1217

The Canadian Mineralogist
Vol. 36, pp. 1217-1223 (1998)

RAMAN AND INFRARED SPECTRA OF PHASE E,
A PLAUSIBLE HYDROUS PHASE IN THE MANTLE
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ABSTRACT

Micro-Raman and micro-infrared spectra of the silicate and principal OH-stretching regions have been obtained from a well-
characterized crystal of phase E (Mgj 1781),01H3.6,0¢) containing approximately 18 wt.% H,0. The number of observed infrared
and Raman bands exceeds the number predicted by factor-group analysis for a crystal of phase E with space group R3m. This
finding suggests that some long-range order may exist in phase E, or that it possesses a superstructure that lowers the overall
symmetry of the crystal. Although phase E contains layers of brucite-type units linked by SiOj tetrahedra and MgOg octahedra,
the lower frequencies and the broadness of the OH-stretching bands of phase E (in comparison to brucite) indicate that the
hydrogen bonding is stronger than that in brucite. There is a close similarity between the Raman spectra of phase E and forsterite
below 1000 cm™. This may be explained by assuming that the vibrations of the isolated SiO; tetrahedra dominate the Raman
spectrum of phase E below 1000 cm™. Tentative assignments of the observed bands are made by comparison with computed
spectral modes and the corresponding spectra of brucite and forsterite.

Keywords: hydrous magnesium silicate, phase E, micro-Fourier-transform infrared spectroscopy, micro-Raman spectroscopy,
mantle.

SOMMAIRE

Nous avons obtenu des spectres micro-Raman et micro-infrarouges de la trame silicatée et des principales régions d’étirement
des groupes OH d’un cristal bien caractérisé de la phase E (Mg,17Si1.01H3.60¢), contenant environ 18% de H,O par poids. Le
nombre de bandes Raman et infrarouges observé dépasse ce que nous prédisons selon 1’analyse des groupes et facteurs pour un
cristal de cette phase dans le groupe spatial R3m. La phase E serait donc ordonnée 2 longue échelle, ou bien elle aurait une
surstructure qui réduit la symétrie globale du cristal. Quoique la phase E contient des couches de type brucite liées par des
tétraddres SiO, et des octatdres MgQOg, les fréquences plus faibles et la largeur des bandes d’étirement des groupes OH, en
comparison de celles-ci dans la brucite, montrent que les liaisons hydrogéne sont ici plus fortes que dans la brucite. Le spectre
Raman de la phase E dans I’intervalle inférieur & 1000 cm™' ressemble beaucoup 2 celui de la forstérite. Les vibrations des
tétraddres isolés de SiO4 domineraient donc le spectre Raman de la phase E aux fréquences inférieures 2 1000 cm™'. Nous
identifions les bandes observées de fagon préliminaire par comparaison avec les modes calculés et avec les spectres correspondants
de la brucite et de la forstérite.

(Traduit par la Rédaction)

Mots-clés: silicate hydraté de magnésium, phase E, spectroscopie infra-rouge avec transformation micro-Fourier, spectroscopie
micro-Raman, manteau.

INTRODUCTION there must be some magnesium silicates that can

accommodate it and that are stable at appropriate pres-

There is currently considerable interest in the state  sures and temperatures. In addition to the three hydrous

of hydration of the mantle. Liu (1987) has estimated that magnesium silicates (phases A, B and C), synthesized

the Earth’s mantle might contain more than five times by Ringwood & Major (1967), there are several other

the present content of H,O in the hydrosphere and crust. ~ dense hydrous magnesium silicates (e.g., phase D: Liu
In order to hold this amount of H,O inside the Earth, 1987).
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Phase E was first reported by Kanzaki (1989, 1991)
as part of a study of phase equilibria of hydrous mate-
rials at pressures above 120 kbar. Phase E is generally
formed in the range 130-155 kbar and 1000-1200°C,
and hence, may be stable at depths ranging from the
lower regions of the upper mantle to the transition zone.
X-ray- and electron-diffraction studies (Kudoh et al.
1993) showed that phase E has a cation-disordered
structure with a rhombohedral arrangement of layers of
brucite-type units. The layers are cross-linked by sili-
con in tetrahedral coordination, magnesium in octahe-
dral coordination, and hydrogen bonds. Interlayer
octahedra share edges with intralayer octahedra.
Interlayer tetrahedra would be expected to share faces
with intralayer octahedra, but to avoid this, there are va-
cancies within the layers. Kudoh e al. (1993) suggested
that there is no long-range order in phase E, Mg and Si
being distributed statistically throughout an essentially
close-packed arrangement of oxygen atoms.

The Raman-active OH-stretching bands of phase E
were recently reported by Ohtani ef al. (1995) and the
first complete Raman spectrum of phase E was pub-
lished by Liu et al. (1997). In this paper, we examine
the Raman spectrum of phase E in more detail and com-
pare it to the corresponding infrared spectrum of the
same sample.

EXPERIMENTAL

Single crystals of phase E (~100 wm diameter) were
synthesized at 155 kbar and 1200°C for 22 minutes by
Inoue et al. (1995) and at 150 kbar and 1000°C for
3 hours in the present study. The crystal structure of
samples synthesized in the present study was confirmed
by a micro-focus X-ray diffractometer. Electron-
microprobe analysis of the samples synthesized in the
present study gave Mg/Si = 1.90 £ 0.02, and the amount
of H0, 18.2 + 0.9 wt.%, was estimated by difference.
The amounts of H,O in two different samples of phase
E were estimated to be 15.8 and 18.0 wt.% by Kudoh er
al. (1993) on the basis of X-ray crystal-structure analy-
sis, giving compositions of Mgy 0sSi1.16H3.200¢ and
Mg> 178i1.01H3.6206, respectively.

Fourier-transform infrared (FTIR) spectra were
recorded from 750 to 4000 cm™! using a Bomen infra-
red spectrometer and a Spectra-Tech microscope. FTIR
spectra were obtained at 4 cm™ resolution by addition
of 500 scans for each sample and reference spectrum.
To ensure that only the spectrum of the crystal was
obtained, a rectangular region of approximately
30 X 20 wm was selected for analysis by masking the
image at an intermediate focal plane within the micro-
scope. Polarized spectra could not be obtained owing to
the small size of the crystal used in these studies and the
depolarizing effects caused by the microscope objective.

Raman spectra were recorded on a Microdil 28
spectrometer equipped with an Olympus BH2 micro-
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scope. A 100X microscope objective was used to focus
the laser beam to a spot about 1 wm in diameter on the
crystal. A complete description of the Raman instrumen-
tation is given in Liu & Mernagh (1990). Spectra were
measured at approximately 3 cm™ resolution from 150
to 3800 cm™! using 514.5 nm excitation and 40 mW
power at the sample. All spectra were obtained after
15 accumulations using a 15-s integration time. Raman
peaks are accurate to 1 cm™! , except for the broader
OH bands, which are accurate to =5 cm™.

REsuLTS AND DISCUSSION
Predicted vibrational spectra for phase E

The X-ray- and electron-diffraction studies of Kudoh
et al. (1993) indicate that phase E has a hexagonal unit-
cell with space group R3m. However, in order to develop
a plausible crystal-structure, Kudoh et al. (1993) pro-
posed that occupied Si tetrahedra cannot share faces
with occupied intralayer Mg octahedra. Therefore, all
three cation positions (Mgl, Mg2 and Si) are only partly
occupied. The pattern of vacancies and interlayer cations
is ordered locally, but has no long-range order. In order
to simplify the modeling, only the short-range structure
will currently be considered, and hence, a factor-group
analysis based on the R3m space group predicts the fol-
lowing irreducible representation for phase E:

IF'=3A;+3E,+4 A +4E,

Thus, a total of 14 vibrational modes are predicted
for this structure. Owing to the centrosymmetry of the
space group R3m, the mutual exclusion rule for normal
vibrations in a crystal requires that the u-modes be active
in the infrared spectrum and the g-modes be active in
the Raman spectrum only.

In order to make band assignments for the observed
infrared and Raman spectra of phase E, the VIBRATZ
program, a new version of the modeling software by
Dowty (1987a), was used to calculate the vibrational fre-
quencies of phase E and to refine the data based on the
observed infrared and Raman spectra. The VIBRATZ
program requires, as input, the unit-cell parameters and
space group, the location of one atom of each equiva-
lent set, obtained from Table 1 in Kudoh er al. (1993),
the atomic coordinates of the general equipoint, and a
set of force constants that apply to conventional two-
atom bonds, three-atom angles, four-atom torsion or
bond-plane angles, and interactions of bonds and three-
atom angles.

The initial force constants for the Si—O and Mg-O
bonds were obtained from Table 2 of Dowty (1987b),
and the O-H force constant was obtained from Table
8-1 in Wilson et al. (1980). The bond lengths of Kudoh
et al. (1993) were used in these calculations. As Kudoh
et al. (1993) could not determine the length of the O-H
bond in their X-ray studies, the bond length of O-H in
brucite (0.96 A), determined by neutron-diffraction
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TABLE 1. A COMPARISON OF CALCULATED AND OBSERVED
VIBRATIONAL FREQUENCIES FOR PHASE E

Caloulated _Observed Mode | Calculaed  Observed Mode
F Fr Assl F . P . Assi
(cm) cm?) (em?) em?)
3802 3642 A, 819
3686 3616 Au 814
3598 717
3175 3368 E. 698 678 En
2949 3331 Ey 584
1575 460 541 Ay
1439 351 432 Ay
955 306 418 Ea
840 906 Ey M2 322 Eg
899 888 Aig 225 288 Eq
716 846 A, 21 21 An

studies (Catti et al. 1995), was used in view of the simi-
larities between the crystal structure of phase E and
brucite.

A comparison of the frequencies of phase E calcu-
lated by VIBRATZ with those observed in the present
study is given in Table 1. The calculated frequencies
have an average deviation of less than 10% from the
observed values. Although there are some differences
between the calculated and observed values, it is
important to remember that the calculated values are
harmonic, whereas the observed values are essentially
anharmonic. These calculations also have not consid-
ered the Mg and Si vacancies invoked by Kudoh et al.
(1993), for reasons mentioned above.
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Note that the number of observed bands exceeds the
number predicted from the above factor-group analysis,
and that some Raman bands seem to coincide with
observed and predicted infrared modes. This observa-
tion suggests that some long-range order may exist in
phase E, or that it has a superstructure that lowers the
overall symmetry of the crystal, resulting in an increase
in the number of vibrational bands in the spectra. These
results conflict with the selected-area electron diffrac-
tion (SAED) patterns obtained by Kudoh er al. (1993),
which indicate that phase E does not possess any long-
range superstructure. However, their interpretation was
based solely on the similarities between the diffuse scat-
tering in the SAED and that observed in short-range-
ordered alloys. Some possible reasons for the additional
bands and tentative assignments are given below.

Micro-FTIR spectrum

The micro-FTIR spectrum of phase E is shown in
Figure 1, and the observed frequencies are listed
in Table 2. Two strong Si—O stretching bands are ob-
served at 819 and 955 cm™, with a slight shoulder at
888 cmL. The two bands at 1439 and 1575 cm™! occur
outside the range of normal Si—O vibrations, and are
probably overtones or combination bands. The features
in the spectrum between 2330 and 2360 cm! are due to
a slight decrease in the concentration of CO, between
the recording of the background and sample spectra, and
other weak features below 3000 cm™! may be overtones
or combination bands.
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FiG. 1. Unpolarized micro-FTIR specirum in the region 750 to 4000 cm™ recorded from

a single crystal of phase E.
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TABLE 2. THE OBSERVED INFRARED AND RAMAN BANDS*

OF PHASE E AND FORSTERITE
Phase B Forsterite Assignments
FTIR®  Raman® Infrared® Raman®
V1o VLo
221 224 226 8i0, translation
288 280 283 286 mixed ($i0; lranslation)
322 320 -323 323 mixed mode
418 421 446 422 Uy
432 434 u,
541 498 544 545 v,
584 502 585 582 U,
717 O-H rotation
819 814 825 824 U Uy
846 838 845 856 U+,
888 885 994 v,
906 920 U,
955 949 957 963 965 v,
1439 combination/overione
1575 combination/overtone
3331 O-H stretch
3368 O-H stretch
3616 O-H siretch
3642 O-H streich-

* All fequencies are quoted in cm™. a. This study. b. Selected infrared frequencies
of forsterite from Lishi (1978). ¢. Selected Raman frequencies of forsterite fram
Chopelas (1991).

The two very broad bands at 3368 and 3642 cm™ in
the principal OH-stretching region of Figure 1 indicate
that either H,O or weakly bonded OH, or both, are
present in phase E. This proposal is in accord with the
results of the electron-microprobe analysis, which indi-

THE CANADIAN MINERALOGIST

cate that up to 18 wt.% H,0 may be present in phase E.
Despite the fact that phase E contains brucite-like layers,
all the OH-stretching bands occur at lower frequencies
than the relatively sharp OH-stretching band of brucite
at 3695-3698 cm! (Liese 1975, Table II). Both the
lower frequencies and the broadness of the OH- stretch-
ing bands indicate that the hydrogen bonding in phase
E is stronger than that in brucite.

Figure 2 shows an expanded view of the principal
OH-stretching for phase E. An approximate value of
100 L.mol"\.cm™! may be used for the absorptivity of
the fundamental OH-stretching vibration in minerals
(Rossman 1988) in order to estimate the OH content.
An average (2.83 g.cm™) of the densities for phase E
given in Kudoh er al. (1993) was used in these calcula-
tions. Thus by integrating the OH-stretching bands in
the infrared spectrum of Figure 2 and using an estimated
thickness of 100 um, the calculated concentration of OH
is 20% by weight. Considering the assumptions made
in these calculations, this result is in good agreement
with the results of the electron-microprobe analysis
(H,0 calculated by difference) mentioned above.

Micro-Raman spectrum

The complete Raman spectrum of phase E is shown
in Figure 3. Note that the three bands between 1000 and
3000 cm! are due to remnants of a previous carbon
coating on the sample, which could not be removed
owing to the small size of the crystal. In the principal
OH-stretching region, there is one strong band at 3616

25+

[¥Y
|

Absorbance

&

T 1 — 1
3200 3300 3400

T T T T
3560 3600 3700 3800

Wavenumber, cm!

FIG. 2. An unpolarized FTIR spectrum of the principal OH-stretching region of phase E.
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Fi6. 3.  Micro-Raman spectrum in the region 100 to 3800 cm ™! recorded from a single crys-
tal of phase E. Note that the bands between 1000 and 3000 cm™! are due to remnants of
a carbon coating on the sample from previous studies (see text for further explanation).

cm! and a weak, broad shoulder on the low-frequency
side of this band. The profile of the Raman OH-stretch-
ing bands is somewhat similar to those of the infrared
spectrum (Figs. 1, 2), although the band at lower
wavenumbers is not as pronounced in the Raman
spectrum. It is worth noting that a new peak was also
observed on the high-frequency side of the Raman OH-
stretching mode of brucite in the high-pressure study of
Duffy et al. (1995). According to these authors, the
coinciding bands may be due to mixing of formally
infrared and Raman modes due to structural distortion
or disorder.

Both the Raman OH-stretching bands of phase E
occur at considerably lower wavenumber than the A,
OH-stretching mode for brucite, at 3652 cm™! (Duffy et
al. 1995). The higher strength of hydrogen bonding in
phase E is shown by the shift to lower wavenumber and
by the greater width of the bands in the ambient Raman
spectrum. Although phase E is reported to contain layers
of brucite-type units (Kudoh er al. 1993), the Raman
spectrum contains several intense bands in the low-
frequency region above 800 cm™! that are not observed
in the Raman spectrum of brucite (Duffy ef al. 1995).
However, the weak bands at 288, 432 and 717 cm* (Fig.
3) may correspond to vibrations of brucite-type units,
as they all lie within 8-11 cm™' of the reported Raman-
active modes of brucite. The Raman-active vibrations
of the brucite-like layers are relatively weak, a common
feature of many silicates, e.g., pyroxenes (Mernagh &

Hoatson 1997). This is due to the predominantly ionic
nature of the MgQOg octahedra (Farmer 1974).

It is interesting to note, however, the close similarity
of the Raman spectra of phase E and forsterite below
1000 cm! (Fig. 4). Comparison of the observed infra-
red and Raman frequencies of phase E with those of
forsterite (Table 2) shows that the Raman bands of phase
E occur at slightly lower wavenumber than those of
forsterite. A similar relation occurs for the Raman spec-
tra of B-Mg»SiO, and the hydrous B-phase (Mernagh &
Liu 1996). Although phase E and forsterite have quite
different structures, they both contain individual SiOy4
tetrahedra. Thus, it seems that the vibrations of SiO4
tetrahedra dominate the Raman spectrum of phase E
below 1000 cm .

The inference that many of the observed Raman
modes (particularly those between 800 and 1100 cm™')
are due to SiOy vibrations is supported by the results of
Paques-Ledent & Tarte (1973) on forsterite containing
varying 228i/30Si and >*Mg/*Mg ratios. They found that
bands in the range 800-1100 cm™! are not affected by
the proportion of Mg-isotopes, indicating that little or
no Mg translations are involved in these high-frequency
modes. However, the bands between 991 and 885 cm™!
are sensitive to variations in the proportions of Si-
isotopes, and they inferred that these bands are related
to the v anti-symmetric stretching of the SiQ; tetrahe-
dra, in which significant Si displacement is expected.
They showed that there was significant mixing of v; and
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FiG. 4. Comparison of the micro-Raman spectrum in the region 100 to 1020 cm™ for

forsterite (top) and phase E (bottom).

v3 character for the intense bands at 856 and 824 cm™.
Paques-Ledent & Tarte (1973) also found that infrared
bands at 466, 425, 415, 364, 320, 300 and 277 cm™
show large shifts in frequency with Mg-isotope varia-
tions, but only small shifts with Si-isotope variations.
They inferred that these bands are associated with large
translations of Mg atoms and also possibly SiO4 rota-
tions. All the remaining bands in their experiments seem
to involve displacements of both Mg and Si. Therefore,
the assignments in Table 2 are based on similar assign-
ments for forsterite as reported by Chopelas (1991).
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