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INTRODUCTION

The estimate of the amount of hydrogen stored in the olivine of the lithospheric and asthenospheric mantle (i.e., down to 410 km deep) is a key issue for understanding the internal cycle of this element. Attempts to constrain the hydrogen concentration in olivine from experimental solubility measurements may have been so far insufficient to accurately address this question (e.g., [START_REF] Bai | Substantial hydrogen solubility in olivine and implications for water storage in the mantle[END_REF][START_REF] Kohlstedt | Solubity of water in the a, b, and g phases of (Mg,Fe) 2 SiO 4[END_REF][START_REF] Lemaire | The effect of silica activity on the incorporation mechanism of water in synthetic forsterite: a polarised infrared spectroscopic study[END_REF][START_REF] Zhao | Solubility of hydrogen in olivine: dependence on temperature and iron content[END_REF][START_REF] Smyth | Olivine hydration in the deep upper mantle: Effects of temperature and silica activity[END_REF]Grant et al. 2007a;[START_REF] Litasov | Temperature dependence and mechanism of hydrogen incorporation in olivine at 12.5-14.0 GPa[END_REF][START_REF] Brown | Recent developments in the methods and applications of the bond valence model[END_REF][START_REF] Withers | Influence of temperature, composition, silica activity and oxygen fugacity on the H 2 O storage capacity of olivine at 8 GPa[END_REF][START_REF] Bali | Pressure and temperature dependence of H solubility in forsterite: An implication to water activity in the Earth interior[END_REF][START_REF] Otsuka | Control of the water fugacity at high pressures and temperatures: Applications to the incorporation mechanisms of water in olivine[END_REF][START_REF] Withers | The effect of Fe on olivine H 2 O storage capacity: Consequences for H 2 O in the Martian mantle[END_REF][START_REF] Férot | Water storage capacity in olivine and pyroxene to 14 GPa: Implications for the water content of the Earth's upper mantle and nature of seismic discontinuities[END_REF][START_REF] Kovács | An experimental study of water in Nominally Anhydrous Minerals in the upper mantle near the water-saturated solidus[END_REF][START_REF] Gaetani | Hydration of mantle olivine under variable water and oxygen fugacity conditions[END_REF][START_REF] Demouchy | Distribution and transport of hydrogen in the lithospheric mantle: A review[END_REF]. The main reason for this possible inaccuracy lies in the fact that the incorporation of hydrogen into olivine is controlled by many mechanisms that are not clearly identified in most experimental studies. The evaluation and efficiency of different experimental approaches are strongly dependent on the correct identification of OH-defects. Without this knowledge, the risk of mixing the respective contributions of various defects and incorporation reactions that control their solubility is high. This identification is essential to ensure that the incorporation mechanisms reproduced in the laboratory are the same as those observed in natural samples, and thus to determine the dominant incorporation mechanisms (e.g., [START_REF] Mosenfelder | Hydrogen incorporation in olivine from 2-12 GPa[END_REF][START_REF] Gaetani | Hydration of mantle olivine under variable water and oxygen fugacity conditions[END_REF].

Early solubility models in olivine were based on the assumption that the solubility is controlled by a single defect composed of two protons in an octahedral Mg vacancy (e.g., [START_REF] Kohlstedt | Solubity of water in the a, b, and g phases of (Mg,Fe) 2 SiO 4[END_REF][START_REF] Zhao | Solubility of hydrogen in olivine: dependence on temperature and iron content[END_REF][START_REF] Mosenfelder | Hydrogen incorporation in olivine from 2-12 GPa[END_REF][START_REF] Bali | Pressure and temperature dependence of H solubility in forsterite: An implication to water activity in the Earth interior[END_REF].

As evidenced by experiments performed under varying silica activities the protonation of Mg vacancies leads to broad infrared absorption bands in the range 3150-3250 cm -1 , while the protonation of Si vacancies produces narrow infrared bands above 3480 cm -1 (e.g., [START_REF] Lemaire | The effect of silica activity on the incorporation mechanism of water in synthetic forsterite: a polarised infrared spectroscopic study[END_REF][START_REF] Berry | Fingerprinting the water site in mantle olivine[END_REF][START_REF] Kovács | Sitespecific infrared OH absorption coefficients for water substitution into olivine[END_REF]. Bond valence method [START_REF] Donnay | How to recognize O 2-, OH -, and H 2 O in crystal structures determined by X-rays[END_REF][START_REF] Brown | Bond-valence parameters obtained from a systematic analysis of the inorganic crystal structure database[END_REF] provides a simple explanation for this observation. In olivine, each O atom forms interatomic bonds with one Si 4+ atom and three Mg 2+ atoms, compensating for 1 and 1/3 valence units (v.u.), respectively. In octahedral Mg 2+ and tetrahedral Si 4+ vacancies, the deficit in valence compensation of the O atoms (i.e. residual valence) will be close to -1/3 or -1, respectively. Considering that the O-H bond valence regularly decreases as a function of O-H distance [START_REF] Brown | Recent developments in the methods and applications of the bond valence model[END_REF], charge and valence compensation requirements lead to longer O-H bonds associated with Mg vacancies than with Si vacancies. Consistently, the OH stretching mode will vibrate at a higher frequency for protonated Si vacancies than for protonated Mg vacancies. [START_REF] Blanchard | Infrared signatures of OH-defects in wadsleyite: A first-principles study[END_REF] applied successfully the bond valence analysis to wadsleyite, in order to identify the most favorable sites for protonation and to rationalize the OH infrared signatures. In the olivine case, this general picture has been confirmed and refined by atomistic modeling approaches [START_REF] Haiber | Structure and dynamics of protonated Mg 2 SiO 4 : An ab-initio molecular dynamics study[END_REF][START_REF] Brodholt | An ab initio study of hydrogen in forsterite and a possible mechanism for hydrolytic weakening[END_REF][START_REF] Braithwaite | A theoretical study of the energetics and IR frequencies of hydroxyl defects in forsterite[END_REF][START_REF] Walker | Computer modelling of the energetics and vibrational properties of hydroxyl groups in α-and β-Mg 2 SiO 4[END_REF][START_REF] Walker | Three water sites in upper mantle olivine and the role of titanium in the water weakening mechanism[END_REF][START_REF] Shaw | Vibrational dynamics of H + -substituted forsterite: A first-principles molecular dynamics study[END_REF][START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF]2014;[START_REF] Umemoto | A first-principles investigation of hydrous defects and IR frequencies in forsterite: The case for Si vacancies[END_REF]Crépisson et al. 2014a;2014b;[START_REF] Ingrin | Identification of hydrogen defects linked to boron substitution in synthetic forsterite and natural olivine[END_REF]).

In the Mg end-member forsterite, infrared spectra in the range of OH stretching vibrations can be quite complex, but three types of OH-defects dominate. The hydrogarnet-type defect consisting of four protons in a tetrahedral Si vacancy, i.e. € (4H) Si × using the Kröger-Vink notation [START_REF] Kröger | Relation between the concentrations of imperfections in crystalline solids[END_REF], may represent about 70% of the incorporation mode at high-pressure, with absorption bands identified at 3612, 3577 and 3566 cm -1 at room temperature [START_REF] Berry | Fingerprinting the water site in mantle olivine[END_REF][START_REF] Kovács | Sitespecific infrared OH absorption coefficients for water substitution into olivine[END_REF][START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF][START_REF] Umemoto | A first-principles investigation of hydrous defects and IR frequencies in forsterite: The case for Si vacancies[END_REF]Ingrin et al. 2013;Crépisson et al. 2014a). The defect constituted of two protons in an octahedral Mg vacancy, i.e.

€ (2H) Mg

× , which is however very minor (<5%), results in a broad band between 3150 and 3250 cm -1 [START_REF] Berry | Fingerprinting the water site in mantle olivine[END_REF][START_REF] Kovács | Sitespecific infrared OH absorption coefficients for water substitution into olivine[END_REF][START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF][START_REF] Umemoto | A first-principles investigation of hydrous defects and IR frequencies in forsterite: The case for Si vacancies[END_REF]Ingrin et al. 2013;Crépisson et al. 2014a). A defect characterized by a broad band at 3550 cm -1 and whose contribution in synthetic forsterite samples would approach 25% (Ingrin et al. 2013) may correspond to an interstitial OH [START_REF] Balan | Contribution of interstitial OH groups to the incorporation of water in forsterite[END_REF]. In presence of iron (olivine ~ Fo90), two types of additional OH stretching bands can be observed. The first band located at 3599 cm -1 , is polarized parallel to the X direction and is significantly broader than the bands of the € (4H) Si × defect [START_REF] Kohlstedt | Solubity of water in the a, b, and g phases of (Mg,Fe) 2 SiO 4[END_REF][START_REF] Smyth | Olivine hydration in the deep upper mantle: Effects of temperature and silica activity[END_REF][START_REF] Litasov | Temperature dependence and mechanism of hydrogen incorporation in olivine at 12.5-14.0 GPa[END_REF][START_REF] Otsuka | Control of the water fugacity at high pressures and temperatures: Applications to the incorporation mechanisms of water in olivine[END_REF][START_REF] Withers | The effect of Fe on olivine H 2 O storage capacity: Consequences for H 2 O in the Martian mantle[END_REF][START_REF] Férot | Water storage capacity in olivine and pyroxene to 14 GPa: Implications for the water content of the Earth's upper mantle and nature of seismic discontinuities[END_REF]. Its contribution in synthetic samples can be up to 25% of the total OH concentration (with ~ 50% for the € (4H) Si × defect and 25% for the defect related to the band to 3550 cm -1 ). The second type of bands, between 3310 and 3380 cm -1 , is mostly observed when natural samples are used as starting material in experiments [START_REF] Bai | Effects of chemical environment on the solubility and incorporation mechanism for hydrogen in olivine[END_REF][START_REF] Zhao | Solubility of hydrogen in olivine: dependence on temperature and iron content[END_REF]Grant et al. 2007a;[START_REF] Kovács | An experimental study of water in Nominally Anhydrous Minerals in the upper mantle near the water-saturated solidus[END_REF][START_REF] Férot | Water storage capacity in olivine and pyroxene to 14 GPa: Implications for the water content of the Earth's upper mantle and nature of seismic discontinuities[END_REF][START_REF] Gaetani | Hydration of mantle olivine under variable water and oxygen fugacity conditions[END_REF][START_REF] Yang | Effect of oxygen fugacity on OH dissolution in olivine under peridotitesaturated conditions: An experimental study at 1.5-7 GPa and 1100-1300°C[END_REF]. [START_REF] Berry | The infrared signature of water associated with trivalent cations in olivine[END_REF], from synthesis of forsterite samples doped with trace amounts of trivalent elements, suggested that these bands were associated with defects involving hydrogen and a trivalent cation, such as Fe 3+ , Cr 3+ and Al 3+ . Regarding the band at 3599 cm -1 , no assumption has yet actually been proposed. All the above defects occur in natural mantle olivine, with one additional defect resulting in a doublet of bands at 3525 and 3572 cm -1 . It corresponds to a partially protonated tetrahedral vacancy coupled to the substitution of Mg 2+ by Ti 4+ , i.e. [START_REF] Berry | The infrared signature of water associated with trivalent cations in olivine[END_REF][START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF][START_REF] Umemoto | A first-principles investigation of hydrous defects and IR frequencies in forsterite: The case for Si vacancies[END_REF].

€ [(Ti) Mg •• (2H ʹ ʹ ) Si ] × (
We investigate here the effect of iron and trivalent cations on OH-defects in olivine. We performed an in situ study of OH infrared stretching bands at -194°C and +25°C on two Fe-bearing olivine single crystals, one synthetic and one natural. These spectroscopic measurements are coupled with the theoretical investigation of the structural and vibrational properties of Fe-related OH-defects using the density functional theory. OH-defects in only the Mg end-member olivine have so far been investigated using first-principles calculations. The explicit modeling of the infrared signature of these OH-defects allows untangling the effect of Fe 2+ , Fe 3+ , Al 3+ and Cr 3+ on the population of OH-defects. This study, we believe, represents one step forward in the understanding of hydrogen incorporation mechanisms in mantle olivines.

SAMPLES AND METHODS

Samples description

Three samples have been investigated here. The single crystal of composition Fo91 Hole, New Mexico (Grant et al. 2007b), and oriented in the XY and XZ planes using the signature of the polarized FTIR spectra in the Si-O overtones region (see for instance, [START_REF] Lemaire | The effect of silica activity on the incorporation mechanism of water in synthetic forsterite: a polarised infrared spectroscopic study[END_REF]). The composition and petrologic characteristics of the xenolith are reported in Grant et al. (2007b).

Infrared analysis

IR spectra were acquired with a Bruker Hyperion 3000 FTIR-microscope coupled to a Bruker Vertex 70 spectrometer equipped with a liquid-N 2 -cooled MCT detector in the laboratory of Infrared and Raman Spectrochemistry (LASIR, Université Lille 1). A spot size of 160 × 160 µm 2 was used, 256 scans were accumulated per spectrum with a resolution of 1 cm -1 to 4 cm -1 . Polarized spectra were recorded with a wire grid polarizer on a KRS-5 substrate. A Linkam FTIR600 heating-cooling stage with ZnSe windows dedicated to infrared measurements was used. Band frequency was analyzed through decomposition of spectra using Gaussian functions in the "Peakfit" software.

First-principles calculations

Calculations were performed within the density functional theory framework, using the theoretical approach and parameters described in [START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF]2014), Crépisson et al. (2014a;;2014b), and[START_REF] Ingrin | Identification of hydrogen defects linked to boron substitution in synthetic forsterite and natural olivine[END_REF] for the study of OH-defects in forsterite.

The ionic core of iron, aluminum and chromium were described by the pseudopotentials Fe.pbe-nd-rrkjus.UPF, Al.pbe-rrkj.UPF and Cr.pbe-sp-van.UPF from http://www.quantum-espresso.org/. Spin-polarized calculations were conducted using the generalized gradient approximation (GGA) to the exchange-correlation functional with the PBE parameterization [START_REF] Perdew | Generalized Gradient Approximation Made Simple[END_REF]. The electronic wave-functions and the charge density were expanded in plane-waves with 80 and 480 Ry cut-offs, respectively.

The Brillouin zone was sampled at a single k-point with coordinates (-0.5, -0.46, -0.4) in 2π/a units. In order to prevent spurious interactions between the periodic images of the defect, structure relaxations were done on a 2×1×2 supercell of forsterite (112 atoms)

using the PWscf code of the Quantum Espresso package [START_REF] Giannozzi | Quantum ESPRESSO: a modular and open-source software project for quantum simulations of materials[END_REF] http://www.quantum-espresso.org). The theoretical relaxed primitive orthorhombic-cell parameters of anhydrous forsterite are a = 4.78 Å, b = 10.28 Å, and c = 6.01 Å (Pbnm space group), in good agreement with experimental values [START_REF] Fujino | X-ray determination of electron distributions in forsterite, fayalite and tephroite[END_REF]. These relaxed cell parameters were kept constant during the relaxation of OH-bearing supercell.

During this step, no symmetry constraint was applied to the atomic positions and the forces on atoms were minimized to less than 10 -4 Ry/a.u. The OH-stretching vibrational frequencies were calculated at the Brillouin zone center (Γ point), using the linear response theory [START_REF] Baroni | Phonons and related crystal properties from density-functional perturbation theory[END_REF] as implemented in the PHonon code [START_REF] Giannozzi | Quantum ESPRESSO: a modular and open-source software project for quantum simulations of materials[END_REF]; http://www.quantum-espresso.org) and following the approach previously used by [START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF]2014), Crépisson et al. (2014a;2014b), and[START_REF] Ingrin | Identification of hydrogen defects linked to boron substitution in synthetic forsterite and natural olivine[END_REF].

This approach provides calculated wavenumbers that are within 1.5 % of the measured ones for the OH stretching vibrations (i.e. < 50 cm -1 ). This approach is very sensitive to the strength of hydrogen bonds, giving very accurate relative positions of infrared absorption bands. The relative positions of the bands combined with their intensities and pleochroisms allow their reliable assignment to associated OH-defects by comparison of theoretical and measured infrared spectra.

RESULTS AND DISCUSSION

Infrared spectrum of iron-bearing olivine

Low-temperature measurements allow a better resolution of every contribution to the infrared spectrum. As shown in Fig. 1 and Table 1, the infrared spectrum above 3500 cm -1 of synthetic Mg end-member olivine is mainly composed of three bands at 3615, 3582 and 3568 cm -1 corresponding to the hydrogarnet-type defect, € (4H) Si × plus a side band at 3566 cm -1 , which corresponds to the broad band strongly polarized along the Y direction observed at room temperature at 3550 cm -1 [START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF]Ingrin et al. 2013). In the synthetic Fe-bearing olivine, additional bands are observed. A broad band reported at 3599 cm -1 at room temperature and polarized along the X direction [START_REF] Kohlstedt | Solubity of water in the a, b, and g phases of (Mg,Fe) 2 SiO 4[END_REF][START_REF] Smyth | Olivine hydration in the deep upper mantle: Effects of temperature and silica activity[END_REF][START_REF] Litasov | Temperature dependence and mechanism of hydrogen incorporation in olivine at 12.5-14.0 GPa[END_REF][START_REF] Otsuka | Control of the water fugacity at high pressures and temperatures: Applications to the incorporation mechanisms of water in olivine[END_REF][START_REF] Withers | The effect of Fe on olivine H 2 O storage capacity: Consequences for H 2 O in the Martian mantle[END_REF][START_REF] Férot | Water storage capacity in olivine and pyroxene to 14 GPa: Implications for the water content of the Earth's upper mantle and nature of seismic discontinuities[END_REF], splits at -194°C into two separate bands at 3606 and 3599 cm -1 both mainly polarized along X (Fig. 1). At least three additional bands are also observed in the range 3520 -3560 cm -1 : At room temperature, along Y they are partly masked by the broad band at 3550 cm -1 , but it is possible to notice the presence of at least two extra bands around 3549 and 3538 cm -1 in the spectrum polarized perpendicularly to the Y direction (Fig. 1). At -194°C, four distinct bands are clearly visible. The strongest at 3560 and 3551 cm -1 are mainly polarized along Y while the ones at 3543 and 3528 cm -1 share polarization between Y and the direction perpendicular to Y (Fig. 1). The additional bands, summed over the two polarized spectra, constitute roughly 40% of the total area of the OH bands.

The three main bands observed in the Mg end-member forsterite (3615, 3582 and 3568 cm -1 ) are also present at the same wavenumbers but are broader in the Fe-bearing olivine Fo91. Nevertheless it is still possible to isolate the contribution of the band at 3568 cm -1 polarized along the Z direction from the band at 3567 cm -1 polarized along the Y direction in the spectra at -194°C (see vertical line in Fig. 1; the band at 3567 cm -1 corresponds to the band observed at 3566 cm -1 in forsterite and which results from the shift of the broad band observed at 3550 cm -1 at room temperature).

In the same frequency region, the natural olivine KHL8306 from Kilbourne Hole displays a different infrared signature (Fig. 2) characterized at low temperature by two bands at 3529 and 3576 cm -1 , mainly polarized along the X direction and assigned to the Berry et al. 2005; 2007; Balan et al. 2011).

"titanoclinohumite" defect, € [(Ti) M1 •• (2H ʹ ʹ ) Si ] × (
At lower frequency, the same sample displays a doublet of bands at 3332 cm -1 mainly polarized along the Z direction and 3356 cm -1 with its main contribution along the X direction. Two weak bands at 3313 and 3390 cm -1 , mainly polarized along the Z direction, accompany this doublet. Such features are frequently observed when natural samples are used as starting material in experiments (Bai andKohlstedt 1993, Zhao et al. 2004;Grant et al. 2007a;[START_REF] Férot | Water storage capacity in olivine and pyroxene to 14 GPa: Implications for the water content of the Earth's upper mantle and nature of seismic discontinuities[END_REF][START_REF] Gaetani | Hydration of mantle olivine under variable water and oxygen fugacity conditions[END_REF]. All OH absorption bands mentioned here exhibit a similar temperature evolution with a moderate frequency lowering when temperature increases (< 7 cm -1 between -194°C and 25°C).

Effect of Fe 2+ on protonated Si and Mg vacancies

In a defect-free olivine, calculations indicate only a small preference (35 meV corresponding to 3.4 kJ/mol) for Fe 2+ to occupy M1 sites against M2 sites. This energy difference implies that at temperatures relevant to the upper mantle (~1227°C), around 57% of Fe 2+ will be in M1 sites. This result is in complete agreement with the nuclear magnetic resonance study of [START_REF] Mccarty | Transition metal cation site preferences in forsterite (Mg 2 SiO 4 ) determined from paramagnetically shifted NMR resonances[END_REF] concluding that Fe 2+ occupies M1 and M2 roughly equally. Therefore no initial assumption was made regarding the location of Fe 2+ around the OH-defects.

All possible configurations with one Fe 2+ as a first neighbor around the

€ (4H) Si ×
defect have been investigated. Protons were initially set up in the configuration Si_3 of [START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF], which was found to be the most stable in forsterite as well as the one

showing the best agreement with experimental spectra. The corresponding infrared signature is reported in Fig. 3. Calculations suggest that the most favorable location for Fe 2+ is the M1 site sharing a corner with the Si vacancy, followed by the M2 site also sharing a corner with the vacancy with a total energy 43 meV (4.1 kJ/mol) higher (Table 2). This new cationic environment affects the OH-defect as highlighted by the variation of its infrared signature (Fig. 3). The corresponding structural and vibrational properties are reported in Table 2. Considering this energy difference and the fact that for

€ [(4H) Si × (Fe) M1corner ×
] × , two equivalent configurations exist relative to the mirror plane crossing the silicate tetrahedron, we expect the occurrence of three times more

€ [(4H) Si × (Fe) M1corner × ] × defects than € [(4H) Si × (Fe) M2corner × ]
× defects, at temperatures relevant to the upper mantle. The OH stretching mode at 3591 cm -1 in forsterite is shifted to 3573 and 3559 cm -1 when Fe 2+ is in M1 and M2, respectively. This mode polarized along the X direction corresponds to the in-phase stretching of the four OH groups, with a larger displacement of the proton of the O1H group. The mode at 3572 cm -1 in forsterite is shifted down to 3556 cm -1 when Fe 2+ is in M1 site but remains at the same frequency when Fe 2+ is in M2 site. In this mode, the O2H group vibrates out-of-phase relative to the three other OH groups and with the largest amplitude. A moderate change in geometry may affect the OH coupling pattern, significantly impacting the IR intensities. This may explain why only three absorption bands are observed experimentally in forsterite out of the four bands predicted theoretically (i.e., the band calculated at 3572 cm -1 is not observed). It is reasonable to assign the band at 3606 cm -1 observed in Fe-bearing olivine with a polarization along the X direction (Fig. 1, Table 1) to the most intense band calculated at 3573 cm -1 and therefore to the presence of Fe 2+ in a M1 site next to the hydrogarnet-type defect. The band at 3599 cm -1 can be assigned to the most intense band of the defect associated with Fe 2+ in the M2 site calculated at 3559 cm -1 . The two lowest bands of these hydrogarnet-type defects are also shifted to lower frequencies in presence of iron. The mode at 3520 cm -1 in forsterite remains polarized along the Z direction while the mode at 3540 cm -1 shows some variations in the XY plane. Most of the bands observed at 3560, 3551, 3543 and 3528 cm -1 can be assigned to the lower-frequency bands associated with Fe 2+ in M1 and M2 sites calculated at 3530, 3518 cm -1 and 3519, 3510 cm -1 , respectively. They have the correct polarizations. However it cannot be ruled out that the intense band observed at low temperature at 3560 cm -1 (parallel to the Y direction) could be equivalent to the band observed at 3566 cm -1 in forsterite (Fig. 1), which become at room temperature the broad band at 3550 cm -1 strongly polarized along the Y direction (absorption band assigned to an interstitial OH, Ingrin et al. 2013, Balan et al. 2014). The presence of a nearby Fe 2+ would explain the simultaneous occurrence of these two bands and their frequency shift. In addition, the binding energies between Fe 2+

and the hydrogarnet-type defect, which is defined as the energy of the reaction leading the two defects to associate, were estimated to be -7 and -12 meV for Fe 2+ in M1 and M2 sites, respectively. This suggests that there is almost no energy gain to combine the Effect of Fe 2+ on protonated Mg vacancies is expected in the range 3100-3300 cm - 1 of the infrared spectrum. Two bands polarized along the Z direction are often recorded at ~3160 cm -1 and 3220-3260 cm -1 in both Fe-free and Fe-bearing olivine samples. These two bands do not always occur simultaneously, their relative intensities vary, and a broadening seems to accompany the presence of iron (e.g., [START_REF] Lemaire | The effect of silica activity on the incorporation mechanism of water in synthetic forsterite: a polarised infrared spectroscopic study[END_REF][START_REF] Withers | The effect of Fe on olivine H 2 O storage capacity: Consequences for H 2 O in the Martian mantle[END_REF][START_REF] Schmädicke | Olivine from spinel peridotite xenoliths: Hydroxyl incorporation and mineral composition[END_REF]. Previous calculations have shown that the full protonation of a M1 vacancy is responsible for one of the two bands, presumably the one observed at 3160 cm -1 in the Mg end-member (e.g., [START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF]. At the vicinity of this OH-defect, Fe 2+ enters the M1 site sharing an edge with the vacancy or the M2 site sharing a corner with the vacancy (Fig. 4). The two configurations have nearly the same probability of occurrence (3 meV of energy difference). The presence of Fe 2+ decouples the two OH vibrational modes (Fig. 4 and Table 2), leading to a band splitting of 40-54 cm -1 depending on the models. OH groups remain aligned along the Z direction. While it is likely that the presence of iron may explain the broadening of the band related to the defect (2H) X M1 , it cannot explain the two distinct bands that are also observed in Fe-free olivines. It is sometimes found in the literature that these two bands correspond to the protonation of M1 and M2 vacancies [START_REF] Lemaire | The effect of silica activity on the incorporation mechanism of water in synthetic forsterite: a polarised infrared spectroscopic study[END_REF]). This has already been investigated by atomistic calculations (e.g., [START_REF] Walker | Computer modelling of the energetics and vibrational properties of hydroxyl groups in α-and β-Mg 2 SiO 4[END_REF] From this energy difference and the comparison of calculated and measured pleochroisms, it is therefore possible to rule out the involvement of a simple protonated M2 vacancy for potential hydrogen substitutions. Finally as shown in Crépisson et al. (2014a), the partial protonation of a M1 vacancy is not a satisfactory explanation of the second absorption band around 3220 cm -1 .

OH-defects involving trivalent cations

In a defect-free olivine, our calculations suggest that Fe 3+ will preferentially occupy M2 rather than M1 sites. The energy difference of 173 meV (16.7 kJ/mol) would indicate a proportion of ~80% of Fe 3+ in M2 sites at ~1227°C. However, the presence of Mg vacancies in the vicinity of Fe 3+ , with the structural relaxation associated, will decrease significantly this energy difference. This is evidenced by the investigation of the defects composed of a proton in a Mg vacancy, the charge of which is compensated by the substitution Mg 2+ -Fe 3+ in a neighboring M site, i.e.

€ [(Fe) M • (1H ʹ ) M ] × .
This mechanism is the one proposed by [START_REF] Berry | The infrared signature of water associated with trivalent cations in olivine[END_REF] for explaining the infrared absorption bands observed between 3300 and 3400 cm -1 . The three most favorable configurations of this defect and the corresponding infrared signatures are shown in the upper part of Figs. 5 and 6. Even in close proximity of Fe 3+ , the protonation of M1 vacancies is energetically preferred to the protonation of M2 vacancies (energy difference of ~ 860 meV, i.e. 83 kJ/mol). In the most stable configuration, Fe 3+ is in the M2 site sharing an edge with the M1 vacancy where the O3 atom is protonated, leading to a band at 3388 cm -1 with the strongest contribution along the X direction. The second configuration has the Fe 3+ in the M2 site sharing a corner with the vacancy. The O2 atom is protonated, which results in a band at 3245 cm -1 polarized along the Z direction. In the third configuration, Fe 3+ now occupies an M1 site. The proton is still bound to the O2 atom, leading again to a band mainly polarized along the Z direction but at a wavenumber of 3374 cm -1 . The two highest bands could very well explain the bands that we observe at 3355 and 3329 cm -1 (3356 and 3332 cm -1 at low temperature) in Kilbourne Hole olivine (Fig. 2). Their relative positions and pleochroisms are in good agreement. The band calculated for the second configuration (i.e., 3245 cm -1 ) is not observed in the Kilbourne Hole sample.

However, the small energy differences calculated between the three configurations (Table 2) would suggest their coexistence at mantle temperatures with proportions around 30-40 % each, which means that the doublet at 3355-3329 cm -1 should be correlated with a band at 3220 cm -1 . This is not the case in most of the natural samples of olivine.

Considering now the trivalent cation Al 3+ , the most stable configuration

€ [(Al) M2edge • (1H ʹ ) M1 ]
× is the same as with Fe 3+ (Fig. 6). The corresponding absorption band is only shifted by 2 cm -1 . The second most stable configuration with Al 3+

€

[(Al) M1edge • (1H ʹ ) M1 ]
× A is the same as the third configuration described for Fe 3+ . The change of the cation nature shifts the band by ~10 cm -1 while the polarization remains identical. The fact that the defects related to Fe 3+ and Al 3+ give rise to very similar absorption bands with the two bands of Al 3+ much closer in frequencies than the bands associated to Fe 3+ (1 cm -1 for Al 3+ ; 14 cm -1 for Fe 3+ ) is in full agreement with the observations of Berry et al. (2007; 6 cm -1 for Al 3+ ; 19 cm -1 for Fe 3+ ). Finally, the third most favorable defect with Al 3+

€ [(Al) M1edge

• (1H ʹ ) M1 ] × B only differs from the second one by the protonation that occurs on the O3 atom instead of the O2 atom. The corresponding theoretical band is located at 3401 cm -1 and is polarized along the X direction. [START_REF] Tollan | Frozen melt-rock reaction in a peridotite xenolith from sub-arc mantle recorded by diffusion of trace elements and water in olivine[END_REF] studied the olivine of an arc mantle peridotite by coupling infrared spectroscopy and chemical analysis, and found that the incorporation of water in olivine is controlled by its Cr 3+ and Fe 3+ contents. We have then investigated defects similar to the previous ones but with Cr 3+ instead of Fe 3+ , i.e.

€ [(Cr) M

• (1H ʹ ) M ] × . Two configurations were found close in energy, the others being significantly less stable (> 97 meV). In both, Cr 3+ occupies the M1 site sharing an edge with the protonated M1 vacancy (Fig. 6). In the first configuration, the O2 is protonated giving rise to a band at 3366 cm -1 polarized along the Z direction, while in the second configuration the protonation occurs in O3 and corresponds to a band at 3406 cm -1 (Fig. 5). Cr 3+ -bearing defects thus display infrared signatures comparable with the ones of Fe 3+ and Al 3+ in terms of pleochroism but with a larger gap in frequencies between the two bands (40 cm - 1 ). These results fully support the interpretation of [START_REF] Tollan | Frozen melt-rock reaction in a peridotite xenolith from sub-arc mantle recorded by diffusion of trace elements and water in olivine[END_REF] that the bands they observed at 3358 and 3323 cm -1 are associated with Cr 3+ while the bands around 3353 and 3328 cm -1 are associated with Fe 3+ .

Other OH-defects involving Fe 3+ were explored. A Si 4+ tetrahedral vacancy could be charge balanced by one Fe 3+ and one H + , i.e.

€

(Fe +1H) Si × . In the most stable geometry, the proton is bound to an O3 oxygen and points towards another O3 oxygen (Fig. S3).

The corresponding infrared absorption band is calculated at 3140 cm -1 with a polarization in the XY plane. No infrared band shows this polarization in synthetic or natural olivine samples. The presence of such a defect can thus be ruled out. This is in agreement with the fact that Mössbauer spectroscopy showed that Fe 3+ occupies predominantly octahedral sites in olivine [START_REF] Mccammon | Oxidation state of iron in hydrous mantle phases: Implications for subduction and mantle oxygen fugacity[END_REF]). On the model of the "titanoclinohumite" defect, one could also propose a defect composed of a partially protonated Si vacancy compensated by one Fe 3+ in a neighboring M site, i.e.

€ [(Fe) M • (3H ʹ ) Si ] × .
In the most stable configuration, Fe 3+ occupies a M1 site sharing an edge with the tetrahedral vacancy (Fig. S4). This defect is characterized by three OH stretching bands. The two bands at 3474 and 3544 cm -1 are very similar to the infrared signature of the "titanoclinohumite" defect [START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF]. The additional band is at much lower wavenumber, 3255 cm -1 , with the main contribution parallel to the X direction. Like for the previous defect, such a band in this frequency region is never observed in olivine, ruling out the presence of this defect.

As shown in Fig. 2, the main doublet involving trivalent cations is accompanied by two weak bands at 3310 and 3384 cm -1 (25°C). Although observed in some synthetic as well as natural samples, the band at 3384 cm -1 is not systematically present when the three others are present. [START_REF] Berry | The infrared signature of water associated with trivalent cations in olivine[END_REF] do not observe such a band in their doped forsterite crystals. Conversely, the presence of the band at 3310 cm -1 polarized mainly along Z is systematic and the position of this band shifts with the nature of the trivalent cation, i.e. 3310 cm -1 for Fe 3+ , 3306 cm -1 for Cr 3+ , 3322 cm -1 for Al 3+ [START_REF] Berry | The infrared signature of water associated with trivalent cations in olivine[END_REF]).

The most stable OH-defects shown here cannot account for these bands and their origin remains an unsolved question.

Absorption coefficients

The quantification of the OH concentration using infrared spectroscopy relies on the knowledge of absorption coefficients. In order to get the most reliable results possible, one must use only the absorption coefficients derived from experimental calibrations because systematic discrepancies related to modeling approximations are expected. The computed absorption coefficients are, however, very useful in order to establish the expected trends of the absorption properties with the wavenumber of the OH stretching bands, with the nature of the OH-defects, or with the nature of minerals investigated. Figure 7 shows that the theoretical absorption coefficients of the OH-defects considered here define a trend consistent with the values of the OH-defects previously investigated in forsterite [START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF]2014;Crépisson et al. 2014a;2014b;Ingrin et al. 2014). This trend is almost parallel to the theoretical general correlation determined for OH groups in hydrous and anhydrous minerals [START_REF] Balan | Theoretical infrared absorption coefficient of OH groups in minerals[END_REF]), but downshifted.

This suggests first that an olivine-specific calibration is recommended over general calibrations in order to get more accurate OH concentrations, which is consistent with previous studies (e.g., [START_REF] Bell | Hydroxide in olivine: a quantitative determination of the absolute amount and calibration of the IR spectrum[END_REF][START_REF] Rossman | Analytical methods for measuring water in nominally anhydrous minerals[END_REF][START_REF] Withers | Calibration of infrared spectroscopy by elastic recoil detection analysis of H in synthetic olivine[END_REF]. Second, calculations indicate that for infrared bands around 3600 cm -1 , the olivine-specific absorption coefficient should be ~ 50% smaller than the value derived from a general correlation, while for bands around 3200 cm -1 this downshift should be of ~25%. These predictions are consistent with the observation that absorption coefficients in olivine tend to be smaller than those derived from general wavenumber-dependent calibrations [START_REF] Bell | Hydroxide in olivine: a quantitative determination of the absolute amount and calibration of the IR spectrum[END_REF][START_REF] Aubaud | Calibration of the infrared molar absorption coefficients for H in olivine, clinopyroxene and rhyolitic glass by elastic recoil detection analysis[END_REF][START_REF] Kovács | Sitespecific infrared OH absorption coefficients for water substitution into olivine[END_REF][START_REF] Withers | Calibration of infrared spectroscopy by elastic recoil detection analysis of H in synthetic olivine[END_REF]). Furthermore, these results underline that it is of primary importance to untangle the contribution of different substitution mechanisms in olivine in order to infer the actual hydrogen concentration.

IMPLICATIONS

The assignment of OH bands motivated by theoretical considerations that allow prediction of the most probable configurations confirm, once again, that

€ (2H) Mg × defects
play a minor role compared to € (4H) Si × and others in the water solubility of olivine at high pressure [START_REF] Balan | Theoretical infrared spectrum of OH-defects in forsterite[END_REF][START_REF] Umemoto | A first-principles investigation of hydrous defects and IR frequencies in forsterite: The case for Si vacancies[END_REF]Ingrin et al. 2013). A recent NMR study performed on a forsterite sample synthesized at 12 GPa reached the same conclusion [START_REF] Xue | Hydrogen incorporation mechanisms in forsterite: 1 H NMR measurement and first-principles calculation[END_REF]. Despite the increasing number of spectroscopic and molecular dynamic studies showing that

€ (2H) Mg ×
is not a dominant defect in olivine, several studies continue to assert the opposite (e.g., [START_REF] Karato | Theory of isotope diffusion in a material with multiple species and its implications for hydrogen-enhanced electrical conductivity in olivine[END_REF][START_REF] Karato | Some notes on hydrogen-related point defects and their role in the isotopic exchange and electrical conductivity in olivine[END_REF][START_REF] Dai | High and highly anisotropic electrical conductivity of the asthenosphere due to hydrogen diffusion in olivine[END_REF], even though such interpretations are not supported by their spectroscopic data.

The occurrence of

€ (2H) Mg ×
as a dominant OH-defect is often proposed because of the linear dependence of the hydrogen solubility with water fugacity. Indeed solubility law of hydrogen can be expressed by:

€ C H = A f H 2 O n exp(- PΔV RT ) (1) 
where C H is the concentration of hydrogen in the mineral, A a constant which essentially contains the entropy of reaction, € f H 2 O the water fugacity, n an exponent related to the hydrogen incorporation mechanism, and ∆V the volume change of the mineral due to the incorporation of hydrogen. An equation of this type is used to fit the experimental measurements, with the exponent n = 1. However the system is underdetermined. As

shown by [START_REF] Férot | Water storage capacity in olivine and pyroxene to 14 GPa: Implications for the water content of the Earth's upper mantle and nature of seismic discontinuities[END_REF] and Ingrin et al. (2013), several couples of (n, ∆V) equally fit the data. We show here that natural high-pressure olivines contain the following OH-defects in various proportions, each with its correspondent exponent n and different ∆V:

€ (4H) Si × (n = 2), € (OH ʹ ) i (n = 0.5), € [(Fe) M • (1H ʹ ) M ] × (n = 0.5), € (2H) Mg × (n = 1).
Therefore the actual solubility law related to the hydrogen incorporation mechanism would be a weighted sum of as many Eq. ( 1) as there are incorporation mechanisms.

Given the number of unknowns, such a complex equation would obviously fit the experimental data but would be hardly manageable as long as the volume changes ∆V are not accurately known for each incorporation mechanism. For simplicity, Eq. ( 1) can be used but the value of the exponent n cannot be taken as a robust indication of the From this detailed analysis of OH-defects, it is now possible to better interpret the results of previous experimental studies made from natural olivine rehydrated under pressure. For example, the study of hydrogen solubility in San Carlos olivine as a function of iron concentration [START_REF] Zhao | Solubility of hydrogen in olivine: dependence on temperature and iron content[END_REF]) actually shows the variation of OHdefects associated with Ti 4+ and Fe 3+ substitutions in the starting samples, more than a dependency in iron concentration. Their synthetic forsterite displays the typical bands associated with Al 3+ (3350, 3344 and 3322 cm -1 ) while the different annealed San Carlos olivine samples display the bands associated with Fe 3+ (3356 and 3329 cm -1 ) in addition to the "titanoclinohumite" defect (3573 and 3525 cm -1 ). The analysis of these spectra in terms of defects associated with minor elements was not possible at the time of their publication because these hydrogen incorporation mechanisms into olivine were still unknown.

CONCLUSION

A comparison of low-temperature infrared spectra of pure forsterite and Fe-doped forsterite clearly shows the appearance of several bands in the high-frequency part of the spectrum, the most pronounced being located at 3606 and 3599 cm defect) explains the presence of OH bands between 3310 and 3380 cm -1 . The frequency and pleochroism of the theoretical bands are consistent with those observed in natural olivine samples [START_REF] Berry | The infrared signature of water associated with trivalent cations in olivine[END_REF][START_REF] Tollan | Frozen melt-rock reaction in a peridotite xenolith from sub-arc mantle recorded by diffusion of trace elements and water in olivine[END_REF]this study). In particular, calculations confirm that the four bands commonly observed below 3400 cm -1 in natural olivine (a couple at 3329 and 3355 cm -1 and a couple at 3323 and 3358 cm -1 ) are due to the substitution of Mg 2+ by Fe 3+ and Cr 3+ , respectively (

€ [(Fe,Cr) M • (1H ʹ ) M1 ] × defect).
The preponderance of these trivalent defects with the defect

€ [(Ti) Mg •• (2H ʹ ʹ ) Si ] × in
natural olivine, as well as the identification of OH-defects linked to boron and fluorine (e.g., [START_REF] Sykes | Enhanced H and F incorporation in borian olivine[END_REF][START_REF] Ingrin | Identification of hydrogen defects linked to boron substitution in synthetic forsterite and natural olivine[END_REF]Crépisson et al. 2014b), clearly evidence the prominent role of trace elements on hydrogen incorporation in lithospheric olivine. The important role of impurities on the properties of olivine was already stated more than twenty years ago by [START_REF] Wanamaker | Electrical conductivity of San Carlos olivine along [100] under oxygen-pyroxene-buffered conditions and implications for defect equilibria[END_REF] for electrical conductivity: "Even under controlled oxygen fugacities, olivine crystals from different localities and geological environments as well as specimens from the same locality often exhibit variations in electrical conductivity [START_REF] Schock | Electrical conduction in olivine[END_REF] The vertical line is a guide for the eyes. Spectra of Fo91 were acquired with a 2 cm -1 resolution. 2). Vertical dashed lines mark the position of the two most intense bands observed in natural olivine from Kilbourne Hole (this study, Fig. 2).

Corresponding structural models are displayed in Fig. 6. (2014). The solid line corresponds to the general theoretical correlation determined by [START_REF] Balan | Theoretical infrared absorption coefficient of OH groups in minerals[END_REF]. The dashed line is a guide for the eye. [START_REF] Lemaire | The effect of silica activity on the incorporation mechanism of water in synthetic forsterite: a polarised infrared spectroscopic study[END_REF]. ** Polarization data from [START_REF] Withers | The effect of Fe on olivine H 2 O storage capacity: Consequences for H 2 O in the Martian mantle[END_REF] ? These bands are too broad and convoluted to be separated from others at room temperature. X, Y, Z correspond to the crystallographic directions [100], [010] and [001], respectively. ) General trend [START_REF] Balan | Theoretical infrared absorption coefficient of OH groups in minerals[END_REF] 

TABLES

  × neutral species. Their mutual arrangement will be statistical. According to the typical iron concentration in natural or synthetic sample (~Fo90), the presence of more than one Fe 2+ around the protonated Si vacancy should occur with a probability around 20%, and explain the complexity of the olivine infrared spectra in this high-frequency range.

  ;[START_REF] Shaw | Vibrational dynamics of H + -substituted forsterite: A first-principles molecular dynamics study[END_REF][START_REF] Umemoto | A first-principles investigation of hydrous defects and IR frequencies in forsterite: The case for Si vacancies[END_REF] but the explicit modeling of the infrared signature was never made for the M2 vacancy. Of the eight starting configurations, the two most stable optimized geometries and the corresponding spectra are shown in Figs.S1 and S2. The configuration of lowest energy corresponds to the protonation of two O3 atoms belonging to an edge of the octahedral vacancy. The vibrations of these two O3H groups are coupled, leading to an intense band at 3265 cm -1 polarized in the XY plane and a smaller band at 3247 cm -1 polarized along the Z direction (Table2). In the second configuration, the two O3H groups are located on either side of the vacancy center. With two significantly different OH bond lengths, their motions are decoupled leading to an intense band at 3209 cm -1 polarized in the XY plane and a smaller band at 3488 cm -1 polarized in the XZ plane. None of these defects presents the pleochroism of the two bands observed experimentally. Furthermore, in excellent agreement with the calculations of[START_REF] Umemoto | A first-principles investigation of hydrous defects and IR frequencies in forsterite: The case for Si vacancies[END_REF], the defect€ (2H) M2× is 513 meV (49.5 kJ/mol) less stable than the defect € (2H) M1 × .
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 2 FIGURE 2. Polarized infrared spectra of single crystals [2] (X,Z) and [6] (X,Y) of the KHL8306 olivine (Fo91) at 25°C and -194°C. Spectra were acquired at 4 cm -1 and 1 cm -1
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  part of the OH vibrational spectrum, the presence of Fe 2+ in the vicinity of a doubly protonated Mg vacancy will increase the splitting of the vibrational modes and thus contribute to the broadening of the corresponding band.

	-1 at -194°C. The present theoretical study shows that the substitution of Mg 2+ by Fe 2+ in a neighboring octahedron of a hydrogarnet-type defect (i.e. € [(4H) Si × (Fe) M × ] × defect) sufficiently alters the frequency of the OH bands to explain the additional bands observed. Similarly, in the substitution of a Si 4+ by Fe 3+ (i.e. € (Fe +1H) Si × defect) or the combination of a Fe 3+ with a Si vacancy partially protonated (i.e. [(Fe) M • (3H ʹ ) Si ] × defect) cannot explain any of the observed OH bands. Conversely, substitution of trivalent elements (Fe 3+ , Al 3+ , Cr 3+ ) in € low-frequency With regard to Fe 3+ , calculations show that OH-defects resulting from the € octahedral site coupled to a M1 vacancy occupied by a H + (i.e. [(Fe,Al,Cr) M • (1H ʹ ) M1 ] ×

  The present study confirms for water analyze and consider in a new light the results of solubility experiments made from natural olivine rehydrated under pressure and to integrate the individual contribution of OH-defects.

	FIGURE CAPTIONS
	FIGURE 1. Unpolarized low-temperature infrared spectrum of a H-doped forsterite
	(Fo100 synthesized at 2 GPa, 1400-1275°C, green line, Lemaire et al. 2004; Ingrin et al.
	2014) compared with polarized spectra of a H-doped olivine Fo 91 synthesized at 6 GPa,
	1250°C (Withers et al. 2011). Red lines are for polarization // to Y and black lines for
	polarization perpendicular to Y with X and Z components. The new absorption bands
	compared with Mg end-member forsterite are at 3606, 3599, 3560, 3551 and 3543 cm -1 .

, presumably as a result of minor variations in trace element concentrations…"

Table 1 .

 1 Wavenumbers (in cm -1 ) and polarization of OH stretching bands (direction of the electric field) in the olivine investigated

	here (Figs. 1 and 2)						
	Sample	Wavenumber at -194°C	Wavenumber at 25-27°C Shift	Polarization	Proposed
							assignment
	Synthetic olivine Fo100 *	3566	3550	-16	Y		(OH ʹ ) i
	Lemaire et al. 2004;	3568	3566	-2	Z		(4H) Si ×
	Ingrin et al. 2013, 2014	3582	3579	-3	X > Y		(4H) Si ×
	2 GPa, 1400-1275°C	3615	3613	-2	X	€	(4H) Si ×
	Synthetic olivine Fo91 M449 Withers et al. 2011	3528 3543 3551	? 3538? 3549?	? -5 -2	X, Z>Y X, Z>Y X,Y,Z	€ € €	[(4H) Si × (Fe) M2 × ] × [(4H) Si × (Fe) M2 × ] × [(4H) Si × (Fe) M1 × ] ×
	6 GPa, 1250°C	3560 3567 3568 3582 3599 3606 3615	? 3550 3566 3579 3598? 3600? 3613	-17 -2 -3 -1 -6 -2	Y € Y € Z € X > Y € X>>Z** X>>Z** X	€ € €	[(4H) Si × (Fe) M1 × ] × (OH ʹ ) i × (4H) Si × (4H) Si [(4H) Si × (Fe) M2 × ] × [(4H) Si × (Fe) M1 × ] × (4H) Si ×
	Natural olivine Fo91 KHL8306 Grant et al. 2007b	3313 3332 3356	3310 3329 3355	-3 -3 -1	€ Z >> X € Z >> X X > Z	€	n.d. [(Fe) M1 • (1H ʹ ) M1 ] ×

Table 2 .

 2 Theoretical properties of the investigated OH-defects modes involving a coupled motion of two or more OH groups.A and B allow to distinguish two defect configurations having the same Kröger-Vink notation.

		Defect		Relative energy	d(O-H) (Å)	OH-stretching	K int (L mol -1 cm -2 )	Contribution to total
				(meV)		wavenumber (cm -1 )		absorbance (%)
		[(4H) Si × (Fe) M1corner ×	] ×	0	O1-H 0.983	3572*	50420	40
					O2-H 0.985	3555*		26
					O3-H 0.984	3530*		16
					O3-H 0.984	3518*		18
	€	[(4H) Si × (Fe) M2corner ×	] ×	43	O1-H 0.983	3574*	45180	7
					O2-H 0.984	3559*		62
					O3-H 0.984	3519*		14
					O3-H 0.984	3510*		17
	€							
		[(2H) M1 × (Fe) M1 × ] ×		0	O2-H 1.002	3237	185060	60
					O2-H 1.005	3184		40
		[(2H) M1 × (Fe) M2 × ] ×		3	O2-H 1.001	3252	158570	63
	€				O2-H 1.004	3213		37
	€	× A (2H) M2		0	O3-H 1.002 O3-H 1.002	3265* 3247*	198010	78 22
	€							
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