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Abstract: Hydrogen substitution has significant effect on the physical properties of olivine, the most
abundant mineral in the upper mantle. We collected high-temperature polarized Fourier Transform
infrared (FTIR) spectra on hydrous forsterite (Mg-pure olivine) crystals, which were synthesized
at 12 GPa, 1473–1673 K. The modes at 3612, 3578, 3566, 3551 cm−1 show comparable negative
temperature dependence, and the magnitude of (∂vi/∂T)P decreases dramatically with frequency
increasing. Whereas, the peak at 3477 cm−1, which is attributed to protonation along the O1...O2
edge on the Si tetrahedron, has a positive temperature dependence. The absorbance intensities of all
these OH bands remained almost the same when quenched to room temperature. On the other hand,
we also evaluate the hydration effect on the thermodynamic properties (heat capacities). For the
anhydrous forsterite sample, the intrinsic anharmonicity could significantly increase the heat capacity
by 5~6% when extrapolated to 2000 K. Hydration further increase such difference to ~9%, in both
the cases of M-substitution or Si-substitution. Hence, hydration in olivine has significant impact on
the anharmonic contribution to the thermodynamic properties, as well as Equations of State and
equilibrium isotope fractionation β-factor at high-P,T conditions in the deep mantle.

Keywords: forsterite; high-temperature FTIR; polarization of OH band; anharmonic contribution;
thermodynamic properties; hydration mechanism

1. Introduction

Water is incorporated into many nominally anhydrous minerals (NAMs) in the form of hydrogen
(H) point defects inside the crystal structures, which is fundamental to our understanding of water
cycling in the deep Earth. Olivine, which constitutes ~50–60 vol. % of the upper mantle above the
410-km discontinuity, can take up significant water (hydroxyl groups) inside the lattice, as much as a
few thousand ppmw (e.g., [1–7]). On the other hand, the presence of water inside the crystal structure
can dramatically affect the physical and chemical properties of olivine, such as thermal and electrical
conductivity [8,9], deformantion [10], diffusivity [11–15]. elastic properties [16].

Many experimental and theoretical studies have been reported exploring the hydrogen substitution
mechanisms: (1) Mg2+/Fe2+ vacancies [1,2,6,13–26], which is the most common substitution in many
hydrous silicate minerals; (2) Si4+ vacancies [27–35]; (3) combinations of Mg2+, Si4+, Ti4+, with M3+

vacancies [28,29,31,36–43]. In addition, another hydration mechanism with F-substitution is also
proposed in both Fe-free and Fe-bearing olivine [44].
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It is clear that the pressure conditions for the formation of hydrous olivine will have significant
impact on the H substitution mechanisms. Taking the composition of Mg2SiO4 (forsterite) for example,
if the hydrous forsterite were synthesized at the pressure conditions below 3 GPa (less than 100 km
depth in the deep Earth), some strong OH stretching modes were observed in the low frequency range
of 3000–3450 cm−1 by FTIR measurements [4,20,28,36,45–48]. While for the samples synthesized at
pressures greater than 12 GPa (~350 km depth), the OH bands were only detected in the frequency
range above 3450 cm−1 [1,2,7,23,49].

On the other side, it should be noted that the intrinsic anharmonicity (which will be described
in more details in the following discussion, Section 3.4) plays an important role in simulating the
thermodynamic properties of minerals at the high-temperature conditions of the deep mantle, such as
heat capacities [50,51], P-V-T Equations of State [52,53], equilibrium isotope fractionation at high-P,T
condition [54,55], etc. Gillet et al. [50] revealed that the anharmonic contribution to the heat capacity of
anhydrous forsterite could be as large as 5.5% at 2000 K, while Qin et al. [33] and Marcondes et al. [56]
also pointed out the anharmonic effects might be even more important when weak bonds (such as H
bond) are involved.

In this study, we carried out high-temperature unpolarized and polarized FTIR measurements
on the hydrous forsterite samples from Smyth et al. [2] (CH2O = 3400~5000 ppmw), and have more
tight constraints on the temperature-dependence of the OH vibrational bands. Combining with
the previous high-pressure and high-temperature Raman experiments on the hydrous forsterite
samples [24,57], we will provide a detailed analyses of hydration effect on the anharmonic correction to
the thermodynamic properties (such as heat capacities) of forsterite, in both the cases of M-substitution
and Si-substitution, which should be significant and important for modeling the thermodynamics in
the upper mantle.

2. Materials and Methods

2.1. Sample Preparation

In this experiment, we selected three simple crystal samples of hydrous forsterite with double-sided
polishing: an unoriented crystal called Fo-unoriented (SZ0409B, 40 × 100 × 13 µm3, d = 13µm), while
two oriented samples named Fo001 (SZ0501B, 80× 70× 16 µm3) and Fo010 (SZ0410B, 70 × 90 × 11 µm3)
in the directions of (001) and (010), respectively. These hydrous samples were synthesized at 12 GPa
in the 5000-ton multi-anvil press apparatus at Bayerisches Geoinstitut [2], and the experimental
temperatures are 1673 K and 1473 K for the oriented and unoriented ones, respectively. Based on the
updated calibration from Withers et al. [58], the estimated water contents for these hydrous forsterite
samples are about 3987 ± 171 ppmw for the unoriented piece, while 3451 ± 348 and 4665 ± 474 ppmw
for the Fo001 and Fo010 samples, respectively.

2.2. FTIR at High Temperature

FTIR experiments were carried out on a Nicolet 5700 FTIR spectrometer at the State Key
Laboratory of Geological Processes and Mineral Resources, China University of Geosciences
(Wuhan). The spectrometer was equipped with a Continumm microscope, a KBr beam splitter
and a liquid-nitrogen-cooled MCT-A detector. A wire grid IR polarizer was applied to obtain polarized
spectra. For the high-temperature IR absorption experiments, an external Linkam FTIR1500 heating
stage with windows of sapphire slices. The heating stage was placed on the sample stage of the
microscope and the sample chamber inside was filled with N2 as a protecting gas at high temperatures.
During the measurements, high temperatures were achieved by a resistance heater inside the heating
stage and measured by an automatic temperature control unit (a Linkam TMS94) which could be
programmed with the accuracy of 0.1 ◦C. Spectrum was recorded in the wavenumber range of
3000–4000 cm−1 by 256 scans, with a resolution of 4 cm−1.
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We collected both unpolarized and polarized FTIR spectra on the two oriented crystal pieces, as
well as unpolarized spectra on the Fo-unoriented, in the temperature range from 293 K to 1243 K with
an increment of 50 K. At each target temperature, temperature was maintained for at least 5 min before
measurement for thermal equilibrium inside the sample chamber. To analyze temperature dependence
of each OH band in the samples, Peakfit v4.12 software was adopted [41,51].

3. Results and Discussion

3.1. Polarized FTIR Spectra at Ambient Temperature

The unpolarized FTIR spectra of these hydrous forsterite samples at ambient condition are
presented in Figure 1, with the OH bands distributed in the frequency range of 3450–3620 cm−1. Peaks
at 3612, 3578, 3566, 3552, and 3477 cm−1 are well resolved for the Fo-unoriented sample, while the
extra peak at 3542 cm−1 could be further identified in the Fo010. We also collected polarized FTIR
spectra of oriented Fo001 and Fo010 samples at room temperature (Figure 2a,b), in a rotation range
from 0 to 180◦ with an interval of 15◦. We selected the a-axis as the polarization angle of 90◦, and
consequently the c and b axes were aligned in the direction of 0◦ (or 180◦) for the Fo001 and Fo010
samples, respectively. Variation of the integrated absorbance for these OH bands with the rotation
angle could be clearly resolved for the OH bands at 3612, 3578, 3566, 3551, and 3477 cm−1 (Figure 3a,b).

Minerals 2019, 9, x FOR PEER REVIEW 3 of 20 

Minerals 2019, 9, x; doi: FOR PEER REVIEW www.mdpi.com/journal/minerals 

3. Results and Discussion 

3.1. Polarized FTIR Spectra at Ambient Temperature 

The unpolarized FTIR spectra of these hydrous forsterite samples at ambient condition are 
presented in Figure 1, with the OH bands distributed in the frequency range of 3450–3620 cm−1. Peaks 
at 3612, 3578, 3566, 3552, and 3477 cm−1 are well resolved for the Fo-unoriented sample, while the 
extra peak at 3542 cm−1 could be further identified in the Fo010. We also collected polarized FTIR 
spectra of oriented Fo001 and Fo010 samples at room temperature (Figure 2a,b), in a rotation range 
from 0 to 180° with an interval of 15°. We selected the a-axis as the polarization angle of 90°, and 
consequently the c and b axes were aligned in the direction of 0° (or 180°) for the Fo001 and Fo010 
samples, respectively. Variation of the integrated absorbance for these OH bands with the rotation 
angle could be clearly resolved for the OH bands at 3612, 3578, 3566, 3551, and 3477 cm−1 (Figure 3a,b). 

 
Figure 1. The unpolarized Fourier Transform infrared (FTIR) spectra measured for the hydrous 
forsterite samples at ambient condition, with the peak positions labeled.  
Figure 1. The unpolarized Fourier Transform infrared (FTIR) spectra measured for the hydrous
forsterite samples at ambient condition, with the peak positions labeled.
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Figure 2. The polarized transmission FTIR spectra for the oriented Fo001 (a) and Fo010 (b) samples 
with an interval of 15° for the measurements. The angle of 90° is selected along a axis, and 
consequently the direction for 0° (180°) is aligned along b and c axes for the pieces of (001) and (010), 
respectively. 

Figure 2. The polarized transmission FTIR spectra for the oriented Fo001 (a) and Fo010 (b) samples
with an interval of 15◦ for the measurements. The angle of 90◦ is selected along a axis, and consequently
the direction for 0◦ (180◦) is aligned along b and c axes for the pieces of (001) and (010), respectively.

The E//a spectra show strong absorption for the OH bands at 3612 and 3578 cm−1 for Fo001
and Fo010 samples. The peaks at 3566 and 3551 cm−1 show minimum absorptions with E//a, while
maximum absorptions with E//c (Figure 3a) and E//b (Figure 3b), respectively. The polarized spectra
of Fo010 show the strongest absorption for band at 3477 cm−1 with E//a, with respect to E//c. These
results are generally consistent with the earlier polarized FTIR measurements [2,4,23,36]. Hence, the
polarization phenomena for the OH bands are nearly independent with the water concentration inside
the crystal structure.
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3.2. Hydrogen Substitution Mechanism

There has been a long debate on the hydration mechanism in Mg-pure forsterite and Fe-bearing
olivine: M-substitution (Mg2+ = 2H+) [1,2,6,13–15,17–24], and Si-substitution (Si4+ = 4H+) [27–34,36,41].
The polarized FTIR spectra in this study could provide an experimental check for the hydration positions
inside the crystal structure for either case of M-substitution or Si-substitution.
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The OH stretching vibrations at 3612 cm−1, with a calculated O...O bond length (dO...O) of
3.05 Å [59], is strongly polarized along a axis. Mg substitution mechanism has proposed that the most
likely attribution of this OH band is the O3...O3 edge (dO3 . . . O3 = 2.99 Å as refined from Hushur et
al., [24]) in the M2 octahedron [2] (Figure 4a). While others [24,49] attribute it to the O1...O2 edge shared
between M1 octahedra but with a short length of 2.85 Å, our polarized FTIR spectra support such
site should be more proper for the band at 3578 cm−1 in the following discussion. On the other side,
Lemaire et al. [36] associated this band with a O–H bond toward Si vacancy along O1–VSi (Figure 4c)
perfectly in the a direction. Meanwhile, the theoretical calculations [30–33] attribute it to protonation
along the O1...O2 edge in SiO4 tetrahedron, which deflects away from the a axis with an intersection
angle ~ 31◦.
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Figure 4. Sketch of (a) M2 octahedron, (b) M1 octahedron and (c) Si tetrahedron for forstertie, based on
the single-crystal structure refinement from Hushur et al. [24]. The potential attributions for the OH
bands in both the cases of M-substitution and Si-substitution are marked, which are in agreement with
this polarized FTIR measurement.
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The OH band at 3578 cm−1 is also polarized along the a axis at a lower frequency (a shorter O . . .
O edge) as compared with the one at 3612 cm−1. The peak of 3578 cm−1 used to be attributed to H
located along the unshared O1–O2 (2.85 Å) edge of the M1 octahedron [2,16] (Figure 4b). The studies
supporting Si-substitution assign this band to protonation along the O1...O2 edge (2.75 Å) [36] or along
the O1...O3 edge (2.76 Å) of Si tetrahedron [30–33]. However, the orientations of these edges mismatch
with the a axis with intersection angles of more than 30◦.

The OH band at 3566 cm−1 shows strong polarization along c axis with a calculated dO...O of
3.06 Å [60]. It has been attributed to the unshared O1–O2 edge with a measured dO...O of 3.02 Å on the
M1 octahedron (Figure 4b) [2] and the protonation along the O3...O3 edge of the Si tetrahedron [36],
with a little shorter O...O bond length (2.59 Å) (Figure 4c). Both of these assignments are in agreement
with the polarization observed in this study. While the theoretical calculations [30–33] prefer to
ascribe this OH band to another O1...O3 edge on the Si tetrahedron (dO1...O3 = 2.85 Å), which show an
intersection angle as large as 62◦with respect to the c axis.

The OH band at 3551 cm−1 is polarized along b axis and proposed as one of the protons around
the O2 anion, pointing away from the Si tetrahedral center and located in an adjacent interstitial site
(Figure 4c) [19,32,33,47]. In addition, Balan et al. [61] proposed that the broad band around 3551 cm−1

may be due to a (charged) interstitial OH group next to a five-coordinated Si, which was later contested
by Xue et al. [32], since such 29Si NMR peak was not observed. While Yang et al. [34] ascribed
this OH-stretching mode to the O1...O3 edge on the Si tetrahedron on the basis of its temperature
dependence, this needs further checking considering its polarization.

Finally, the peak at 3477 cm−1 shows most absorption with an intersection angle of ~ 30◦ to a
axis (or 60◦ to b axis) in (001) plane (Figure 3a), while least absorption along c axis in (010) plane
(Figure 3b). Such polarization matches very well with the orientation of the O1...O2 edge on the Si
tetrahedron [24], which is perpendicular to c axis, and with an intersection angle of 32.5◦ to a axis,
which is also supported by Yang et al. [34]. Hence, from this polarized FTIR measurement, we proposed
the OH band at 3477 cm−1 should be a more proper candidate for the protonation along O1...O2 edge
on the SiO4 tetrahedron, compared with the ones at 3578 and 3612 cm−1.

3.3. FTIR Spectroscopy at High Temperature

We collected in situ unpolarized FTIR spectra from 293 K up to 1243 K for both the unoriented
(Figure 5a) and oriented crystals Fo001 (Figure 5b) and Fo010 (Figure 5c) directions, as well as polarized
FTIR spectra at elevated temperatures for the oriented pieces Fo001 (Figure 6a,b) and Fo010 (Figure 6c,d).
When each sample was quenched to room temperature from the highest temperature, additional FTIR
spectra were also measured, and compared in these figures. There are no significant differences for
the absorbances of these OH bands before and after heating, indicating little dehydration for hydrous
forsterite in the heating process up to ~1300 K, which was also observed by Yang et al. [34,57]. Generally,
the peaks become weaker and boarder at higher temperatures in FTIR spectra. In our measurement, the
OH bands at 3612, 3578, 3566, 3551 cm−1 were always observed up to 1243 K, while the one at 3477 cm−1

could only be detected up to ~700 K due to small intensities in FTIR (Figure 5a,c; Figure 6c,d). All these
OH bands turned back with similar intensities when quenched to room temperature from the high
temperature of 1243 K (Figure 5a,c; Figure 6c,d). It should be noted that our whole heating procedure
was fulfilled within 1.5 h, and little dehydration occurred due to the relatively low H diffusion rate
blow 1373 K in hydrous forsterite [35]. On the other hand, Koch-Müller et al. [62] reported significant
dehydration in hydrous forsterite with the heating duration as long as 240 h, although the experimental
temperatures were still limited below 1273 K.
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d for E//c) directions, at high temperatures.

The positions of these OH bands at elevated temperatures were fitted from both the oriented
and unoriented FTIR spectra, and the variation of the frequencies with temperature is plotted for the
oriented pieces in the directions of (001) (Figure 7a) and (010) (Figure 7b), as well as the unoriented
one (Figure 7c). The neighboring peaks at 3578 and 3566 cm−1 overlap severely in the unpolarized
FTIR spectra, especially at temperatures above 450 K, but could be well resolved in the polarized
spectra, since these two bands are polarized in different directions along a and c axes, respectively.
Linear regressions between frequencies and temperature are fitted to all these OH bands, and the
slopes of (∂vi/∂T)P are summarized in Table 1. The OH bands at 3612, 3578, 3566, and 3551 cm−1

have negative temperature-dependences (Figure 8), which is consistent with the general trend from
the previous studies [34,41]. Yang et al. [34] conducted the high-T measurement on one unoriented
crystal piece, while Yang et al. [41] measured the high-T polarized FTIR on a Fe-bearing San Carlos
olivine sample with a water content less than 300 ppmw. The magnitudes of dvi/dT decrease from
0.056 (cm·K)−1 at 3551 cm−1 to less than 0.01 (cm·K)−1 at 3612 cm−1, and weaker OH bands (at higher
frequencies) are less sensitive to temperature variation. Besides, the peak at 3477 cm−1 shows a positive
temperature-dependence of +0.016~+0.027 (cm·K) −1, and the previous measurements [34,41] also
reported a temperature-dependence range of −0.0043~+0.024 (cm·K)−1 for the OH bands in the range
of 3400~3500 cm−1. In addition, our high-T FTIR experiment is also consistent with the low-T results
from Ingrin et al. [47]: The band at 3566 cm−1 (measured at 79 K, which shifted to 3551 cm−1 at room
temperature) shows a negative temperature-dependence in larger magnitude as compared with the
ones at higher frequencies, and this mode is also attributed to the interstitial H position by [47]. As
temperature increases, the covalent bond between O2 and the interstitial H becomes weaker, and the
OH band at 3551 cm−1 shifts to lower frequency quickly. Consequently, the neighboring OH bond
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along the O1–O2 edge of the Si tetrahdron gets strengthened, as indicated by ‘blue-shift’ of the mode
at 3477 cm−1 at elevated temperatures.
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Table 1. The main OH bands with the temperature dependence (∂vi/∂T)P for the oriented and unoriented
pieces of hydrous forsterite.

OH-Band (cm−1)
(∂vi/∂T)P (cm·K)−1

Fo001 Fo010 Fo-Unoriented

3612 −0.008(6) −0.009(4) −0.006(1)
3578 −0.016(2) −0.015(2) −0.021(5)
3566 −0.016(8) −0.018(8)
3551 −0.056(4) −0.053(7)
3477 0.016(1) 0.018(2) 0.027(2)
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3.4. Hydration Effect on the Intrinsic Anharmonicity

In this section, we will take a further step to check hydration effect on the thermodynamic
properties (heat capacities), on the basis of this high-T FTIR measurement for the OH bands, together
with the Raman experiments on the lattice vibrations of hydrous forsterite samples at high-P and
high-T conditions [24,57]. The thermodynamic properties (such as internal energy, heat capacities,
as well as isotope fractionation) of silicate minerals at high-P, T conditions generally simulated with
the Debye model, which only considers the harmonic lattice vibrations (e.g., [63,64]). On the other
hand, the anharmonic contribution become severe at mantle temperatures, and cannot be ignored [33].
For example, the volume of materials should have been independent from temperature if the atoms
inside the crystal structures only behave harmonic vibration. In fact, the general behavior of thermal
expansion at high temperatures is one aspect of anharmonicity (external anharmonicity). Additionally,
Gillet et al. [50] revealed that the intrinsic anharmonic contribution to the modeled isochoric heat
capacity (CV) could be as large as 5.5% for anhydrous forsterite. In this study, we would take a
further step to evaluate the hydration effect on the contribution of intrinsic anharmonicity to the
thermodyanmics in forsterite.

The contribution of the temperature- and pressure-factors to the vibrational frequency (vi) can be
divided into two parts: pure volume variation at high P,T conditions (external anharmonicity) and pure
P-T contribution from intrinsic anharmonicity [50,57,65]. The Grüneisen parameters in isobaric (γiP)
and isothermal (γiT) modes, as well as the intrinsic anharmonicity (ai), are derived in Equations (1)–(3):

ΥiP =

(
∂ln νi
∂ρ

)
P
= −

1
αν0i

(
∂νi
∂T

)
P

(1)

ΥiT =

(
∂ln νi
∂ρ

)
T
=

KT
ν0i

(
∂νi
∂P

)
T

(2)

ai =

(
∂ln νi
∂T

)
V
= −α(ΥiP − ΥiT) (3)

where υ0i are the mode frequency at ambient environment, while (∂vi/∂T)P and (∂vi/∂P)T are the
temperature and pressure derivatives of the frequency (υi), respectively. α is the mean thermal
expansion coefficient (38.1 × 10−5 K−1 from Ye et al. [5]), and KT is the isothermal bulk modulus
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(121.6 GPa from Manghnani et al. [16]) at ambient condition. Hushur et al. [24] and Yang et al. [57]
conducted high-pressure and high-temperature Raman measurements on this hydrous forsterite
sample, while we carried out high-temperature FTIR measurement in this study. Calculated isobaric
(γiP) and isothermal (γiT) Grüneisen paramters, as well as the intrinsic anharmonic paramters for the
hydrous forsterite (Supplementary Table S1), as compared with those for anhydrous forsterite [50], are
shown on the Figure 9a–c. The magnitudes of the Grüneisen paramters (γiP and γiT) for OH-stretching
modes (typically less than 0.15) are significantly smaller than those for the lattice vibrations. Then,
the corresponding ai parameters for OH-stretching bands are in the value range of −1~0 (10−5 K−1),
which are comparable to those for the internal vibrational modes in SiO4 tetrahedron (400~1000 cm−1,
including both bending and stretching), while the external lattice vibrations (below 400 cm−1) yield
negative ai parameters with significantly larger magnitudes.
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measurements at high temperature (this study and Yang et al. [57]) and high pressure [24].
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The space group of olivine is Pbnm, and in the unit cell (Mg2SiO4, Z = 4), there are 8 Mg atoms (in
two different octahedral sites M1 and M2), 4 Si (in a single tetrahedral site), as well 16 O atoms (classified
as O1, O2, O3). In total, there are totally 84 vibrational modes in the crystal structure, with 3 acoustic
ones, as well as 81 optical ones, which could be detected by Raman or IR spectrum. Different modes
have been proposed to classify these optical (lattice) modes in different frequency ranges, such as
Model 1 [67] and Model 2 [50] shown in Figure 10a,b, respectively. In Model 1, the transitions
of SiO4 tetrahedron T(Si) (external modes) is classified in a separated continuum (105–227 cm−1)
away from the external modes of T(M) (transitions of MO6 octahedra) and R(Si) (Rotations of SiO4),
as well as v2 (symmetric bending modes inside SiO4); while all these modes are combined in the
same continuum (105–482 cm−1) in Model 2. The asymmetric bending mode v4 is denoted in the
continuum of 505–644 cm−1, and the internal stretching modes inside SiO4 of v1 (symmetric) and v3

(asymmetric) are distributed in another continuum with higher frequency (825–964 cm−1). Although
it is impossible to detect all these optical modes in the high-P,T Raman and FTIR measurements, we
adopted the measured mean intrinsic anharmonic parameters (ai) as the average value for the whole
set of spectroscopic modes in a continua, and the averaged ai parameters in different continua are
compared between both the hydrous and anhydrous samples.
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Figure 10. Modes of density of states for anhydrous and hydrous forsterite from (a) Model 1 [67] and
(b) Model 2 [50]. The formula is Mg2−xH0.138SiO4 (x = 0.0686) and Mg2H0.138Si1−yO4 (y = 0.0345)
assuming all OH with M-substitution and Si-substitution, respectively. The values x = 0.0686 and
y = 0.0345. The boxes denote the continua for different groups of optical modes. The upper and lower
cutoff frequencies for each continuum are also labeled below the box. The numbers inside and above
each box represent the number of modes and the mean (ai) parameter for the vibrational modes in
each continuum (Figure 9 and Supplementary Table S1), respectively. Comparisons for the isochoric
heat capacities, CV, for anhydrous and hydrous forsterite samples are made in (c) (Model 1) and (d)
(Model 2).
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In this discussion, we firstly considered either M-substitution (Mg2+ = 2H+) or Si-substitution (Si4+

= 4H+), in the extreme condition of OH-saturation in forsterite (CH2O = 8900 ppmw.) [2,5]. For the case of
M-substitution, the chemical formula for this hydrous forsterite can be expressed as Mg1.931H0.138SiO4,
by assuming all OH with M-substitution (x = 0.0686 in Figure 10a,b. The number of OH-stretching
modes in the continuum (3551–3612 cm−1) is 2x. On the other side, there are 24 modes associated with
the transitions of MO6 octahedra, and hence, the number of 12x should be subtracted for the T(M)
modes. While in the case of Si-substitution, the formula would be changed to Mg2Si0.965H0.138O4, with
a vacancy of 3.45% in Si sites (y = 0.0345 as in Figure 10a,b. To simplify the calculation, we assume that
Si-substitution only affects the internal Si–O stretching modes, and then the number of v1 + v3 modes
is decreased to 16·(1−y), with a number of 4y for the OH-stretching modes.

According to the models from Kieffer [68] and Gillet et al. [50], the contribution to isochoric heat
capacity (CV) from a set of m optic continua from various types of spectroscopic modes is given as:

Cv= 3nR
m∑

i=1

ni
N

∫ vui

vli

z2exp(z) dz

(vui − vli)[exp(z) − 1]2
= 3nR

m∑
i=1

Ch
vi (4)

where z = (hi/kBT) inside the integration, n is the number of atoms in the mineral’s structural formular;
R is the gas contant, ni is the number of modes in the continuum, N is the total number of vibrational
modes, and ui and li are the lower and upper cutoff frequencies of continuum, respectively. When the
intrinsic anharmonicity is taken into consideration, the isochoric heat capacity (CV) could be revised as
(e.g., [50]):

Cv= 3nR
m∑

i=1

Ch
vi(1 − 2ai T) (5)

where Ch
vi is the harmonic part of the heat capacity.

The molar isochoric heat capacities (CV) are calculated as a function temperature for both
anhydrous and hydrous forsterite samples in Models 1 (Figure 10c) and 2 (Figure 10d). For each
sample, the heat capacities are calculated in both harmonic and anharmonic cases, on the basis of
Equations (4) and (5), respectively. Both M-substitution (red color) and Si-substitution (blue color)
are considered for the hydrous sample. There is no significant difference between the anhydrous
and hydrous samples in the harmonic approximation. Nevertheless, the anharmonic contribution
increases the heat capacity (CV) of anhydrous forsterite by 5.1% (in model 1) or 5.7% (in Model 2),
when extrapolated to 2000 K [50], while hydration further increases such difference up to 9% (in Model
1) or 9.5% (in Model 2) for both the cases of M-substitution and Si-substitution. Hence, hydration
could significantly increase the anharmonic contribution to the thermodynamic properties of forsterite,
which is independent of M-substitution or Si-substitution.

Next, we evaluate the isobaric heat capacity (CP) for both the anhydrous and hydrous samples (in
Model 1), on basis of Equation (6), and select M-substitution as representative for the hydrous case
(Figure 11). The anharmonic contribution to isobaric heat capacity is 4.7% and 8.1% for anhydrous and
hydrous forsterite, respectively, at 2000 K.

CP= Cv+T·V·α2
·KT (6)
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Figure 11. Comparison of the isobaric heat capacities for both the anhydrous and hydrous
forsterite samples.

On the other hand, we simulate the CV profile for hydrous forsterite sample with 4500 ppmw. H2O.
In this case, x = 0.0343 and y = 0.0172, and we select Model 1 as representative for both M-substitution
and Si-substitution. The anharmonic contribution to CV (difference between the calculations with
anharmonic correction and in harmonic approximation) is plotted as a function of temperature in
Figure 12. In the case of Si-substitution, the anharmonic correction to the heat capacity is 8.7% and
9.0% for the forsterite samples with 4500 ppmw and 8900 ppmw H2O at 2000 K; while there is little
difference between these hydrous samples for the case of M-substitution.
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The contribution to the heat capacity from the OH-stretching modes themselves are tiny, due to
the very few numbers for mode density of state and high frequencies. However, previous Raman
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studies at high-P,T conditions [24,57] revealed that hydration substitution significantly affects the
intrinsic anharmonic parameters (ai) of the lattice vibrations (<1000 cm−1), especially the external
modes (<450 cm−1), such as T(M), T(Si) and R(Si). Moreover, the modes at lower frequencies have
larger weights in determining the heat capacity as a whole.

On the other hand, the modes at lower frequencies also play more important role in simulating the
equilibrium traditional isotope fractionation (e.g., [54,55,69]). A widely accepted correlation between
the pressure- and temperature-dependence of the reduced isotopic partition function ratio (β-factor)
has been established as (e.g., [70]): [

∂ ln
∂P

]
T
= −

γ·T
KT
·

[
∂ ln
∂T

]
V

(7)

The Grüneisen parameter, is expressed in the cases of quasi-harmonic approximation (Equation (8))
and with intrinsic anharmonic correction (Equation (9)):

γ =

∑
i γi(u i·coth(ui/2) − u∗i ·coth(u ∗i /2))∑

i(u i·coth(ui/2) − u∗i ·coth(u ∗i /2))
(8)

γ =

∑
i γi(1 − ai·T)·(u i·coth(ui/2) − u∗i ·coth(u ∗i /2))∑

i(1 − ai·T)·(u i·coth(ui/2) − u∗i ·coth(u ∗i /2))
(9)

where the dimensionless frequency ui = h·vi/(kB·T), while i and ai are the isothermal Grüneisen
parameter and the intrinsic anharmonic parameter, respectively. * denotes for the heavier isotopes,
which could be 26Mg, 30Si or 18O in forsterite, and the frequency shifts of the vibrational modes (vi or
ui

*) can be calculated according to the isotopic mass effect (e.g., [71]). As shown in Figure 9, hydration
in forsterite could significantly affect the ai parameters, as well as the i parameters (no matter it is
M-substitution or Si-substitution). Hence, hydration could have further impact on modeling the-factors
for the traditional isotopes (Mg, Si and O) in olivine at the high-P,T conditions (Equation (8)), and
the anharmonic correction is necessary for evaluating the pressure effect on the equilibrium isotope
fractionations between minerals (Equation (9)) [70].

4. Conclusions

Polarized FTIR measurements were carried out on hydrous forsterite crystals. The polarizations
of the OH bands at 3612, 3578, 3566, 3551, 3477 cm−1 are well constrained. In the case of M-substitution,
the polarizations of the modes at 3612, 3578 and 3566 cm−1 match well with the protonation along the
O3...O3 edge in M2 site, the unshared (E // a) and shared (E // c) O1...O2 edges in M1 site, respectively. In
the case of Si-substitution, the polarizations of the OH bands at 3612 and 3551 cm−1 are in agreement
with the orientations of O1–VSi and O2–H pointing away from Si, while the ones at 3566 and 3477 cm−1

could be properly attributed to the O3...O3 and O1...O2 edges in SiO4 tetrahedron, considering
their polarizations.

High-temperature polarized FTIR experiment provides robust constraint on the
temperature-dependence of the OH-stretching modes. In the frequency range above 3550 cm−1,
the frequency have negative temperature-dependence, with their magnitudes decrease rapidly with
frequency increasing. While the OH bands in the range 3400–3500 cm−1 typically show positive
temperature-dependence but with the magnitudes no more than 0.02 cm−1/K−1. Then the mode at
3477 cm−1 might be in a quite different crystal environment, compared with the other OH bands at
higher frequencies in forsterite.

We simulate the heat capacities of hydrous forsterite, as a function of temperature. Hydration
dramatically increases the intrinsic anharmonic contribution to the heat capacities for both M- and
Si-substitutions, no matter which substitution mechanism is considered. This is consistent with the
high-temperature X-ray diffraction that hydration also increase the thermal expansivity (external
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anharmonicity) for forsterite, as well as its high-pressure polymorphs of wadseleyite and ringwoodie
in the mantle transition zone (410–660 km) [5]. Although the contribution from the OH-stretching
vibrations themselves is very small, by affecting the anharmonic parameters (ai) of the lattice vibrations,
especially the external modes in the frequency range below 500 cm−1, hydration could make important
impact on the thermodynamic properties of olivine, such as internal energy, entropy, heat capacities, as
well as isotope fractionation (Mg, O, or Si) at the high-P,T conditions in the upper mantle.

Supplementary Materials: The following are available online at http://www.mdpi.com/2075-163X/9/9/512/s1,
Table S1: The Raman shifts and OH bands by FTIR (vi), temperature dependence of vi (∂vi/∂T)P, isobaric mode
Grüneisen parameters, as well as intrinsic anharmonic parameters (ai) for hydrous forsterite.
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