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ABSTRACT

Changes in configuration and hydrogen bonding are inferred from the complex responses of
peak parameters (frequency, width, height, and area) to compression for various hydroxyl groups
in dense, hydrous magnesium silicates (DHMS). Stretching frequergieegend not only on
both O-H...O bond length but also bond angle, which suggests a need to re-examine frequency-
structure relationships at 1 atm. For phase BNV Si;0,5(OH),], v of the most intense OH
peak determined from IR spectra at nearly hydrostatic pres®)rdsedreases to a minimum at 5
GPa, and then rises to a broad maximum near 35 GPa, wheoédlse other intense peak de-
creases to a broad minimum near 30 GPa. This behavior shows that compression of phase B ini-
tially moves 019 toward H2 on 021 and rotates H1 about 020 away from 019 and toward 021
inside the triangle of O atoms, thus increasing the H1-020-O19 bond angle (from 22t821
GPa). H-H repulsion rotates H2 outside of the triangle ByatB7 GPa. Changes in O-O bond
length and H-O-O angle calculated from the trends of OH frequency with increasing pressure are
consistent with the relatively incompressible layer of S&rahedra. Widths, areas, and heights
of the hydroxyl peaks also increase wRtlwhereas areas of the lattice modes are constant), with
H1 being much more affected: This response suggests that the H1 bond bends further with com-
pression. Raman spectra of stoichiometric @tddes in superhydrous phase B [M&i"VSi,O.,

(OH),] roughly parallel these trends, consistent with similarly paired hydroxyls with bent bonds.
For phase A [Mg"Si,0s(OH)g], the Raman OHbands depend linearly d% and with constant

peak height with slopes similar to those observed for weak stretching modes of trace H in phase B.
This behavior is common and is associated with linear hydrogen bonds and unpaigrdpld.
Combining our data with previous results reveals systematic, linear relationshipdR}f evith v

that suggest high-polyhedral bulk moduli for DHMS.

Most frequencies of 31 mid-IR lattice modes for phase B depend linearly on curvature is seen
for several modes. Raman frequencies of lattice modes from superhydrous phase B (shyB) and
phase A depend linearly ¢h

INTRODUCTION This study presents nearly hydrostatic thin-film infrared ab-

Hydrogen, if present in the Earth’s mantle, affects basic pro%cgrptlon spectra of phase B and Raman spectra of phase Aand
erties such as rheology and processes such as melting and, t&RErydrous phase B (shyB) at pressure. Changes in the peak
fore, the stability of hydrous phases at high pressure and tdiframeters of _the OH bands WR’hdepgnd crucially on the
perature is of great interest (e.g., Luth 1993). A significant nuft:--© bond distance and angle: The importance of the latter
ber of dense hydrous magnesium silicates are stable neaP3fRMeter was heretofore unrecognized, mainly because sys-

GPa (cf. Prewitt and Finger 1992). The structural role of H §gmatic studies were performed at 1 atm (e.g., Mikenda 1986).

difficult to determine directly through X-ray diffraction (XRD):

Thus, complementary information provided by spectroscopy on EXPERIMENTAL METHODS

speciation, concentration, and bonding of H are essential. Sev-Samples were synthesized using the USSA-2000 uniaxial
eral dense, hydrous magnesium silicates (DHMS) have besmiit sphere apparatus in the Center for High Pressure Research,
characterized at 1 atm by infrared (IR) and Raman spectr@JNY, Stony Brook as described by Burnley and Navrotsky
copy (Cynn et al. 1996 and references therein), and by nucl€E896). Phases were characterized by powder XRD and elec-
magnetic resonance (NMR) methods (Phillips et al. 1997). Aldopn microprobe analyses. Grains of phase B, ~pi@cross,
some spectra have been obtaineB at at temperature (Will- were taken from a synthesis at 12 GPa and 2C5that also
iams 1992; Faust and Williams 1996; Liu et al. 1997a, 1997lgpntained olivine and chondrodite (the latter was below the XRD
detection limit). Grains of shyB, ~100-4@®n across, were
E-mail: Hofmeist@Ilevee.wustl.edu taken from a run at 16 GPa and 1FT2that contained some
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phase A and phase E. Grains of phase A, tifiGacross, were TABLE 1. Symmetry analysis of Phase A, Mg;"Si;05(OH)s

taken from a run at 10 GPa and 10&3that contained minor Site or type At B E*t E.t
periclase, brucite, and chondrodite. Si2, 061 5 2 2 2

IR spectra were collected from thin-films made by crushingji, Mg3, 05§ 3 3 3 3
grains in a diamond-anvil cell (DAC) with type Il diamonds. Crusfﬁ_’i'fll'_";"l?z' 01-04| 18 1 i 1
ing forms an aggregate of randomly oriented microscopic parfotal 29 29 29 29
ticles and thus averages the polarizations. Absorption meaSLKe- ; Type determineg by Factor Group Analyslis

. . coustic

ments were acquired at .2 gmesolution and 0.0.1 cmaccuracy Symmetric Si-O stretch 1 1 1 1
from ~450 to 5000 cmwith an evacuated Fourier transform in-symmetric 0-Si-O bend 2 2 2 2
frared Bomem DA3.02 spectrometer, a Globar source, a KBr beégmmetric Si-O stretch 3 3 3 3

. . . ., _Asymmetric O-Si-O bend 3 3 3 3
splitter, and a liquid nitrogen cooled HgCdTe detector. A stainlegg_jiprations 3 3 3 3
steel gasket indented and drilled with ~3@@ diameter holes SiOtranslations 2 3 2 3
formed the sample chamber. A film with thickness 4@ was %’ﬂﬁj’g'gfr:ﬁsr}gﬁons# S o o o
compressed in cryogenically loadegltdl study the lattice modes. o H stretch 2 2 2 2
A thicker, ~1um, film was compressed in Ar to examine the weallg-O-H bend 4 4 4 4

O-H stretching modes. Pressure was determined using the fl{{gtes: Structure P6; = C¢ and Z = 2 (Horiuchi et al. 1979). Total number of
R vibrations is 174. The acoustic modes are active in the Raman but not the
rescence of ruby. See Cynn and Hofmeister (1994) for procedygalgecause the Raman and the IR spectra share the same symmetries,
details. both LO and TO components will be Raman-active. The factor group analy-
AIthough IR peaks are commonly fit with a combination o?is considers only the TO modes (the LO modes will have the same assign-
. . . L ent) and assumes no accidental degeneracies.
Gaussian and Lorentzian functions, this is not supported man active.

Maxwell’s equations (Wooten 1972). Fourier deconvolution (e.d/nfrared active.

. e site is a in Wycoff notation and the symmetry is C;(2) for each atom.
Kaupplnen et al. 1981) assumes that all peaks have the Sétﬁ% site is b in Wycoff notation and the symmetry is C;(2) for each atom.

widths, which is untrue for IR spectra of solids. Therefer@as ||The site is c in Wycoff notation and the symmetery is C,(6) for each atom.
determined directly from the spectra. Peak widths, full width &fhe number of modes is approximate, but the sum of both types is 8 in
half maximum (FWHM), and heights were determined utiIizinﬁach symmetry.
linear baselines. Areas were obtained by integration.

Raman spectra were recorded at the Geophysical Laboratory 7 PP T T T T T
with a multichannel Raman microprobe (Dilor XY) in a backscat- } Phase B
tering configuration using a charge-couple device detector with : ADY\ AB H b i
1024x 298 channels, an Alaser, and a Leitz L25 objective. Data L ‘ o Pressure
were accumulated for 10 min. Peak positions were determined by 61 N M 31.6 GPa |
inspection. Spectra at 1 atm were collected from samples on a i | / K A ]
glass slide. Pressure measurements were made as above, except ; 8 O
that no pressure medium was used. Duffy et al. (1995) give proce- 5 }' B 081 3
dural details. H y

il
!

SYMMETRY ANALYSIS

Phase B and tHfennmspace group for shyB (Pacalo and Parise
1992) have different symmetries for IR and Raman modes; how-

4

sorbance

ever, the frequencies should be similar because mode types (e.g&2 3 w ]
0O-Si-0 bending) are duplicated between symmetries (Cynn et al. ; _
1996). For thé?2,nm space group for shyB (Kudoh et al. 1994), i }‘ 20.2
IR modes are Raman active (Cynn et al. 1996), as occurs for phase 3 | '3‘ 13.86 )
A (Table 1). For such cases (e.g., quartz, Scott and Porto 1967), WV § —
the intense Raman modes should occur at the transverse optic (TO) l" i
positions, which lie near the absorption peaks, and extra, weak w” 103
Raman peaks should equal the longitudinal optic (LO) positions. \ 6.2 |
Regarding M-O-H bending modes, if the site has axial sym- |w Fe ]
metry about the O-H vector (a linear O-H...O configuration), then F, AC | I Oc B 482 -
only one doubly degenerate bending peak should exist. However, \ | A X UTRQP M=, [He A 1' 09 |
if axial symmetry is lacking (the hydrogen bond is bent), then the "‘ AA " ONN LK, '~0 3
in- and out-of-plane bending motions should have different fre- AT T
quencies. 0 500 600 700 800 900 1000 1100 1200 1300

Frequency, cm’”
FIGURE 1.Selected mid-IR spectra of phase B from theuNs. Lattice

RESULTS
Lattice modes at high pressure

modes are labeled alphabetically with reference to Table 2. Pressures are

Phase B.IR peak heights obtained for phase B using liquid Njiven on the right hand side. Each spectrum above 1 atm was offset

as a pressure medium (Fig. 1) change continuously with respefuentially by increments of 0.5 absorbance units for clarity.
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TABLE 2. Phase B IR frequencies and Mode Griineisen parameters

N /TP 12n/TP? /TP
Type (cm™) (cm*/GPa) (cm~/GPa?) (cm/GPa%) go*
3631 0.365 0.015
3611 -0.26 -0.01
3578 0.956 0.040
3561 0.877 0.037
3529 0.36 0.015
3410.7 -0.562 0.0547 -0.000847  -0.025
3352.1 -1.435 0.0215 —-0.064
1137 3.67 -0.0281 0.48
1013 4.88 -0.0230 0.72
987 2.899 0.44
969 2.832 0.44
938 2.616 0.42
922 2.809 0.46
897.4** 3.08 0.51
877.2* 4.75 -0.13 0.00267 0.81
841 4.50 0.80
822 5.55 1.01
809 4.06 0.75
788 1.51 —-0.0263 0.29
729 3.28 0.67
701 3.09 0.66
718.2** 1.95 0.41
677 2.80 0.62
661 3.19 0.72
651 3.66 0.84
623** 3.49 0.84
619 3.08 0.75
608 2.90 0.72
589 5.88 1.50
582 3.53 -0.0339 0.91
565 4.26 —0.0500 1.13
551.3* 4.11 —0.0409 1.12
546 2.68 0.74
525 4.32 —0.0355 1.23
508.4** 3.68 1.09
503 2.88 0.86
478 2.85 0.89
438 241 0.83

Notes: Peaks initially above 1000 cm~ obtained from the series loaded with
liquid Ar as the pressure medium. This sample was too thick to follow most
lattice modes. Peaks below 1000 cm™ were obtained in the set of runs with
liquid N.

*Uses an estimatedK; = 150 GPa, similar to that of shyB (Pacalo and Weidner
1996).

tProbably O11-Mg stretching.

FAssigned to stretching of Si tetrahedra.

§Probably stretching of Si octahedra.

||Assigned to the degenerate Mg-O-H2 bend.

#Probably Mg-O-Mg bending.

**The initial peak position was determined from the least squares fit be-
cause these peaks were obscured at 1 atm.

T1Fit questionable due to interference (merging and splitting of peaks).

to intensity over all pressures. Several shoulders (those initially at
967, 822, 788, 677, 651, and 589 cm™) merge with more intense
peaks at higher pressure. Other pesks split upon compression (those
initially at 882, 701, 546, and 502 cm™?). The splittings can be
traced back to 1 atm, showing that this processis related to sev-
eral accidental degeneracies, ostensibly between the A, (E||z) and

FIGURE 2. Dependence of the IR lattice modes of phase B on pressure.
Labels A—Z, AA-AE key this plot to Figure 1 and Table 2. They axis
scale differs above and below 800 cm™. A phase transition might occur at
22.5 GPa, as indicated by the vertical dashed line. Open circles,
experiments from a thick sample in Ar; al other symbols are from the

thin samplein N,. Solid lines quadratic or cubic |east-squares fits of n with P. Dashed or dotted lines, linear |east-squares fits of n with P. Error bars are
shown for the peak initially at 1013 cm™. The undulation in peak H appears to be caused by interference with overlapping peaks. The unusually flat
trend for peak L is assigned to an M-O-H bending motion. Peaks AD and AE could not be traced to low pressures due to the reduced signal-to-noise
ratio of the gasketted, high-pressure runs compared to the ungasketted 1 atm result.
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B.(E |2) symmetries. A significant number of peaks (8 out of 31) Superhydrous B b
merge or split near 22.5 GPa (Table 2, Fig. 2). Only one peal W s
disappears (“C"), probably due solely to its initial weakness angl e A ]
subsequent broadening. At a given pressure, essentially the same
spectrum was obtained upon decompression as compression.£
IR spectra obtained from the thicker film in Ar (not shownk
differ only slightly. Positions from the Ar runs are generally Ioweﬁ
than those from the Ndata set, with the discrepancy increasing
with pressure (Fig. 2, peaks A, B). The difference is greatest fo
the weak peak initially at 1013 cinprobably connected with this "
being a shoulder on an intense peak that is “offscale” in the Ar
runs. For virtually all of the lattice modes, theddta set shows a

dip from 20 to 22.5 GPa that is neither supported nor refuted by a
the Ar data set, due to the specific pressures encountered. Superhydrous B ’ﬁ
Seven of the 31 lattice modes of phase B depend quadratica:]ly
or cubically on pressure (Table 2). Curvature is discounted for the
peak initially at 877 cm as it is clearly due to splitting and merg-_é
ing of various bands (Fig. 2). 3 A

ShyB.Many Raman peaks exist at 1 atm (Fig. 3), but broadén

with pressure, allowing only the most intense bands to be trackefl Phase A
reliably. ShyB peak positions depend linearly on pressure (Tablg

Phase A

gy

T T T T
800 900 1000 1100 1200
Frequency, cm

3, Fig. 4). 100 200 300 400 5(')? 600 700 800
Phase A.lts Raman spectrum at 1 atm (Fig. 3) has 12 intense Frequency, em

pgaks that Ca,n be tracked during (_:OmpreSS'on' Phase A frequenﬁGURE 3.Raman spectra of lattice modes of phase A and superhydrous

cies depend linearly o (Table 4, Fig. 5). phase B at 1 atma) Low-frequency region.k) High-frequency region.

Hydroxyl modes

Phase B.Peak positions of the intense bands associated wiyB (Fig. 9b) roughly parallel the pressure evolution of the in-
the regular OH sites were obtained from Ar runs (Fig. 6). Fri&nse OH peaks in phase B (Figs. 7b and 7c). Only a linear depen-
quencies are closely described by a quadrativgfer3351.2 cni) dence on pressure is discernible, due to the narrower pressure range
or cubic (for the stronger peak initially at 3410.7-9rpolyno- and large sampling intervals. Peak widths for shyB increase with
mial in pressure (Fig. 7; Table 2). The initial decreasefor the ~Pressure (Fig. 9b). Variation in intensities are not meaningful be-
stronger peak (Fig. 7b) is larger than the uncertaintiesaimdp ~ ¢ause of changing sampling site.
at low pressure, because the peaks are narrow and the spectrfinase A.The strong Raman peak for phase A near 3406 cm
noise is low below 5 GPa. Furthermore, three different loadings

R N e
of the DAC reproduced;, within 0.2 cm®. N,runs have similar TABLE 3. Superhydrous phase B Raman frequencies and Mode

initial trends (Fig. 7). Minor discrepancies with Ar runs exist at Gruneisen parameters
higher pressure, consistent with slight bridging of the diamongs onloP
by ruby at high pressure. (cm™) (cm*/GPa) Yio* Assignment
The major OH peaks broaden as pressure increases (Figzf) g 0.56 0.025 05-H2
FWHM is 12 and 15 crmifor the 3351 and 3410 ctrbands, re- 3355.2 -1.21 -0.055 05-H1(LO)
spectively at 1 atm. At 1.90 GI_Da, FWHM increases to 20 and %257“ 82:%(:Sgtch
cnt?, and at 37.6 GPa, FWHM is about 43 and 56'cHbowever, 8316 2.90 0.54 SiO, stretch
intensity increases slightly for the O-H2 band initially at 3352881.7 2.49 0.56 SiO, stretch
. . - 603, Mg-O-Mg?
cnr whereas the area (Figs. 7a and 8) increases substanﬂally@g@
is well described bA=115.3 + 2.61® — 0.0294P> wherePisin 577.2
gigapascals and is in inverse centimeters. For the O-H1 band %gj.a g:zg é:gg 8ggﬂgg:g: g:z
3410.7 cmt, peak height increases significantly during decomg 5 1.72 0.55 Si0, bend?
pression (Figs. 6 and 8), leading to an area that is closely descriséd
by A= 139.1 + 0.020# + 0.1975P*— 0.0030P°. Thus, the same ;32
order polynomial applies farandA. Parameters from runs i, N 365.1
follow similar trends. In contrast, well-resolved lattice modes ha®é? ,
constant areas and heights that decreasePi(Eig. 8, bottom), oo~ 431 202 Mg translation
and thus only their widths increase with pressure. 288
Positions of the weak Otpeaks depend linearly on pressurégg . 3.19 178 Mg translation
(Table 2, Fig. 7a), and are relatively flat lying. Their low intensity,4 7 1.40 0.97 Mg translation

precluded accurate measurements of their FWHM, height, and agé&9
ShyB. Hydroxyl peak positions from the Raman spectrum d¥ses Kr= 154 GPa (Pacalo and Weidner 1996).
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Table 4. Raman frequencies and Mode Gruneisen parameters 900 ———— . — — e
lo-T-"o
Phase A Chondrodite £ e =m0 -
Vio avioP vt Viot 2o ]
(cm™) (cmYGPa)  yo* (cm?) (cm) Assignment 800+ ShyB —
3615 Trace O-H i ]
3579.9 Trace O-H r b
35658 1528  0.0595 3568  Chondrodite - /00 & -
35608 3560 Chondrodite £ - 4
3535 Trace O-H © C ]
3518 0.31 0.013 3518 04-H S600[ A ]
3401.3|| 3400 02-H o H S 8
~3300 Trace O-H % r ]
965 4.69 0.70 ~980 967 SiO, stretch o N
929.4  2.86 0.44 894 939 SiO, stretch 0500~ ------- —
8575 261 0.44 864 865  SiO, stretch = o ]
840.6 2.82 0.49 841 843 SiO, stretch [0] B
826.5 2.44 0.43 799 789 SiO, stretch o 400 1
733.5 732 Mg-O-H bend B
602.9 3.11 0.75 607 605 Mg-O-Mg ? 1
587.2 1.94 0.50 567 579 SiO, bend - ]
547 2.27 0.60 553 533 SiO, bend 300 T -
462 503 o ]
424.5 4.16 1.40 433 Mg translation 4
378.5 2.79 1.07 417 383 Mg translation 2 . L L L L]
363.1 3.59 1.43 369 Mg translation 000 5 10 15 20
328.3 221 0.98 324 Mg translation p
264 273 ressure, GPa
227 FIGURE 4.Dependence of Raman lattice modes of shyB on pressure.
223 221 . - . .
197 183 All lines are linear least-squares fits. Only the intense peaks could be
179 153 traced reliably; hence data points at low frequency are fewer in number.
*Calculated assuming K;= 145 GPa (Pawley et al. 1995).
tRaman data of Liu et al. (1997a).
tData from Cynn et al. (1996). ) . . .
§Chondrodite impurities in phase A. ing to less accurate frequencies. The inference of constant inten-
|[This peak disappeared during compression. sity made by Faust and Williams (1996) must be discounted be-

cause their peak profiles were initially broad and weak. Their peak

at 1 atm was not seen in any of the DAC experiments Thisggofiles could have been affected by water adsorbed in the KBr
attributed to orientation of the sample with respect to the O-atrix and/or by the presence of Fe substituting for Mg in their

vector. Frequencies of the two remaining intense bands (Figs.s’)"‘é\ﬂp e.

and 9a) increase linearly with pressure with slopes comparable toShyB' Hydroxyl positions from Raman spectroscopy are ~8

those observed for phase B. The doublet near 356D arises cnt!higher than those in the IR, in contrast to differences of a few

from chondrodite impurities. Upon decompression, the lower pelflf€7S€ centimeters for the other samples. If the space group is
that is intrinsic to phase A is observed at 333% cather than the ©2:NM then the shift results from the selection rules (see “Sym-
3318 cm position measured from the sample external to the cdfi€ty Analysis”). This deduction is consistent with a shoulder oc-
This effect is attributed to orientation, because the 3318geak CUMNg at the IR position for the lower frequency Raman peak,
has a poorly resolved shoulder at 3335%an 1 atm (Fig. 9a). and the existence of shoulders on the hydroxyl modes for phase A

Peak widths of OH bands for chondrodite and phase A incre45i- 9@), whereas for phase B and chondrodite, LO-TO splitting
with pressure. in the Raman is neither expected nor observed.

Phase A Agreement is fair with the 1 atm Raman data of Liu
et al. (1997a). Discrepancies at 1 atm (Table 4) are attributed to
) ) ) sample orientation. This deduction is supported by differences
Comparison with previous data between the spectra of Liu et al. (1997a) at 1 atm and in the DAC.

Our results at 1 atm agree with previous IR and Raman spectraMinor chondrodite impurities in the phase A sample (Burnley
of DHMS (Cynn et al. 1996, and references therein). For all thraed Navrotsky 1996) are assigned to the doublet ~3660 lcat-
phases, the distribution of Raman frequencies resembles thatied modes of chondrodite are not apparent in the mid-IR at 1 atm,
the IR modes, and most Raman peaks lie within 8 ofran IR  partially because of similarities in frequency due to chemical and
band (Tables 2—4). Exceptions are discussed below. This behstwactural similarities, and partially because the chondrodite con-
ior is consistent with symmetry analysis (e.g., Table 1), but m&snt of the phase A sample is low, about a few percent. The most
involve chance in that these samples have many lattice modeitense lattice modes of chondrodite could augment the phase A

Phase B.The pressure dependence of the lattice modes maaks at 841 and 965 cmThe OH region is sensitive to such
studied previously. For the OH bands, the response of frequemeiynor amounts, because of the greater spread in frequencies and
to pressure, resemble previous determinations of Faust and Welwer bands: For each DHMS phase, ~40 lattice fundamentals exist
iams (1996). However, curvature was not previously resolved bdetween 400 and 1200 cimwhereas about six O-H stretching fun-
cause their study was non-hydrostatic with poor resolution of tdlamentals occur between 3300 and 3708 Fables 2 to 4).
two intense peaks, and used widely spaced pressure intervals, leadrhe frequencies determined here for phase A depend linearly

DISCUSSION
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FIGURE 5. Pressure dependence of the Raman lattice modes of phase B
A on pressure. All lines are linear least-squares fits. 0 ~
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onP up to the limit of measurements at 16 GPa (Fig. 5), unlike the 3300 3400 3500_1 3600

results of Liu et al. (1997a). Observation of curvature by Liu et al. Frequency, cm

(1997&) for the lattice modes in phase A below 16 GPa is incon-|:|GURE 6. Representative near-IR spectra of @Hphase B from
sistent with existing spectroscopic data on silicates, except for fais” Ar runs obtained during decompression. Vertical dashes on the 1.9
previous study of phase E. First, the degree of curvature is inof@liRa spectrum indicate trace H in structural defects. The dotted lines on
nately large. Linear trends are generally seen in Raman spettga0 GPa spectrum indicate the baselines used in determining peak widths
acquired below 40 GPa (cf. Chopelas 1990; Kingma et al. 199@09 heights and starting and ending points to obtgin areas from integration.
regardless of whether the conditions are hydrostatic or not. Breause the ~0 GPa spectrum was collected without a gasket and before

average value of2d/dP? of 0.1 cm¥GP# reported by Liu et al. compressmn, its intensity corresponds only roughly with the pressure
stéges. Each spectrum above 1 atm was offset sequentially by 0.4

(1997a) is a factor of 10 larger than that optamecj from the.mg orbance units for clarity. The vertical dotted line serves to indicate the
curved IR peaks for phase B (Table 2). Their values are similat i@ decrease im for both strong bands.

compliant Mg or Fe translations in IR spectra of olivine

(Hofmeister et al. 1989), which itself is much more compressible

than DHMS. Second, Liu et al. (1997a) observed curvatures of )

this order for all lattice modes, whereas linear responses with pi@dta on phase B suggest that detailed spectra at closely spaced
sure were observed previously for peaks associated with strefBffrvals are needed to substantiate phase transitions for low-sym-
ing of the incompressible Si-O tetrahedron (e.g., Hofmeister et ®etry structures with many in the unit cell.

1989, Chopelas 1990; Cynn and Hofmeister 1994; Chopelas et al. ) )

1994). The large curvatures in frequency for phases A and E Afigde Gruneisen parameters and band assignments for

the inferred phase transitions by Liu et al. (1997a, 1997b) mid@ftice modes

be due to pressure-induced hydration, as both were compressed iRarticular values of the initial mode Griineisen paramgier,

water. (K+/vip)(0vildP)|o, whereK is the bulk modulus at ambient condi-
tions previously have been connected with the different kinds of
Phase transition in phase B? atomic motions in silicates. As a first approximation, band as-

The gradual and reversible changes in the lattice modes gigments in Tables 2 to 4 are based oy, symmetry analysis,
interpreted as minor structural adjustments, i.e., to decrease&f comparisons in the Mg-Si-O-H system. Origins of many modes
the various bond lengths at different rates. The few discontinudj§ uncertain, and mode mixing is likely.
changes are attributed to accidental degeneracies among the nu- ) ) )
merous peaks of phase B. The various IR peaks shift at differ&@nfiguration of OH in phase B and the importance of the
rates with pressure, and thus combinations of bands move in hyerogen bond angle
out of degeneracy. A smaller number of peaks is seen at high preshnitial frequencies of 3352.1 and 3410.7-¢for phase B im-
sure because the peaks are slightly broader and the signal-to-ngliséond distances of 2.806(3) and 2.859(3) A, respectively, from
ratio is lower. Differential compression is expected for this struthie correlation of Mikenda (1986). These are shorter than crystal-
ture because Si@etrahedra occur in alternate layers in the strutsgraphic determinations of 2.852 A for 021-019 and 2.882 A
ture and because these units are relatively incompressible. Tdre020-019 (Finger et al. 1991). The OH...O bonds are slightly
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3650 T T T T T T T T T T T T T T T T T T T T bent (by 8) but could be straight, given experimental uncertain-

' ties (Finger et al. 1991). Bent bonds of this magnitude are com-
patible with the observation that weak hydrogen bonds cluster
about 170 and 2.7 A (Steiner and Saenger 1994). NMR data
(Phillips et al. 1997) indicate an H-H distance of 1.84(2) A, which
places at least one H atom inside the triangle of O atoms. An O-H
bond length equal to the standard neutron diffraction value of 0.96
A (Chiari and Ferraris 1982) and the NMR constraint yields simi-
lar bond angles, and one possibility is shown in Figure 10a. If
bond angle is the sole cause of the discrepancy, it would instead
increase the OH...O distance over a perfectly linear bond. Possi-
bly, the H-O-M angle influences the hydrogen bonding
(Chertanova and Pascard 1996). Most likely, the correlation be-
tweenvgy and OH...O distances (e.g., Mikenda 1986) probably
does not hold exactly for phase B because the two H atoms are
hydrogen bonded to the same oxygen and thus repulse each other.
We assign the 3352 chrband to the shorter bond (H2-021) be-
causevoy always decreases with decreasing O...O distance even
though the parameterization of, with bond length can vary,
depending on factors such as metal-oxygen interactions
(Beckenkamp and Lutz 1992). Because this hydroxyl has the nar-
rower band, the angle H2-O21-019 is smaller than the angle H1-
020-019 for reasons discussed below. The single mid-IR mode
that is nearly independent of pressure (Fig. 2) is tentatively attrib-
uted to the bending of H2, rather than H1, owing to the parallel
curvatures of this bending mode with the 3352dmand. If H2
bending is degenerate because of the axial symmetry, it should be
more intense than H1 bending bands, which were not seen. This
comparison suggests an initially linear bond for H2 (Fig. 10a).

Faust and Williams (1996) proposed the opposite assignment,
based on crystallographic determinations of 021-H2 and 020-H1
distances. Their assignment is untenable. As discussed by Lutz et
al. (1995) and Lutz and Jung (1997), available O-H interatomic
distances are inaccurate by an order of magnitude for this pur-
pose, even if based on neutron diffraction.

The pressure dependence (Figs. 7b and 7c) corroborates the
location of H1 inside the 020-019-021 triangle and of H2 on the
edge (Fig. 10a). Pressure drives the more tightly hydrogen-bonded
H2 toward O19 along the 021-O19 vector. This bond must ap-
proach linearity, or stronger curvature would be seen (Fig. 7). The
shortened 021-019 distance increases the hydrogen bonding and
drives the frequency down (Moon and Drickamer 1974; Kruger et
3325 Frer il L, ‘j' | HHI L % al. 1989; Cynn and Hofmeister 1994). For compressions up to 5

0 5 10 15 20 25 30 35 40 GPa, the more weakly hydrogen—bonded Hl also approaches 019
Pressure. GPa alo_ng the 020-019_ vector (Fig. 10a) ar_ld its frequency decreases
’ (Figs. 6 and 7b). With further compression, H1 rotates about 021,

FIGURE 7.Pressure dependence of the hydroxyl stretching mages. (1,5 |engthening the H1...019 bond, and increasing its frequency.

IR data for the weak, defect modes for phase B (open symbols) and ﬁ;he overturn in frequency near 5 GPa for the more intense band

the Raman modes of phase A (filled squares) and chondrodite impuriti t be due t tric hvd bonds. F h st
in phase A (filled circles). Dashed and solid lines are linear least-squar nnot be due to symmetric hydrogen bonds. For such strong

fits (see Tables 2, 3, and 4).¢ndc) Details of intense IR modes of phase bonding in minerals, frequencies near 10001%“? ob'served
B (open circles for runs in Ar, small filled circles for runs is) Bind the ~ (€.9., Hammer et al. 1998). The hydrogen bonding in phase B
Raman modes of shyB (filled triangles). Dashed lines, linear least-squaf@dnains weak at all pressures.] Because H1 was initially inside
fits. Solid lines, cubic or quadratic fits for the phase B intense modethe triangle of O atoms, the rotation lies inside the plane of the
Error bars are indicated for pressure. For frequency, uncertainties are thiangle (Fig. 10) and moves H1 toward O21 above 5 GPa. The
size of the symbol at low pressure, and slightly larger at high pressure jAitial 021-020 distance of 3.055 A is too large for hydrogen
possible phase transition at 22.5 GPa is indicated by vertical dotted "”%nding to occur. Above 30 GPa, the rise imith pressure flat-
Vertical scales differ among the three parts. tens (Fig. 7b) and at nearly the same high pressiwo®H?2 bot-
toms out (Fig. 7c). Becauseof the weak OH peaks and most
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micrometer-sized platelets that was adhered to one diamond. Co-
ordinated rotation of a significant proportion of the crystallites is
needed to induce such a change, which is improbable. Changes of
the dipole of OH with respect to the crystal lattice due to incoher-
ent rotation would be averaged out. The above discussion and the
observation that the lattice modes have constant areas, but heights
that decrease witR (Fig. 8), indicates that the increases in peak
height are intrinsic and that only part of the increases in OH peak
width and area are due to pressure gradients.

The increase in area fop = 3352.1 cnt might be interpreted
absolutely from an increase in hydrogen bonding, because Pater-
son (1982) showed that [0 (3780 cm®v), and thus molar ab-
sorption coefficients increase as frequency decreases. However,
the magnitude of the change in area (Fig. 8) is larger than expected,
and the area of the 3410 ¢rpeak increases strongly, opposite to
expectations. From these relationships and the ubiquitous broad-
ening of O-H stretching bands with pressure for materials with
hydrogen bonding (Moon and Drickamer 1974), we propose that
the increase in FWHM with pressure (over that seen for the lattice

modes) is due to an increased distribution of- OHingles. Bonds
that are initially more bent would be affected more. Peak height

FIGURE 8.Peak areas and heights of major near-IR peaks in phasI reases are connected with increases in FWHM through

during decompression in Ar. Data were not collected for this series a! waell S equlat_lons (Wooten 1_972)' . . .
sI'he association of FWHM with angle is essentially configura-

atm. Least-squares fits and error bars are shown. Dashed lines, linear fits.

Solid lines polynomial fits. Open symbols maximum absorbance (leional. For alinear complex, there is only one configuration (here,

hand scale pertains) and filled symbols area obtained by integrating (righe associated OH...O distance has some spread in values, pro-

hand scale pertains). Diamonds the peak initially at 34107 squares ducing a finite width). For a bent complex, multiple configura-

the peak initially at 3352 crh tions are possible even at 1 atm (the bent bond can vary in orien-
tation), each with the same distribution of OH...O distance. Thus,
non-zero angles cause larger peak widths even at 1 atm, as ap-

lattice modes depend linearly &over this range, and the prespears to be the case for H1 in phase B, as suggested by its larger

sure is much less than the bulk modulus of related materials (valtial FWHM that increases witlP. Width (and thus area) in-

ues discussed below), we infer that flattening results from H caireases with pressure, regardless of bent or linear arrangements

figuration rather than resistance of O-O distance to compressifor.the hydrogen bonding, but more so for a bent bond.

The rotation of H1 shortens the H-H distance (even if the triangle o ) ) )

stays the same size). Thus, H-H repulsion forces H2 is out ong%term'”at'on of bond lengths and angles involving H in

triangle (Fig. 10b), and the rotation of H1 slows, presumably d@Base B

to competing interatomic forces. We calculated the crystallographic parameters involving these

Rotation of the sample can be dismissed as causing OH paa# H sites using the latm frequencies as a calibration. The two
heights to increase. The spectra were collected during decompkes:019 distances and frequencies at 1 atm (Fig. 10a) define a
sion from a thin film consisting of hundreds of approximatelgtraight line (not shown). We used trigonometry and assumed that

Phase A a
WM%WMW

11 GPa
M/M
M 5 GPa

Pressure, GPa
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17 GPa

13 GPa

Relative Intensity
Relative Intensity

FIGURE 9.Raman spectra of the
0 GPa

hydroxyl region at pressurea)(
Phase A.l§) ShyB. Spectra were
offset vertically for clarity. Labels
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MSim Si M b in the near IR. Subsequent NMR results by Phillips confirmed the
existence of two similar sites for H atoms in shyB and phase B.
However, the NMR peaks due to H in shyB were very broad, and
only a single NMR peak was seen for Si, the latter observation
being consistent with the higher symmetry. The present study
shows that hydroxyl groups in shyB behave much the same as in
phase B, including the pressure response, corroborating that the
environments of the hydroxyls are distinct, but similar. Burnley
and Navrotsky (1996) found that the powder XRD pattern of their
shyB samples (examined here and by Phillips et al. 1997) matched

M M
F— 3.055 A—’\ﬁ synthetic patterns generated using the atomic positions of Kudoh
et al. (1994) better than those generated from the results of Pacalo
FIGURE 10. Schemaitic illustrations of the H sites in phase B. Opeand Parise (1992). The lower symmetry space group is a sub-group
circles = O atoms; coordination with Mg or Si is sketched. Filled circlesgf Pnnm indicating that a displacive transition is possible between
H atoms; the “spring” = direct bond; dotted line = the hydrogen bonghe two. Such differences would be subtle and dependent on the

Dashed line = the O-O bond for bent configurations. Open arrowheads zicy|ar distortion. Possibly, local parts of the crystal may exist
motion of H atoms relative to O trianglea) Proposed arrangement below -Sh ordered placement of H. The breadth of the H peaks could be

5 GPa with parameters from 1 atm. The O-O distances (Finger et al. 19 J'I . S . .
are shown for the sides of the triangle. The initial linear decrease f ated to the spatial distribution of the H pairs, and the existence

frequency for the 3352 chband implies that this site maintains its IinearOf a singlet pe.ak for Si could result from an “average” structure.
OH...O configuration at lowP. The more weakly hydrogen-bonded H1Further study is needed.

rotates, thereby reducing the degree of hydrogen bonding and increasing

the frequency.l) Arrangement ~30 GPa. Further reduction in the size dpeciation of hydroxyl in phase A and chondrodite

the triangle and H-H repulsion forces H2 to the outside. H-H repulsion 14 two sites proposed for hydroxyl in phase A based on the
compresses the H1-020 bond. H1 rotation is halted because the hydro@@&dination of the O atoms (Horiuchi et al. 1979) are confirmed
bond s bifurcated. by our data. The most underbonded site is O2, surrounded by three
g atoms. The location of H1 on O2 is clearly connected with the
: - ) ) 400 cmt* band: H1 would be hydrogen bonded to O3 and the
fraction value of 0.96 A (Chiari and Ferraris 1982); (2) the H 2-03 distance is compatible with the frequency. As pressure in-

bond initially is linear (Fig. 10a); (3) the initial compression ratgreases the band drops i : .
) , ps in frequency (Liu et al. 1997a) with a slope
of 020'919 (before H2 bends) holds up t0 40 GPa; and (4) § Bse to the initial decrease in the 3410'dmand in phase B. This

contraction of O-H bonds can be approximated from the average

pressure slope and initial frequency of the trace OH in phase B

that lack hydrogen bonding (Fig. 7a). For comparison, calcula- =
tions were also done with constant O-H distance and with an O-H ' Phase B O-H constan =
decrease similar to the rate of change of O-O. A larger range of 2.88
rates is unlikely for bent bonds and the fairly open sites. The cal-
culated angle for H1 (Fig. 11) increases by 9° at 40 GPa,

whereas the angle for H2 increases by+11°. The maximum 2.86
angle attained by H1 results in H2-H1-O20 being nearly linear, =<
consistent with the inference of H2 being forced out of the tri- '%,2 84
angle of O atoms. The configuration at that point is one of a §°
birfurcated hydrogen bond (Fig. 10b). The degree of rotation for o
H2 roughly maintains the initial H-H distance of 1.84 A. If a dif- 5
ferent starting configuration is used, the changes in bond length .
and angle are similar, although the maximum angles differ. The & /
resulting change in bond distances gives a bulk modulus of ~600 28 e "/ H2-021-019
GPa, assuming volume is proportional to length cubed. This high S, SO T I T / T
value suggests strong repulsion for 021-019 and 020-019, which 0 10 20 30 4(9
is not representative of the structure, but is consistent with the Pressure, GPa

local charge distributions. K; ~ 300 GPa is used, which is ap-  Figure 11. Dependence of bond parameters involving hydroxyl in
propriate for the tetrahedral layer, then the increase in anglese B on pressure, calculated from the frequencies and O-O bond lengths
doubles, which is probably not reasonable. This suggests that cani-atm. Heavy lines, shorter O-O bond involving H2. Light lines, longer
pression is taken up by the octahedral layer, especially near €h@ bond involving H1. Solid lines, O-O19 distances. Dotted lines,
Mg atoms. calculated assuming that the O-H distance is unchanged. Dashed lines,
calculated assuming that the rate of change of trace hydroxyl applies to
the stoichiometric sites. Long dashed lines, rate of change of O-H is four

times that of the trace hydroxyl. For H2, the angl€®iarttil a minimum
Cynn et al. (1996) suggested that the symmetry of shyB w@gssure is reached. See text for details and Figure 10 for the hydroxyl
reduced fronPnnmbased mainly on the observation of two peaksonfiguration.

(1) both initial O-H bond lengths equal the standard neutron d
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comparison, and the linear frequency response of the phase A béardsome cases (Fig. 12) suggest additional cation repulsion, see
suggest that H1 is isolated from other H and that the O2H1...68i8cussions by Cynn and Hofmeister (1994) and Lutz et al. (1994).
bond is nearly linear. The other site is probably the underbondedGriineisen parameters depend similarly pas expected from

04 that is coordinated, but not completely surrounded, by failne definition and the linear dependence wfd® onv. These

Mg atoms. The placement is not amenable to hydrogen bondimgre not examined here because bulk modulus is unknown for all
as the nearest O atoms are fully bonded. The surrounding Otlag¢-solids in Figure 12 and because bond compressibility (unknown
oms lie at 2.934 A or more, consistent with the frequency of 35&8 most of these compounds) should actually be used.

cnrl. The positive pressure shift of the band shows an absence of

hydrogen bonding, and is consistent with the approach of the four CONCLUSIONS

Mg atoms. For hydrous substances, narrow pressure intervals and nearly

The O-H vectors of the two sites are nearly perpendicular, Wil ostatic environments provide details for the response of the
the O2-H1 vector lying close toA basal orientation of our sample gy yibrations with increasing pressure. The relationships allow
in the DAC would explain the absence of the 3406*¢rand in determination of O-H bond distances and angles frt?), a dif-

our high-pressure experiments. _ , ficult problem for crystallography. In part, this result follows from
The 3560 cm doublet in chondrodite was assigned to an OHhe wide spread in OH frequencies as compared with minor

that _is coordinated triangularly by Mg (Gibbs e_t al. 1_970)' Th[ﬁwanges in the O-H bond length, as discussed by Lutz et al. (1995)
site is not hydrogen bonded becausacreases with (Fig. 78), 54 | utz and Jung (1997), and from the pressure response being
consistent with the approach of the three Mg atoms. indicative of hydrogen-bonding (Lutz et al. 1994). The present
data show that not only is the O-O distance important, but also
bond angle plays an additional role in hydrogen-bonding, which

becomes crucial during compression. Separating these effects (at
The pressure derivatives of the hydroxyl bands (Fig. 12) in-

crease nearly linearly with frequency for several different phases.

All available literature data are included, excepting a few com-
pounds for which pressure determinations were questionable, and
FeOOH. Average slopes of FeOOH are 0 for the peak initially at 10
3100 cm! and 3.2 cnt/GPa for the peak at 3200 cnfWilliams

and Guenther 1996). These are not shown because the frequ%- 5
cies are much lower than those of the other compounds and @
poorly constrained due to large peak widths. For compressiblg
phases such as micas, analcime, talc, brucite, and portlandite with
K; from 38 to 59 GPa (Hazen and Finger 1979; Meade and Jeanloz2
1990; Fei and Mao 1993; Pawley et al. 1995; Comodi and Zanaz% -5
1995), the trends are steep, whereas for incompressible phasgs
such as phase B and wadsleyite, the trends are shallow. Othe_r10
DHMS fall roughly on the same trend as phase B, compatible
with similar structure and bulk moduli. However, chondrodite,
phase A, and shyB witlk; = 136, 145, and 154 GPa, respectively -15 Y
(Faust and Knittle 1994; Pawley et al. 1995; Pacalo and Weidner o
1996; Kudoh et al. 1994), have shallower trends than doesgg bl v v Lo w10 Lo 1
wadsleyite withK; = 174 GPa (Weidner et al. 1984). This differ- 3300 3400 3500 3600 3700
ence is connected with particular structural arrangements in the v, cm’

[K+]
.DMHS' Location of hydroxyl groups In.Iayers of SI@trahfedra FIGURE 12.Correlation of the pressure responséi® with v for the
n DHMS.Sugg.ests that the bulk moduli of O-O bonds. being COBY bands of hydrous phases. Various lines show linear least-squares fits
pressed is similar to the polyhedral bulk modulus*8t of 300 ¢ o within a given mineral. Micas were plotted together. The trend for
GPa (Hazen and Finger 1982). Thus, the correlation of bulk mogase B (solid line) also fits the other DHMS. Small open circle =
lus with the magnitude of the slope ofdP againsv (Fig. 12) is wadsleyite IR (Cynn and Hofmeister 1994). Large open circle = phase B
consistent with the dependence of frequency on OH...O distanegthis work). Filled diamond = shyB Raman (this work). Filled
in that interatomic distances change more rapidly with pressurelfiwnward-pointing triangle = phase A Raman (this work). Open down-
compressible solids such as micas and hydroxides. This diagRiting triangle = phase A Raman (Liu et al. 1997a). Filled upward-
offers a means of inferring bond compressibilities of structuralRpinting triangle = chondrodite Raman (this work). Open upward-pointing

related materials, given a single-crystal refinement of one sif2"de = chondrodite IR (Williams 1992). Open square = portlandite
stance at high préssure a(OH), Raman and IR (Meade et al. 1992). Filled square = brucite

. . Mg(OH), Raman (Duffy et al. 1995) and IR (Kruger et al. 1989). Square
The trends for most mineral gro%‘ps InterSQCWH =0.55 Wi?rs cro)ss = appr(oxim)a/lte slopes fc))r gibbsit(e AI(g@R)aman (Hue)ingczet
andv;, = 3625 cm'. This frequency lies at the limit of hydrogen, 1996). Open diamond = talc Raman (Holtz et al. 1993). X = mica
bonding, and the positive pressure shift at this frequency iSfBman (Holtz et al. 1993). Small filled circle = analcime Raman (Velde
accord with compression of the O-H bond, in the absence of layid Besson 1980). For the latter, pressure is probably not accurate. + =
drogen bonding, as the lattice contracts. Larger, more positive shifts in the Si site of garnet (Knittle et al. 1992).

General relations betweery,, dv/dP, andv for hydroxyl
bands
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1 atm) will require careful experiments on various hydrogen boriéingmat, l<t:JH Cghenl,_ R.E.,dermllt_ey, tR-J-, fnihMag, P:Ith- (1934) “O;/el Siggituzrisof

ing arrangements as functions of composition, temperature, andy,g ~ o o oo and impleations for e Earivs mante. Tare, =08,

pressure. Knittle, E., Hathorne, A., Davis, M., and Williams, Q. (1992) A spectroscopic study of
the high-pressure behavior of thgHpsubstitution in garnet. In Y. Syono and M.H.
Manghnani, Eds., High Pressure Research: Application to Earth and Planetary Sci-
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