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Abstract 11 

Raman spectra in the range 80 to 4000 cm-1 of wadsleyite II (Fo90 with 2.0 wt% H2O and Fo88 12 

with 2.7 wt% H2O) have been measured in a diamond-anvil cell with solid rare-gas pressure-13 

transmitting media to 51.4 GPa at room temperature. The ambient Raman spectrum of 14 

wadsleyite II is closely similar to wadsleyite modified with bands in frequency regions where the 15 

SiO4 tetrahedral and OH stretching vibrations of hydrous ringwoodite occur. The most intense, 16 

characteristic wadsleyite II modes at 709 and 911 cm-1 (Si2O7 and SiO3 symmetric stretching 17 

vibrations, respectively) shift continuously to 51.4 GPa showing no evidence for a change in the 18 

crystal structure. A striking feature in the high-pressure Raman spectra of wadsleyite II is a 19 

significant growth in intensity in the mid-frequency range (300-650 cm-1 at 10-4 GPa and 400-20 

750 cm-1 at 51.4 GPa) under compression accompanied by the appearance of new Raman modes 21 

near 40 GPa, perhaps a result of resonance electronic Raman scattering. In the OH stretching 22 

frequency range, the Raman spectrum of wadsleyite II exhibits at least six modes and their high-23 

pressure behavior agrees with that of Fo90 hydrous wadsleyite: OH stretching modes above 3530 24 

cm-1 remain approximately constant up to at least 21.8 GPa whereas OH modes at frequencies 25 

<3530 cm-1 decrease with increasing pressure. The OH stretching modes are consistent with 26 
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protonation of the non-silicate oxygen O2 and the oxygen atoms surrounding the partially vacant 27 

tetrahedral site Si2, as suggested from X-ray diffraction data. 28 

 29 
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 34 

Introduction 35 

In the system MgO-FeO-SiO2-H2O the transformation from olivine (α-(Mg,Fe)2SiO4) to 36 

ringwoodite (γ-(Mg,Fe)2SiO4, spinel) can involve intermediated phases, the spinelloids (spinel 37 

derivatives) wadsleyite (β-(Mg,Fe)2SiO4) and wadsleyite II. Wadsleyite II is a hydrous 38 

magnesium-iron silicate with variable composition that occurs between the stability regions of 39 

wadsleyite and ringwoodite, if sufficient trivalent cations (Fe3+, Al3+) are available (Smyth et al., 40 

2005). It is a possible transition zone phase that is a potential host for hydrogen in the Earth’s 41 

interior. If present in the transition zone, wadsleyite II may account for the generally diffuse 42 

nature and splitting of the 520 km seismic discontinuity observed in some regions of the Earth’s 43 

mantle (Smyth et al., 2005). Smyth and Kawamoto (1997) were the first to report the synthesis 44 

and full three-dimensional crystal structure of wadsleyite II. Recently, Smyth et al. (2005) 45 

characterized the wadsleyite II phase in further detail using different techniques including 46 

electron microscopy, high-pressure single-crystal X-ray diffraction, and FTIR, Raman and 47 

Mössbauer spectroscopy. 48 

 49 

The crystal structure of wadsleyite II (Fig. 1) belongs to the orthorhombic crystal system, space 50 

group Imma. The unit cell parameters are a=5.6884(4) Å, b=28.9238(15) Å, and c=8.2382(6) Å; 51 

a and c are approximately the cell parameters of wadsleyite whereas b is 2.5 times that of 52 
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wadsleyite (Smyth and Kawamoto, 1997; Smyth et al., 2005). Unlike the olivine and spinel 53 

crystal structures that contain only isolated SiO4 tetrahedra, the wadsleyite structures contain 54 

polymerized tetrahedra: in wadsleyite solely Si2O7 groups are present whereas in wadsleyite II 55 

both, single SiO4 and coupled Si2O7 tetrahedra exist; one-fifth of the Si atoms is in isolated 56 

tetrahedra and four-fifths in Si2O7 groups so that the structure can be thought of as a mixture of 57 

one-fifth spinel and four-fifths wadsleyite. 58 

The wadsleyite II structure contains three distinct tetrahedral sites (Si1-Si3), six different 59 

(Mg,Fe) octahedral sites (M1-M6), and eight distinct oxygen sites (O1-O8): Si1 is an isolated 60 

SiO4 group, and Si2 and Si3 form an Si2O7 group. O7 is the bridging oxygen atom of the Si2O7 61 

group and also bonded to one M3; the O2 atom is not bonded to Si, but is coordinated by five M 62 

site atoms: two M5, two M6 and one M3 (Smyth et al., 2005). The other oxygen atoms are each 63 

bonded to three M and one Si and are similar to the oxygen sites in olivine and ringwoodite. The 64 

hydration mechanism of wadsleyite II appears to be protonation of the non-silicate oxygen O2 65 

and possibly the oxygen atoms surrounding the partially vacant tetrahedral site Si2 charge-66 

balanced by cation vacancies in M5, M6, and Si2 (Smyth et al., 2005). Octahedral site vacancy 67 

as principal hydration mechanism has also been shown for hydrous wadsleyite and hydrous 68 

ringwoodite (e.g., Smyth, 1994; Smyth et al., 2003). 69 

 70 

Ambient Raman spectra of wadsleyite II were reported in the context of phase identification and 71 

characterization by Smyth et al. (2005), but the vibrational behavior of wadsleyite II at high 72 

pressures has not yet been investigated. Here we report high-pressure Raman spectra in the 73 

region from 80 to 4000 cm-1 on high-quality single crystals of wadsleyite II measured in a 74 

diamond-anvil cell with solid rare-gas pressure-transmitting media to pressures of 51.4 GPa. Our 75 

motivation was to track changes in H bonding and proton environments under pressure and to 76 

probe for pressure-induced structural changes using a local structural probe. A comparison of the 77 

ambient and high-pressure Raman spectroscopic behavior of wadsleyite II with hydrous 78 
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wadsleyite and hydrous ringwoodite shows the intermediate nature of wadsleyite II between 79 

wadsleyite and ringwoodite. 80 

 81 

 82 

Experiment 83 

Raman spectroscopic studies were performed on high-quality single crystals of wadsleyite II at 84 

ambient conditions and at high pressures up to 51.4 GPa at 300 K. The two wadsleyite II samples 85 

used in the present studies were synthesized in a multi-anvil press at 17.5-18 GPa and ~1400 °C 86 

with a heating time of 18-22 h and subsequently characterized by single-crystal X-ray 87 

diffraction, Fourier transform infrared (FTIR), Raman and Mössbauer spectroscopy, electron 88 

microprobe (EMP), secondary ion mass spectrometry (SIMS), and transmission electron 89 

microscopy (TEM) including electron energy-loss spectroscopy (Smyth and Kawamoto, 1997; 90 

Smyth et al., 2005). In particular, the major element composition of the crystals was obtained 91 

from EMP analysis and the H concentration was extracted from the FTIR (details in Smyth et al., 92 

2005) and SIMS (details in Smyth and Kawamoto, 1997). The compositions of sample 1 and 2 93 

are approximately Fo90 and Fo88 with 2.03(6) and 2.72(24) wt% H2O (chemical formulae: 94 

Mg1.71Fe0.18Al0.01H0.33Si0.96O4 and Mg1.60Fe0.22Al0.01H0.44Si0.97O4) respectively. TEM analysis 95 

showed that the crystal lattice of both samples is free of stacking faults, dislocations and hydrous 96 

precipitates (Smyth et al., 2005). 97 

 98 

Ambient Raman spectra were measured in the range 80-4000 cm-1 from single crystal fragments 99 

of sample 1 and 2, and also from a rough powder of sample 1. The powder was prepared by 100 

crushing a crystal fragment between two diamond-anvil tips. As the relative intensities of Raman 101 

modes do change with changing crystal vs. laser beam orientation, unpolarized Raman spectra 102 

were collected in various, arbitrary orientations of the crystals relative to the incident laser beam 103 
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in this study in order to observe and reveal as many of the wadsleyite II Raman modes as 104 

possible. Ambient Raman spectra of sample 1 were included in Smyth et al. (2005). 105 

 106 

Two high-pressure micro-Raman spectroscopic experiments were performed on wadsleyite II. In 107 

the first high-pressure run a ~10 μm thick single crystal fragment with flat surfaces of sample 1, 108 

about 25 x 10 μm in size, was mounted in a diamond-anvil cell together with a <10 μm diameter 109 

ruby sphere for pressure calibration (Mao et al., 1978). Fluid helium was loaded at 0.2 GPa 110 

(Jephcoat et al., 1987) as a pressure transmitting medium to ensure hydrostatic conditions. A 111 

stainless steel gasket preindented to 25 μm with an 80 μm drilled hole and culets of 300 μm 112 

diameter formed the sample chamber. In this first compression experiment the Raman active OH 113 

stretching frequencies could not be observed unambiguously above the fluorescence background 114 

of the natural, low-fluorescence diamond-anvils. In order to reduce the fluorescence from the 115 

anvils and observe OH stretching modes under compression we performed a second high-116 

pressure experiment using a diamond-anvil cell equipped with ultra-low fluorescence, synthetic 117 

type IIa diamonds (Sumitomo Electric Company) with a culet size of 600 μm in diameter. In this 118 

second run a 20 μm thick single crystal fragment of sample 2, about 35 x 35 μm in size, was 119 

loaded in the diamond-anvil cell together with a <10 μm diameter ruby sphere for pressure 120 

calibration and a helium-argon mix as a pressure-transmitting medium. A stainless steel gasket 121 

preindented to 50 μm with a 150 μm drilled hole was used. 122 

 123 

Unpolarized Raman spectra to 51.4 GPa (first run) and 21.8 GPa (second run) were measured in 124 

135˚ scattering geometry with a SPEX Triplemate equipped with a back-illuminated liquid-N2-125 

cooled CCD detector in the range 30 to 4000 cm-1. This spectral range encompasses both silicate 126 

stretching and bending modes, more complicated MgO6 vibrations and OH stretching and 127 

bending frequencies. Data were recorded for both, increasing and decreasing pressure. The 128 

spectra were excited by the 514.5 and 488 nm line of an argon-ion laser focused to a 5 μm spot 129 
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on the sample and collected through a confocal aperture giving high spatial resolution at the 130 

sample. The intrinsic resolution of the spectrometer is 1.5 cm-1 and calibrations are accurate to 131 

±1 cm-1. Low laser power was required to avoid heating of the dark green wadsleyite II crystals, 132 

and hence only long collection times led to an acceptable signal-to-noise ratio. The frequency of 133 

each Raman band was obtained by fitting Voigt lineshape functions to the spectra using a least-134 

squares algorithm. 135 

 136 

 137 

Results 138 

 139 

Raman frequencies of wadsleyite II at ambient conditions 140 

 141 

The ambient, unpolarized Raman spectrum of wadsleyite II closely resembles at first glance the 142 

Raman spectrum of Fo90 hydrous wadsleyite in the range 30-1200 cm-1 (Fig. 2). It is 143 

characterized by two intense modes at 709 and 911 cm-1, which, by analogy with hydrous 144 

wadsleyite, are assumed to correspond to the Si2O7 symmetric stretching vibration (Si-O-Si of 145 

the disilicate group) and the symmetric stretching vibration of the SiO3 terminal unit, 146 

respectively. However, there are subtle differences between the Raman spectra of wadsleyite II 147 

and Fo90 hydrous wadsleyite: (1) the frequencies of the Si2O7 and SiO3 symmetric stretching 148 

vibrations of wadsleyite II are clearly lower than those of hydrous wadsleyite (Tab. 1); (2) in the 149 

wadsleyite II spectrum the 709 cm-1 mode appears asymmetric with a shoulder on its low 150 

frequency side, and (3) the 911 cm-1 mode exhibits high, distinct shoulders on both sides with a 151 

relatively intense mode being resolved at 773 cm-1 in the spectrum of the wadsleyite II powder 152 

sample (Fig. 2a). The 773 cm-1 mode occurs close to the frequency range of the characteristic 153 

SiO4 tetrahedral stretching vibrations of Fo89 hydrous ringwoodite (Fig. 2d) (Kleppe et al., 154 
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2002b). Hence the Raman spectrum of the wadsleyite II powder sample looks like a 155 

superposition of an iron-bearing hydrous wadsleyite and ringwoodite spectrum. 156 

 157 

This superposed appearance of the wadsleyite II spectrum holds also true for the OH stretching 158 

frequency range (Fig. 3): between 3350 and 3600 cm-1 the wadsleyite II spectrum shows modes 159 

similar to those of Fo90 hydrous wadsleyite, but overlain with the broad OH stretching bands of 160 

ringwoodite that occur at 3165 and 3685 cm-1 (full width at half maximum around 350 and 150-161 

200 cm-1 respectively, Kudoh et al., 2000). The spectrum of the OH stretching modes of sample 162 

1 can be fitted with a minimum of six bands (Fig. 4); we resolve only five bands in the weaker 163 

spectrum of sample 2 (Tab. 1). The Raman spectra in the OH stretching frequency range of 164 

wadsleyite II are in overall agreement with the IR spectra (Smyth et al., 2005). 165 

 166 

 167 

Pressure dependence of the framework Raman modes of wadsleyite II 168 

 169 

High-frequency range: 650-1300 cm-1. 170 

Representative Raman spectra in the region 30-1300 cm-1 of samples 1 and 2 of wadsleyite II as 171 

a function of pressure are shown in Figures 5 and 6, respectively. The pressure dependence of 172 

each mode is shown in Figure 7. The characteristic wadsleyite II modes at 709 and 911 cm-1 173 

(Si2O7 and SiO3 symmetric stretching vibrations, respectively) shift continuously up to the 174 

highest pressure of 51.4 GPa giving no indication for a first-order crystal structural change. The 175 

pressure dependence of the 911 cm-1 mode agrees within error with the pressure dependence of 176 

the 918 cm-1 mode of Fo90 hydrous wadsleyite, whereas the pressure dependence of the 709 cm-1 177 

mode of wadsleyite II is rather intermediate between the pressure-dependence of the 721 cm-1 178 

mode of Fo90 hydrous wadsleyite and the 709 cm-1 mode of Fo89 hydrous ringwoodite. The 179 

ambient 773 cm-1 mode of wadsleyite II, thought to be associated with stretching vibrations of 180 
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the SiO4 tetrahedra, was not resolved as a distinct peak under pressure. The pressure dependence 181 

of the SiO4 stretching modes of ringwoodite lie within the range of the pressure dependence of 182 

the two to three shoulders observed on the low-frequency side of the 911 cm-1 mode (Fig. 7). 183 

 184 

Mid-frequency range: 300-650 cm-1. 185 

A striking increase in relative intensity occurs in the Raman spectra of sample 1 in the mid-186 

frequency range (300-650 cm-1 at 10-4 GPa shifted to 400-750 cm-1 at 51.4 GPa) under 187 

compression: A single, broad band that spans the full mid-frequency range at low pressures gains 188 

in intensity under compression being at 35 GPa more intense than the Si2O7 and SiO3 symmetric 189 

stretching mode. Above 35 GPa three main modes emerge out of the broad band gaining further 190 

in intensity to the highest pressure of this study. Extrapolation down to 10-4 GPa shows that the 191 

modes (508, 353, 326 cm-1) lie within a range of possible frequencies for wadsleyite II. 192 

However, the modes observed above 35 GPa do not correlate with ambient Raman modes of 193 

wadsleyite II and hence appear to be new, pressure-induced modes. 194 

 195 

The high-pressure evolution of the Raman spectra of wadsleyite II sample 2 (Fig. 6) differs from 196 

that of sample 1: The ambient bands in the mid-frequency range do not merge into one single 197 

broad band under compression and also a pressure-induced intensity enhancement is absent up to 198 

the highest pressure of 21.8 GPa. Differences between the Raman spectra of the two wadsleyite 199 

II samples are likely due to the slightly different synthesis conditions (P, T) of the two samples, 200 

intrinsic sample differences (composition), and differences in the probed surfaces of the single-201 

crystal fragments. The observed, pressure-induced changes in the Raman spectra of wadsleyite II 202 

sample 1 are reversible without hysteresis and are not generated or affected by non-hydrostatic 203 

stresses in the sample because we used helium as pressure-transmitting medium, and neither the 204 

ruby nor the silicate stretching modes gave any evidence for a significant pressure gradient 205 

across the sample. 206 
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 207 

Low-frequency range: 30-300 cm-1. 208 

A relatively intense feature in the Raman spectra of wadsleyite II occurs at low frequencies 209 

centered around 171 cm-1 at 10-4 GPa. Its pressure dependence is relatively weak, but it gains in 210 

intensity relative to characteristic wadsleyite II modes under compression. Part of the intensity 211 

increase appears to be retained on decompression indicating an irreversible modification in the 212 

crystal structure. This observation is similar to our observation in the Raman spectra of Fo90 213 

hydrous wadsleyite (Kleppe et al., 2005) where the low-frequency feature was suggested to be 214 

associated with localized modes generated by the presence of Fe (Fe2+, Fe3+) in the hydrous 215 

wadsleyite structure. The pressure-induced intensity increase might be connected to 216 

energetically-favored site distortions under compression. Additional work is required to 217 

understand this low-frequency feature and any possible correlation with local disorder in the 218 

structure.  219 

 220 

 221 

Pressure dependence of the OH stretching modes of wadsleyite II 222 

 223 

Figure 8 shows representative Raman spectra of wadsleyite II sample 2 as a function of pressure 224 

in the OH stretching region to 21.8 GPa, the highest pressure of the experiment on sample 2. The 225 

OH stretching modes broaden and weaken under compression, in particular the OH modes below 226 

3530 cm-1. The OH doublet at 3570 and 3626 cm-1 was resolved up to 13 GPa and was tracked as 227 

a single mode at higher pressures. The pressure dependence of the OH Raman modes of 228 

wadsleyite II (Fig. 9) contrasts strongly with that of the framework modes: OH stretching modes 229 

above 3530 cm-1 remain approximately constant up to at least 21.8 GPa whereas OH modes at 230 

lower frequencies decrease with increasing pressure; the lower the ambient OH stretching 231 

frequency the more negative its pressure dependence (Tab. 1). The high-pressure behavior of all 232 
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the OH stretching modes is in accord with previous studies on Fo90 hydrous wadsleyite (Kleppe 233 

et al. 2005) and Fo100 hydrous wadsleyite (Kleppe et al., 2001). 234 

 235 

 236 

Discussion 237 

 238 

Ambient Raman spectra of wadsleyite II in comparison with hydrous wadsleyite and hydrous 239 

ringwoodite 240 

 241 

Wadsleyite II is intermediate in stability and crystal structural properties between wadsleyite and 242 

ringwoodite. Its ambient Raman spectrum reflects the spinelloid structure and exhibits both 243 

hydrous wadsleyite and ringwoodite modes compatible with the structural unit model comprising 244 

a mixture of four-fifths wadsleyite and one-fifth spinel: The spectrum is dominated by a close 245 

similarity to hydrous wadsleyite modified with bands in frequency regions where the SiO4 246 

tetrahedral and OH stretching vibrations of hydrous ringwoodite occur. The mode structure of 247 

wadsleyite II is, in comparison with Fo90 hydrous wadsleyite, relatively broad, especially in the 248 

mid-frequency range (300-650 cm-1). Broader modes in wadsleyite II can be associated with 249 

increased structural site distortions due to alternating wadsleyite and spinel-type units (Si2O7 and 250 

SiO4) in the structure (Horiuchi et al., 1982). Further, the incorporation of Fe, in particular Fe3+, 251 

in octahedral sites and hydrogen contributes to the distortion of structural sites and formation of 252 

vacancies. The relatively small, but distinct differences between the Raman spectra of wadsleyite 253 

II and hydrous wadsleyite confirm that good-quality Raman measurements can be used to 254 

discriminate between structurally closely related phases. 255 

 256 

 257 
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High-pressure Raman spectra (30-1300 cm-1) of wadsleyite II in comparison with hydrous 258 

wadsleyite and hydrous ringwoodite 259 

 260 

The high-pressure evolution of the Raman spectra of wadsleyite II and hydrous wadsleyite is 261 

very similar as expected for crystal structurally closely related phases. Both spinelloids remain 262 

stable despite compression well beyond pressures in the transition zone at room temperature 263 

(51.4 GPa corresponds to about 1300 km depth). There is no indication for a first-order crystal 264 

structural change in the pressure dependence of their characteristic Si2O7 and SiO3 symmetric 265 

stretching modes. A striking feature in the high-pressure Raman spectra of both, wadsleyite II 266 

and Fo90 hydrous wadsleyite, is a significant growth in intensity of bands in the mid-frequency 267 

range relative to the Si2O7 and SiO3 symmetric stretching modes under compression 268 

accompanied by the appearance of new Raman modes near 40 GPa. Interestingly, a similar 269 

observation has been made in the high-pressure Raman spectra of Fo89 hydrous ringwoodite 270 

(Kleppe et al., 2002b). The difference between the hydrous ringwoodite and hydrous wadsleyite 271 

case is that for hydrous ringwoodite the pressure-induced modes appear at frequencies clearly 272 

forbidden for the ideal, cubic spinel structure, whereas for hydrous wadsleyite the presence of 273 

modes in the mid-frequency-range is not unusual. In contrast to the iron-bearing hydrous 274 

spinelloids and spinel, the high-pressure Raman spectra of the hydrous Mg end-member phases 275 

do not show enhanced intensity and emergence of pressure-induced Raman modes in the mid-276 

frequency range under compression (Kleppe et al., 2001; Kleppe et al., 2002 a). Hence, our 277 

observations appear to be connected to Fe (Fe2+, Fe3+)-substitution in the hydrous Mg end-278 

member structures. The compositions of the iron-bearing hydrous wadsleyite, wadsleyite II and 279 

ringwoodite samples discussed here are close to Fo90 with about 30-40%, ~55% and ~10% of the 280 

total Fe being Fe3+, respectively (Smyth et al., 2005, McCammon et al., 2004). 281 

 282 

 283 
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On resonance electronic Raman scattering in wadsleyite II and ringwoodite 284 

 285 

One explanation for the observed, pressure-induced changes in the Raman spectra of iron-286 

containing hydrous wadsleyite, wadsleyite II and ringwoodite might be resonance electronic 287 

Raman scattering. This process can originate from the presence of Fe2+ in octahedral sites and 288 

can cause striking intensity enhancement together with new modes at frequencies forbidden for 289 

vibrational Raman modes. Electronic transitions related to the substitution of Fe2+ for Mg2+ on 290 

octahedral sites have been observed in the optical and near infrared absorption spectra of 291 

wadsleyite II and ringwoodite (Keppler and Smyth, 2005; Smyth et al., 2005): The spectra of 292 

ringwoodite are characterized by two absorption bands, at 8678 and 12265 cm-1, due to spin-293 

allowed crystal-field transitions of octahedral Fe2+ (Keppler and Smyth, 2005). The pressure 294 

dependence of the crystal field bands has been established to 21.5 GPa and is for the dominant, 295 

ambient 12265 cm-1 crystal-field band 77.5 cm-1/GPa (Keppler and Smyth, 2005). The full width 296 

at half maximum of the band does not change significantly under pressure and is about 5000 cm-297 

1. Extrapolation to 40 GPa shifts the dominant crystal-field transition band to 15365 cm-1, and 298 

hence near 40 GPa this crystal-field transition band starts to overlap significantly with the 514.5 299 

nm (19436 cm-1) laser excitation line. This overlap facilitates resonance excitation involving 300 

crystal-field levels of octahedral Fe2+. The coincidence, and hence resonance, between the laser 301 

excitation line and the crystal-field levels becomes better under further compression causing a 302 

discrete, electronic Raman mode structure in the mid-frequency range at higher pressures, which 303 

is more intense than the vibrational Raman modes (Fig. 3 in Kleppe et al., 2002b). The fact that 304 

the phonon intensities remain about the same level while the electronic Raman intensities 305 

become strongly enhanced indicates that the coupling between the electronic states of Fe2+ and 306 

the lattice vibrations is very weak. 307 

Similar considerations hold true for wadsleyite II: The optical and near infrared absorption 308 

spectrum of wadsleyite II shows a band centered around 10638 cm-1 due to crystal field 309 
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transitions of octahedral Fe2+ at 10-4 GPa (Smyth et al., 2005). High-pressure absorption spectra 310 

do not exist but a shift of the crystal-field band to higher frequencies under compression is 311 

expected. Assuming that the band has a pressure-dependence similar to that of the crystal-field 312 

transition bands of ringwoodite, we can explain the intense mode structure in the mid-frequency 313 

range above 40 GPa of wadsleyite II with resonant electronic Raman modes, too. Fluorescence 314 

as origin of the modes can be excluded as 488 nm (20492 cm-1) laser excitation results in 315 

identical frequencies for all modes. The electronic Raman scattering is present in both, spectra 316 

excited with 514.8 and 488 nm, because the difference in the excitation energies is small with 317 

respect to the half width of the crystal-field transition bands. 318 

 319 

 320 

Hydroxyl groups in hydrous wadsleyite II 321 

 322 

The ambient Raman spectrum of wadsleyite II consists of at least six OH stretching modes. 323 

Assuming linear O-H···O topologies we can correlate the observed OH stretching frequencies 324 

with O···O bond distances using the empirical correlation by Libowitzky (1999): The broad and 325 

weak OH band at 3243 cm-1 corresponds to an O···O distance of about 2.7 Å, the triplet at 3351, 326 

3408 and 3484 cm-1 fits with O···O distances around 2.8 Å, and the doublet at 3564 and 3628 cm-327 

1 only allows O···O distances ≥3 Å. These distances are in overall agreement with protonation of 328 

the oxygen atoms surrounding the partially vacant tetrahedral site Si2 (average edge length is 329 

about 2.73 Å) and the non-silicate oxygen O2, as suggested from single-crystal X-ray diffraction 330 

data (Smyth et al., 2005). 331 

 332 

The Raman active OH stretching modes of wadsleyite II with frequencies <3530 cm-1 have a 333 

strong, negative pressure dependence whereas OH modes at higher frequencies are less sensitive 334 

to pressure with their wavenumbers being approximately constant to at least 21.8 GPa. This is 335 
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consistent with previous high-pressure Raman studies on Fo90 hydrous wadsleyite (Kleppe et al., 336 

2005) and Fo100 hydrous wadsleyite (Kleppe et al., 2001). A nearly constant OH stretching 337 

frequency under compression suggests very weak hydrogen bonding. A negative frequency 338 

response of OH modes under pressure requires a reduction of the respective O···O distances and 339 

reflects a strengthening of the hydrogen bond. A concomitant lengthening of the O-H bond has 340 

often been assumed but is not mandatory; e.g., Parise et al. (1994) demonstrated that in 341 

deuterated brucite the O-D bond length is constant under compression to 9.36 GPa. 342 

 343 

Neutron experiments would be best to determine unambiguously the protonation sites in 344 

wadsleyite and might become possible with increased neutron fluxes in the future, at the high-345 

pressures and small sample volumes needed. 346 

 347 
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Table captions 421 

 422 

Table 1. Comparison of the mode frequencies and pressure derivatives of wadsleyite II with Fo90 423 

and Fo100 hydrous wadsleyite. Modes that have been observed over the full pressure range to 424 

51.4 GPa have been fitted with a quadratic term; modes observed only over parts of the 425 

investigated pressure range have been assumed to vary linearly. 426 

 427 

Figure captions 428 

 429 

Figure 1. The crystal structure of wadsleyite II. 430 

 431 

Figure 2. Ambient Raman spectra in the range 30 to 1300 cm-1 of (a) wadsleyite II 432 

sample 1 (black: single-crystal fragment, grey: powder; Smyth et al., 2005) and (b) wadsleyite II 433 

sample 2 (present study). For comparison Raman spectra of (c) Fo90 hydrous wadsleyite with 2.4 434 

wt% H2O (Kleppe et al., 2005), and (d) Fo89 hydrous ringwoodite with 1.6 wt% H2O (Kleppe et 435 

al., 2002 b) are shown. The relative mode intensities depend on the orientation of the crystal 436 

relative to the incident laser beam. Black dotted lines represent characteristic and intense modes 437 

of the wadsleyite structure: Si2O7 symmetric stretching vibration at 721 cm-1 and symmetric 438 

stretching vibration of the SiO3 terminal unit at 918 cm-1. Grey dotted lines correspond to the 439 

most intense, characteristic spinel modes, the antisymmetric (796 cm-1) and symmetric (841 cm-440 

1) stretching vibrations of the SiO4 tetrahedra. 441 

 442 

Figure 3. Comparative, ambient spectra in the OH stretching frequency region of (a) 443 

wadsleyite II sample 1 (Smyth et al., 2005), (b) wadsleyite II sample 2 (present study), and (c) 444 

Fo90 hydrous wadsleyite with 2.4 wt% H2O (Kleppe et al., 2005). The relative mode intensities 445 

depend on the orientation of the crystal relative to the incident laser beam. Black dotted lines 446 
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show the OH stretching frequencies of Fo90 hydrous wadsleyite, and grey dotted lines represent 447 

the position of the OH stretching frequencies of Fo100 hydrous ringwoodite (Kudoh et al., 2000). 448 

 449 

Figure 4. Ambient Raman spectrum of the OH stretching modes of wadsleyite II sample 450 

1. Fitted peak positions and in parentheses the respective full width at half maximum are given. 451 

 452 

Figure 5. Selected Raman spectra of wadsleyite II sample 1 as a function of pressure in 453 

the wavenumber range 50-1300 cm-1.  454 

 455 

Figure 6. Selected Raman spectra of wadsleyite II sample 2 as a function of pressure in 456 

the wavenumber range 50-1300 cm-1. 457 

 458 

Figure 7. Pressure dependence of the framework Raman modes of wadsleyite II. The 459 

error in measurement of both frequency and pressure is within the size of the symbol except 460 

where representative error bars are given. Modes observed over the entire pressure range have 461 

been fitted with a quadratic term; modes that could only be located reliably over parts of the 462 

investigated pressure range have been assumed to vary linearly. For comparison the pressure 463 

dependence of some framework modes of Fo90 hydrous wadsleyite and Fo89 hydrous ringwoodite 464 

are given. Characteristic wadsleyite modes are: (1) Si2O7 symmetric stretching vibration (Si-O-Si 465 

of the disilicate group), and (2) symmetric stretching vibration of the SiO3 terminal unit. Typical 466 

modes of ringwoodite are (3) the antisymmetric and symmetric stretching vibrations of the SiO4 467 

tetrahedra. 468 

 469 

Figure 8. Selected Raman spectra of wadsleyite II sample 2 as a function of pressure in 470 

the OH stretching frequency region. 471 

 472 
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Figure 9. Pressure dependence of the OH stretching modes of wadsleyite II sample 2. 473 

Representative error bars are given where errors are larger than the size of the symbol. The 474 

pressure dependence of the OH modes of Fo100 hydrous wadsleyite (grey lines, Kleppe et al., 475 

2001) is given for comparison. 476 

 477 



 21

Table 1 478 

 479 
Wadsleyite II (sample 1, Fo90, 
2.0 wt% H2O), present study to 
51.4 GPa 

Wadsleyite II (sample 2, Fo88, 
2.7 wt% H2O), present study to 
21.8 GPa 

Fo90 hydrous wadsleyite 
(2.4 wt% H2O, Kleppe et al., 
2005) to 58.4 GPa 

Fo100 hydrous wadsleyite 
(1.65 wt% H2O, Kleppe et al., 
2001) to 50 GPa 

ν (cm-1) ∂ν/∂P (cm-1/GPa) ν (cm-1) ∂ν/∂P (cm-1/GPa) ν (cm-1) ∂ν/∂P (cm-1/GPa) ν (cm-1) ∂ν/∂P (cm-1/GPa) 
171  172  179    
      229  
246*  250*  267  266  
*  *  †  313  
*  *  †  363  
392*  380*  398    
*  *    406  
*  *  420  422  
*  *  440  441  
*  477*    487  
490*  *  492    
*  *  523    
539*  545*  543  549  
*  *  588  586  
604*  624*  619  618 2.04 
631§ 3.238 ‡ 631§ 3.238 ‡ 625§ 3.471   
686  685  702    
709 4.340x – 0.0188x2 ‡ 709 4.340x – 0.0188x2 ‡ 721 3.263x – 0.0051x2 722 3.368x – 0.0074x2 
773  777  777 4.870x – 0.0163x2 779 5.055x – 0.0208x2 
811  813      
    840    
864  868  882 4.307x – 0.0176x2 885 4.328x – 0.0175x2 
911 3.981x – 0.0105x2 ‡ 914 3.981x – 0.0105x2 ‡ 918 3.263x – 0.0051x2 916 3.368x – 0.0074x2 
956  965  955    
997    993  978  
1034  1032  1045  1028  
 
3243  3254 -8.9     
3351    3354  3329 -7.7 
3408  3390 -7.4 3399  3373 -7.0 
3484  3504 -4.6 3469    
3564  3570 0.1║ 3563    
    3588  3586 -0.29# 
3628  3626 0.7║     
 480 
* This spectral range is characterized by broad features. The minimum number of bands that can be fitted to this part 481 
of the spectrum is given. 482 
† Intensity is observed, but modes are not resolved. 483 
‡ Includes data of sample 1 and 2. 484 
§ Extrapolated to 10-4 GPa. 485 
║ To 10.13 GPa. 486 
# To 24 GPa; from 24 to 50 GPa ∂ν/∂P is -3.90 (cm-1/GPa). 487 
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