerals up to this pressure, in agreement with
Irifune et al. (1996), who did not detect the amorphiza-
tion of antigorite or lizardite up to 26 GPa at room
temperature. In the opposite, Meade and Jeanloz (1991)
described a gradual amorphization of serpentine in a
pressure interval between 6 to 22 GPa, probably due to
large non-hydrostatic stresses in their experiments, in
which no pressure-transmitting medium was used.

The continuous shifts and the absence of modification
in the number of peaks over the whole spectral range
(Fig. 2 and 3), indicate that lizardite, antigorite and
chrysotile do not undergo any phase transition to
10 GPa. Upon increasing pressure, vibrational frequen-
cies corresponding to lattice and internal tetrahedral
layer modes move to higher wavenumbers. Hence, albeit
the arrangement of the 1 : 1 layers is different from one
serpentine to the other, leading to the four structural
varieties, the layers compress in a closely related way.
Antigorite Raman bands display slightly but significantly
larger shift rates of the modes observed below 1000 cm ™"
than in chrysotile and lizardite (Table 2). These bands
are attributed to metal-oxygen vibrations (around
230 cm™') and to a combination of internal vibration
modes (between 350 and 800 cm™") within the 1:1 layer
(e.g. Kloprogge et al. 1999). Since all Raman modes of
antigorite display a slightly but significantly higher
pressure dependence than those of the other varieties, it
might suggest a larger compressibility of this serpentine
variety, although this would have to be confirmed by a
PV equation of state of serpentine minerals.

In the high-frequency range, the different O-H con-
tributions were deconvoluted using Voigt functions. The
number of peaks accepted to fit the spectra derives in
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part from structural data. In serpentine minerals, there
exist two independent OH groups (Fig. 1). The inner
hydroxyl groups O4H4 lie at the centre of each six-fold
ring at the same z level as the apical oxygen O, (e.g.
Wicks and O’Hanley 1988). These hydroxyls are not
involved in bonds with surrounding oxygen atoms. The
outer OH groups O3H3 are considered to link the
octahedral sheet of a given 1:1 layer to the tetrahedral
sheet of the adjacent 1:1 layer. Balan et al. (2002) argued
that three IR absorption bands occur in the range of
O-H-stretching bands of lizardite 17. The lizardite 17
structure, refined in P31m, belongs to the C3v factor
group. In this group, the four OH groups of the subcell
give four stretching modes: two symmetric modes Al
(inner OH stretch and in-phase stretch of outer OH) and
two degenerated (out-of-phase stretch of outer OH). For
the other varieties, more than four bands can be ex-
pected, as the symmetry decreases. Finally, if we con-
sider the antigorite supercell, a higher number of bands
can be expected (large cell and low symmetry). Since we
performed our experiments on crystalline aggregates,
new bands may also appear because of structural faults,
as well as due to morphological effects. For instance,
experimental Raman and IR spectra of kaolinite display
five bands whereas there are only four modes (Balan
et al. 2001). In this case, factor group analysis cannot
precisely predict the exact number of hydroxyl peaks
displayed in the experimental Raman spectra of each
variety. Finally, the O-H-stretching frequency is very
sensitive to the occupancy of the surrounding octahedral
sites, and especially to the substitution of Mg by Fe (e.g.
Burns and Strens 1966, in the case of amphiboles).
Given the composition of our samples, highest wave-
number bands (near 3690-3700 cm™') correspond to OH
sites coordinated by 3 Mg, and bands corresponding to
OH sites coordinated by 2 Mg and 1 Fe should be
shifted at lower frequencies by about 15 cm™' (Burns
and Strens 1966). Other configurations (1 Mg and 2 Fe,
or 3 Fe) are statistically unlikely and the corresponding
bands should be very weak. Contributions from OH
sites surrounded by Al are also expected (Bancroft and
Burns 1969; Strens 1974). Thus, we accepted a number
of bands that deals with these considerations but also
best fits the spectra (minimum residuals) (Fig. 4).

The OH Raman bands of serpentines are character-
ized by a contrasting behaviour. We propose that this
contrasting pressure behaviour of the O-H-stretching
Raman bands is related to the two different types of OH
groups. Nevertheless, all but one Raman band in this
spectral range display positive shifts as a function of
pressure (Figs. 2 and 3). The slight negative shift of one
band in the antigorite high-frequency spectrum
(=0.9 cm™' GPa™") is not representative of the behaviour
of OH groups, because of the weakness of the peak
compared to the whole signal and the absence of this
feature in the other serpentine varieties.

Our experimental results are apparently in contra-
diction with the data obtained by Velde and Martinez
(1981). They showed a negative pressure dependence of
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the O—H-stretching frequencies on infrared spectra of
highly aluminous serpentine (Al = 1.75), close to the
amesite end member [Mg,Al(SiAl)O5(OH)4]. The au-
thors also found the more pressure-dependent modes to
be the O—H-stretching bands around 3440 cm™' which
are well developed in infrared spectroscopy for Al-rich
serpentines, but are very weak or absent for serpentines
close to the Mg end member (Serna et al. 1979). We did
not observe these bands in our spectra, due to the small
Al content of our samples. The vibrations around
3680 cm™' were found to be about independent of
pressure by Velde and Martinez (1981) up to 0.9 GPa. In
this limited pressure range, their dataset is not signifi-
cantly different from ours, given the relatively large er-
rors in the position of IR absorption bands with respect
to Raman ones.

The positive shifts we observe may be expected for
the inner O4H4 groups, since no hydrogen bonding
occurs in these hydroxyl groups (Wicks and O’Hanley
1988). Thus, the positive shifts indicate that the O-H
bond is strengthening under compression. Similar posi-
tive shifts are observed for OH groups in mica (Holtz
et al. 1993), in hydroxyl-clinohumite (Lin et al. 2000)
and in chlorite (Kleppe et al. 2003).

Positive shifts were unexpected in the case of the
outer OH groups. Indeed, the outer OH groups in ser-
pentine minerals are currently considered to be involved
in weak H bonding in order to link adjacent 1:1 layers
(e.g. Mellini 1982; Wicks and O’Hanley 1988). The high
den51ty in hydroxyl groups (one hydrogen atom per
8.2 A? ) compensates the weakness of each interlayer H
bonding (Mellini 1982). Compression of the serpentine
structure is mostly accommodated by a decrease in the
interlayer thickness (Mellini and Zanazzi 1989), which is
accompanied by reduced O3---O2 distances and sup-
posedly by increased H bonding (Mellini and Zanazzi
1989; Benco and Smréok 1998). As far as the O-H-
stretching frequency can be considered as a convenient
measure of the O—-H---O bond strength (e.g. Libowitzky
1999), the positive shifts of the O-H symmetric
stretching vibrations in serpentine minerals indicate the
absence of pressure-induced enhancement of hydrogen
bonding. Furthermore, under ambient conditions, only
extremely weak hydrogen bonding is inferred from the
interlayer O3-H3---O2 bond distances of 3 A and from
O-H-stretching frequencies around 3650 cm™' for li-
zardite (Mellini 1982; Mellini and Viti 1994), or for
antigorite (Mellini et al. 2002). Thus, altogether these
observations imply that the interlayer H bonding of
serpentine minerals should be considered as extremely
weak or absent over the investigated pressure range.
This agrees well with the recent Raman results on cli-
nochlore at high pressure by Kleppe et al. (2003). The
pressure dependence of all Raman-active O—H-stretch-
ing modes of clinochlore is small and positive up to
6 GPa, where a phase transition occurs. Over the same
pressure range, the neutron diffraction study of Welch
and Marshall (2001) indicates that the main effect of
pressure on deuterated clinochlore is a compression of

its interlayer achieved by a closure of the O-D---O bond
angle (from around 170° at 10* GPa to 150° at
4.7 GPa), without negligible changes in the O-D and
D---O bond length. Alternatively, if we assume that the
O-H distance is kept constant, an increase in the O—
H---O bond angle could explain the observed positive
shifts (Libowitzky 1999). Such a bending might occur if
the hydrogen atoms move toward the centre of the six-
fold tetrahedral rings (Fig. 1), away from the O, and Si,
which are moving closer due to the decrease of the
interlayer space with pressure.

Toward a new assignment of the symmetric stretching
OH vibrations in serpentine minerals

Our study also addresses the still-debated assignment of
the OH-stretching modes in serpentine minerals. Struc-
tural refinements of lizardite-17 from Val Sissone are
available (Mellini and Viti 1994; Gregorkiewitz et al.
1996). They indicate that the O4-H4 bond (~0.80 A) is
shorter than the O3-H3 bond (~1.16 A) According to
these data, the outer O3—H3 bonds might be weaker than
the inner O4-H4 bonds under room conditions; thus, the
contribution of the outer O3-H3 bonds should occur at
lower frequency in the Raman spectra, compared to the
inner O4-H4 bonds. However, it is commonly assumed
that the lower-frequency peaks in the O-H-stretching
frequency range correspond to the inner OH groups
whereas the higher-frequency peaks are attributed to the
vibrations of the outer hydroxyl groups (Kloprogge et al.
1999). Mellini and Zanazzi (1989) have demonstrated
that the most important pressure-induced structural
change in lizardite occurs along the ¢ axis; in this direc-
tion, there are only slight variations of the thickness of
the layer, while the interlayer thickness is strongly
diminishing under compression. The inner OH groups
thus shorten, like the surrounding stiff tetrahedral
structure, whereas the outer hydroxyl groups are strongly
affected by the large reduction of the interlayer thickness.
We have previously shown in this paper that there is no
enhanced interlayer hydrogen bonding in serpentine.
Thus, the outer OH groups can be expected to behave as
ionic bonds, whose strength increases with pressure. This
leads us to propose a new assignment for the Raman O—
H-stretching modes. From this study, we suggest that the
more pressure-dependent modes arise from the stretch of
outer OH groups whereas the less pressure-sensitive
bands, located close to 3700 cm ™', can be assigned to the
stretch of inner OH groups. This assignment is in close
agreement with the recent ab initio calculations of the
infrared spectrum of lizardite by Balan et al. (2002), who
calculated positions of the IR band due to outer hydroxyl
groups at lower frequency than bands due to inner hy-
droxyl groups.
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