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Abstract: The hydroxyl of the gem-grade forsterite from Pakistan was measured by the polarized
spectra at room temperature to 1000 ◦C, showing four unambiguous absorption bands at 3612, 3597,
3579, and 3566 cm−1. Here, we report angle-resolved polarized IR spectroscopy of the crystal-oriented
forsterite, which were heated at 1 bar up to 1000 ◦C in situ to investigate the hydrogen diffusion
character. The peak positions of the IR absorbance at 3579 cm−1, 3597 cm−1, and 3566 cm−1 of
forsterite decreased linearly depending on the temperature, while the 3612 cm−1 is stable. We discuss
that the dipole orientation of the hydroxyl is analyzed by a pleochroic scheme of the integrated
absorbance vs. sample to polarizer angle. Our data suggest that the temperature effect cannot be
ignored since the absorption coefficients and absorbance band positions of OH may alter.

Keywords: forsterite; hydroxyl; polarized IR; crystal orientation; dehydrogenation

1. Introduction

Nominally anhydrous minerals (NAMs) accommodate trace amounts of water in
the crystal lattice defects in the form of structurally-bound hydroxyls groups [1–3]. The
total amount of the hydrogen may be huge even with a deficient concentration because of
the widespread existence of the host minerals on the crust and upper mantle [4–6]. The
physical properties of the crust and upper mantle such as rheological behavior and seismic
property may be affected remarkably by the concentration of structural hydrogen [3,7].

Infrared spectroscopy (IR) is becoming the most frequently used for the trace amounts
of water concentration analysis in NAMs by calibration of Beer-Lambert’s law (The total
absorbance is proportional to the concentration of the total hydrogen):

A = εtc (1)

where A is the absorbance, ε is the molar absorption coefficient in L·mol−1 cm−2, t is
the sample thickness in cm, and c is the absorber concentration in mol L−1, [2,8–10]. IR
spectroscopy methods have kept improving over the past 20 years. A more precise water
concentration was obtained benefit from the substitution of a constant molar absorption
coefficient to a mineral-specific absorption coefficient [9–13]. Meanwhile, polarized IR was
used not only for the accurate quantitative determination but also made it possible for the
orientation of OH dipoles in anisotropic NAMs [14–16]. Simple but feasible quantification
methods were developed based on the theoretical model of IR absorb character [15–18].
By applying a newly-introduced Photoinduced Force Microscopy technique, quantita-
tive determination of the total amount of water in NAMs develops into a new era of
nanometer-scale [19].

Olivine, (Mg, Fe)2SiO4, one of the most fundamental minerals of the Earth’s upper
mantle, has an orthorhombic unit cell with a = 0.475 nm, b = 1.022 nm, and c = 0.599 nm.
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The oxygens were assembled as a hexagonal close-packing configuration with one-eighth
of the tetrahedral interstices occupied by Si atoms and one-half of the octahedral interstices
occupied by (Mg, Fe) atoms. The occupied octahedral interstices can be divided into
two types, M1 and M2. The M1 position is located on the symmetry center and the
M2 position is located on the symmetry plane. The oxygen atoms can be divided into three
positions, named as the O1, O2, and O3 positions, respectively.

In general, four substitution mechanisms of structural OH in olivine, associated with
(1) Si vacancies, (2) Mg vacancies, (3) Ti, or (4) trivalent cations, respectively, can be iden-
tified by their different IR absorption wavenumbers [20–23]. The OH bands related to
Si4+ vacancies, located at 3428–3613 cm−1, had a significant influence on the hydrolytic
weakening of the olivine through various temperatures depending on diffusion characteris-
tics [21]. The Si4+ vacancy replacement by a cluster of four protons has been proposed as an
important hydrogen incorporation mechanism of forsterite [24,25]. The total water content
calculated by IR mineral-specific coefficients is inadequate for a more accurate IR-based
total water evaluation [20]. Due to the anisotropic of the structural hydroxyl, the physical
properties of forsterite are highly dependent on the crystal axis. Therefore, polarized IR
was introduced into the research area of OH dipole orientation [26,27]. The hydrogen
diffusion rates in synthetic forsterite vary by different types of host defect structure [24,28].
However, the temperature-induced diffusion of Si4+ vacancies-related OH of Pakistan
forsterite was not well illustrated yet.

The in situ IR spectroscopic study at high temperatures is a powerful tool to verify the
different incorporation mechanisms of hydrogen in olivine since the distinct temperatures
of dehydrogenation of different types of OH. However, few papers have reported the in
situ IR spectra of hydrogen in olivine at high temperatures to 1100 ◦C [21,29,30]. Yang and
Keppler [21] suggested that hydrogen substituting for Si vacancies corresponding to the
3612 cm−1 band was not stable at high temperatures based on its disappearance during
heating, which was challenged by the theoretical calculations on Fe-free forsterite [31,32].
Yang et al. [29] fingerprinted hydrogen storage sites in olivine at high temperatures and
high pressures using in situ IR spectroscopy and characterized the spectroscopic variations
under different temperatures. It was found that hydrogen does not transfer between
storage sites with increasing temperature, but displays disordering at temperatures over
600 ◦C. In addition, in situ IR spectroscopic studies at high temperatures could indicate the
OH sites in olivine at the proportionable temperature conditions of the upper mantle.

In this paper, hydroxyl stretching bands were distinguished based on their relative
intensity from the polarized spectra. Polarized IR spectra were used to constrain the
OH vector orientations. An in situ heating experiment was also applied to probe the
dehydrogenation mechanism for forsterite under high temperature. Part dehydrogenation
was designed in order to investigate the thermal behavior of the OH under the heating and
cooling process.

2. Materials and Methods
2.1. Samples Description

A gem-quality olivine crystal from Khyber Pakhtunkhwa Province, Pakistan, with a
size of 4 × 8 × 13 mm was studied (Figure 1). The average compositions of the studied
olivine are as follows: 42.4 wt% SiO2, 0.013 wt% Al2O3, 0.01 wt% CaO, 53.3 wt% MgO,
0.17 wt% MnO, 4.16 wt% FeO, 0.02 wt% Cr2O3, and 0.33 wt% NiO. The c axis of the
forsterite crystals was first oriented by its crystallographic morphology and then SEM-
EBSD was used to identify the (010) planes. The sample was oriented according to the
crystal morphology parallel to (001). A (001) plane section was cut by a diamond wire
cutting machine (Figure 1). Then, the other two platelets were cut perpendicular from each
other from the sample. Crystal axis-oriented sections were cut by a diamond wire.
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IGGCAS. A Hyperion 2000 IR microscope with an MCT detector cooled with liquid nitro-
gen was connected to a Bruker Vertex 70V FTIR spectrometer with a KBr beam splitter 
and globar source. 

An MFP10-1500/5000 MIR polarizer with an extinction ratio of 1000:1 was used for 
linear polarized measurements. A square aperture with an edge length of −50 μm was 
used to gain a good signal-to-noise ratio. The study area is free of fluid hydrous inclusions 
as no characteristic broad water bands around 3400 cm−1 were obtained. 

Figure 1. Optical images of (a) the studied forsterite crystals and (b) one example of the axis-
oriented section.

The test area covers a dimension of 50 × 50 µm and is without any optical impurities
and inclusions. The orientation of the crystal sections was checked by the EBSD method.
The thickness of the 3 sections, 366 µm, 377 µm, and 393 µm, respectively, were determined
with a Sanliang machinist’s digital indicator, which is nominally accurate to within 2 µm.

2.2. Electron Microprobe

The chemical compositions of the studied olivine were determined using a JXA8100
electron microprobe at the Institute of Geology and Geophysics, Chinese Academy of
Science (IGGCAS). The analyses were performed with a 15 kV accelerating voltage,
20 nA beam current and a 5 µm beam diameter.

2.3. Scanning Electron Microscope (SEM) and Electron Backscatter Diffraction (EBSD)

EBSD testing and analyses were performed on the vibro-polished section using an
oxford EBSD system on an FEI Nova Nano450 field emission scanning electron microscope
(FE-SEM) at the IGGCAS. The measurements were operated on a 70◦ tilted stage with an
accelerating voltage of 20 kV and a spot size of 6 in a focused beam configuration. The
EBSD patterns of the studied forsterite section suggest a plane close to (010) (Figure 2).

Crystals 2021, 11, 1277 3 of 12 
 

 

(Figure 1). Then, the other two platelets were cut perpendicular from each other from the 
sample. Crystal axis-oriented sections were cut by a diamond wire. 

The test area covers a dimension of 50 × 50 μm and is without any optical impurities 
and inclusions. The orientation of the crystal sections was checked by the EBSD method. 
The thickness of the 3 sections, 366 μm, 377 μm, and 393 μm, respectively, were deter-
mined with a Sanliang machinist’s digital indicator, which is nominally accurate to within 
2 μm. 

2.2. Electron Microprobe 
The chemical compositions of the studied olivine were determined using a JXA8100 

electron microprobe at the Institute of Geology and Geophysics, Chinese Academy of Sci-
ence (IGGCAS). The analyses were performed with a 15 kV accelerating voltage, 20 nA 
beam current and a 5 μm beam diameter. 

2.3. Scanning Electron Microscope (SEM) and Electron Backscatter Diffraction (EBSD) 
EBSD testing and analyses were performed on the vibro-polished section using an 

oxford EBSD system on an FEI Nova Nano450 field emission scanning electron micro-
scope (FE-SEM) at the IGGCAS. The measurements were operated on a 70° tilted stage 
with an accelerating voltage of 20 kV and a spot size of 6 in a focused beam configuration. 
The EBSD patterns of the studied forsterite section suggest a plane close to (010) (Figure 
2). 

 
Figure 1. Optical images of the studied forsterite crystals and one example of the axis-oriented sec-
tion. 

 
Figure 2. EBSD map of the the axis-oriented sections of (010) plane. 

2.4. IR Spectroscopy 
Fourier transform infrared (FTIR) spectroscopy analyses were carried out at the 

IGGCAS. A Hyperion 2000 IR microscope with an MCT detector cooled with liquid nitro-
gen was connected to a Bruker Vertex 70V FTIR spectrometer with a KBr beam splitter 
and globar source. 

An MFP10-1500/5000 MIR polarizer with an extinction ratio of 1000:1 was used for 
linear polarized measurements. A square aperture with an edge length of −50 μm was 
used to gain a good signal-to-noise ratio. The study area is free of fluid hydrous inclusions 
as no characteristic broad water bands around 3400 cm−1 were obtained. 

Figure 2. EBSD map of the axis-oriented sections of (010) plane.

2.4. IR Spectroscopy

Fourier transform infrared (FTIR) spectroscopy analyses were carried out at the IG-
GCAS. A Hyperion 2000 IR microscope with an MCT detector cooled with liquid nitrogen
was connected to a Bruker Vertex 70V FTIR spectrometer with a KBr beam splitter and
globar source.

An MFP10-1500/5000 MIR polarizer with an extinction ratio of 1000:1 was used for
linear polarized measurements. A square aperture with an edge length of −50 µm was
used to gain a good signal-to-noise ratio. The study area is free of fluid hydrous inclusions
as no characteristic broad water bands around 3400 cm−1 were obtained.

In order to correlate the polarized IR spectra with the crystal orientation, polarized
measurements were collected after each 10◦ rotation electric vector (E) parallel to the Y-axis
of the sample stage. The rotation axis of the sample stage was aligned along the actual
crystallographic axis of the studied grains.
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Spectra were recorded in the range of 650–4500 cm−1 with a resolution of 4 cm−1

by 32 or 64 scans. The atmospheric compensation tool and background subtraction were
conducted by the OPUS software after acquiring the spectra.

The atmospheric compensation tool and background subtraction using the concave
rubber band algorithm with 3 iterations of the OPUS software was used after acquisition.

2.5. Heating Experiments

The effect of temperature on the IR spectrum of the samples was investigated using
a Linkam TS 1400 temperature stage (Linkam Scientific Instruments) with windows of
ZnSe slices placed on the sample stage of the Hyperion 2000 IR microscope. The sample
wafer was placed on a sapphire disc within a nitrogen-purged Linkam TS 1400 temperature
stage. The upper window is made of zinc selenide and the lower window is quartz. In situ
heating experiments were operated from 25 ◦C to 1000 ◦C in the air with a 50 ◦C interval.
Every test was conducted after 5 min of temperature retention.

3. Results and Discussion

Angle-resolved polarized IR spectra were measured by altering the relative angles
between the polarization direction of IR and crystal orientation to analyze the anisotropic
IR response. Figures 3–5 show an angular IR absorption OH stretching spectra of (001),
(100), and (010) planes of forsterite with the IR vector of light vibrating perpendicular to
the planes, respectively.
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Figure 3. (A) IR absorption spectra of polarized IR propagating vector ⊥ (100) plane of forsterite,
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spectra of the [001] and [010] direction.



Crystals 2021, 11, 1277 5 of 12

Crystals 2021, 11, 1277 6 of 12 
 

 

 

 
Figure 4. (A) IR absorption spectra of polarized IR propagating vector  (100) plane of forsterite, (E 
vector of light vibrating parallel to the b axis was labeled as 0°) show the angle between IR light 
vibrating v€or (E) and the original directions (360° in total with a 10° interval). (B) The IR absorption 
spectra of the [100] and [001] direction. 

Figure 4. (A) IR absorption spectra of polarized IR propagating vector ⊥ (010) plane of forsterite,
(E vector of light vibrating parallel to the c axis was labeled as 0◦) show the angle between IR light
vibrating vector and the original directions (360◦ in total with a 10◦ interval). (B) The IR absorption
spectra of the [100] and [001] direction.

In general, four prominent bands at 3612 cm−1, 3597 cm−1, 3579 cm−1, 3566 cm−1,
and a series of accompanied weak shoulder peaks at 3525–3560 cm−1 (Figures 3–5), are
assigned to the Si vacancies of structural OH in forsterite. The band at 3700 cm−1 is related
to a hydrous phase such as brucite [33] or serpentine [34]. Figure 3 shows that the IR peaks
in the perpendicular configuration exhibit a distinct dependence on θ. Within a period
of 360◦, the IR intensities for most of the OH show two maxima and minimum values,
which means an absorption periodic of 180◦. The 3597 cm−1 and 3579 cm−1 peaks exhibit
the same trend no matter what polarization direction of the IR applied. The 3612 cm−1,
3597 cm−1, 3579 cm−1, 3566 cm−1 bands were chosen for pleochroic analysis. Figures 6–8
show the pleochroic scheme of the OH stretching band intensity of the (010), (100), and
(001) plane of forsterite. The labeled number 0◦ indicates the angle rotated of the sample
from the original direction of [001], [001], and [100], respectively.
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vibrating vector and the original directions (360◦ in total with a 10◦ interval). (B) The IR absorption
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For an ideal polarizer, the theoretical absorbance is zero if the absorber dipole direction
is perpendicular to the polarization vector. The IR band intensity is higher when the
polarization direction of the incident laser is parallel to the stretching directions of the
hydroxyls. Based on Malus‘s Law [35], the dipole orientation of the hydroxyl dipole
direction can be identified from the top view of the atomic structure in Figures 6–8. The
intensity of 3612 cm−1 parallel to [100] is zero and thus indicates an OH dipole orientation
parallel to the a axis. The extremely strong pleochroism of the band at 3597 cm−1 and
3579 cm−1 in (100) and (010) plane (Figures 3 and 4) indicates that a strong orientation of
the OH dipole is perpendicular to the c crystal axis.

The dipole direction of the 3612 cm−1 band is perpendicular to the (010) plane, while
the 3566 cm−1 band is located at a direction along [001]. However, the 3597 cm−1 and
3579 cm−1 bands exhibit similar pleochroic cycles, which indicate a perpendicular vector
to the [001] direction. The absorption band at 3566 cm−1 shows slight pleochroism in
(010) and (100), indicating that the absorbance intensity may be affected by the shoulder
bands of 3579 cm−1. These are in good agreement with the previous studies [25]. For the
(001) plane, the maxima of 3597 cm−1 and 3579 cm−1 are in the directions parallel to [010],
and the minimum is perpendicular to [010] with absorbance intensity values of 3.0 and
2.8, respectively. The minimum of the 3612 cm−1 band occurs at the direction of [010].
Differing from the (010) and (100) planes, the minimum of 3597 cm−1 and 3579cm−1 bands
in the (001) plane (Figures 5 and 8) did not reach a zero value, however, it allowed us to
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narrow down the direction of the angled hydroxyl dipole and crystal orientation to specific
directions. By the equation:

θ = arccos

(
1
2 Amin

Amax

)
(2)

where A is the integration area or intensity of the band, θ is the angle between the hydroxyl
dipole and crystal orientation.

The calculated angle is 11◦ between the 3597 cm−1 and 3579 cm−1 hydroxyl dipole
and the [100] direction. A 9◦ angle is obtained for the 3612 cm−1 hydroxyl dipole tilted
from the [010]. The lack of the 3612 cm−1 absorbance band parallel to the [001] and [010]
indicates an OH vector orientation in the (010) plane.

The maximum of the band at 3612 cm−1 occurs in the [100] spectrum. A 9◦ angle was
obtained from the polychroism polarization results of ⊥(001), indicating that the band is as-
signed to the direction from O1 to the center of the Si polyhedra in the structure of forsterite.
The 3597 cm−1 and 3579 cm−1 bands of the E//[010] spectrum are obviously more intense
than those of the E//[100] direction (Figure 5). Similarly, the 3597 cm−1 and 3579 cm−1

bands can be assigned as O1-O2 directions based on the crystal structure (Figure 6).
Figures 9–11 show the typical temperature evolution of the IR bands of the hydroxyl

under specific polarization configurations. The spectra upon 600 ◦C were not shown
because of their relatively noisy background. After cooling down to 30 ◦C, the OH ab-
sorbance bands showed lower intensity compared with the spectra of the unheated samples.
These phenomena indicate that part dehydrogenation was implemented in all the three
experiments (Figures 9–11). The peak positions of the 3597 and 3579 cm−1 bands and the
affiliated peaks at 3500–3570 cm−1 redshift at the same rate with the exception of the peak
positions at 3612 cm−1, which keep constant (Figure 12). With increasing temperature,
the OH band located at 3612 cm−1 weakened as a result of dehydrogenation without the
change of the peak position. The temperature-dependent trend of the wavenumber of the
3597 and 3579 cm−1 bands can be described as the following equations:

υ(3597) = 3597.2 − 0.0943t (3)

υ(3579) = 3587.5 − 0.0782t (4)

where υ is the wavenumber, t is the temperature in ◦C.
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The OH bands 3597, 3579, and 3566 cm−1 in forsterite at room temperature shifted to
3541, 3539, and 3545 cm−1 at 600 ◦C, respectively. It is worth noting that the 3566 cm−1,
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keeps steady at temperatures below 300 ◦C, with the same decrease rate when the tem-
perature is above 300 ◦C. Three different types of hydroxyl groups, the 3612 cm−1 band,
3597 and 3579 cm−1 band and 3566 cm−1 band can be clearly distinguished by in situ
heating experiments. The dehydrogenation mechanism of the 3612 cm−1 and 3566 cm−1 is
different from the 3597 and 3579 cm−1 groups.

The relatively minor OH absorbance integration detected at high temperatures should
be interpreted as an occurrence of a dehydrogenation and temperature effect [36,37]. The
3612 cm−1 band of a hydrous San Carlos olivine crystal weakened at 100 ◦C and nearly
disappears at 300 ◦C, suggesting the absorbance peak comes from an unstable structural
OH [21]. However, in our experiments, the 3612 cm−1 band remains by heating at 1000 ◦C
for 5 min.

Moreover, several weak but new bands appear between 3450 cm−1 and 3580 cm−1 after
a 1000 ◦C heating process, which was assigned to the vibrations of the Si4+ vacancy related
OH, indicating a multistep dehydrogenation. In general, the OH stretching frequencies
move towards lower frequencies with a decrease of the bond lengths [38]. Therefore, a
relatively lower absorbance frequency is related to the temperature-induced distortion
of the vacancy structure, indicating a high temperature modification of the forsterite.
Therefore, when analyzing the OH of the olivine, we should pay attention to whether there
are IR bands around the range of 3450 cm−1 and 3580 cm−1, which may indicate a possible
temperature modification process.

4. Conclusions

Angle-resolved polarized IR spectroscopy is potentially helpful for the OH dipole
orientation in NAMs. Polarized IR spectra of (001), (010), and (100) planes of the forsterite
show the same pleochroism but a different distribution of their intensities, which leads us
to a possible way to identify the orientation of the OH dipoles. The bands at 3612, 3597,
3579, and 3566 cm−1 are associated with Si4+-vacancies. The 3612 cm−1 band is attributed
to OH dipoles oriented parallel to O1 to the center of the Si polyhedra, which is close
to [100] with an angle of 9◦. The results of the orientation-dependent absorption of the
doublet bands centered at 3597 cm−1, 3579 cm−1, and its shoulder bands show the dipole
direction parallel with the vector of O1 to O2. The pleochroism of the 3566 cm−1 band,
although overlapped by the shoulder bands of 3579 cm−1, exhibits an O3 to O3 orientation
in the same Si polyhedra.

The OH peak positions of 3597, 3579, and 3566 cm−1 decrease linearly with the
temperature at a similar rate. The 3597 cm−1 and 3579 cm−1 bands shift 44 cm−1 linearly
towards lower wavenumbers, while the 3612 cm−1 exhibits no prominent shift. The
3566 cm−1 band in forsterite exhibits a constant peak position under 25 to 300 ◦C and
decreases linearly above.

Different types of structural hydroxyl may affect their electrical and mechanical
properties. The replacement mode occurs in 1000 ◦C temperature-treated crystal and
evidently represents a more stable OH defect position. When conducting related research,
we should not only consider the overall water content, but also consider the type of
structural hydroxyl groups and their relationship with the crystal orientation.
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