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Abstract

We performed 'H and °Si NMR and infrared measurements, and first-principles calculations to clarify the nature of OH
defects in MgSiO; orthoenstatite. An orthoenstatite sample synthesized at 7 GPa and 1200 °C from a composition of
MgSiO;+0.1 wt% H,O yielded two 'H MAS NMR peaks near 5.9 and 7.6 ppm that are correlated in 2D NMR spectra,
and two infrared bands near 3361 and 3066 cm™ " that correspond to the previously reported A3 and A4 bands. The first-
principles calculations confirmed that they are due to a pair of protons in a Mg (M2) vacancy. The previously reported
Al and A2 infrared bands near 3687 and 3592 cm™! for orthoenstatite synthesized at low silica activities were confirmed
to arise from four protons in a SiB vacancy. The latter is predicted to give two additional OH stretching bands associated
with two strongly hydrogen-bonded O3b-H bonds with frequencies below the spectral range reported thus far. The previ-
ously reported infrared absorption coefficients were thus revised to account for the undetected bands. '"H NMR may be
used to quantitatively detect all four protons (expected at 1-12 ppm). Other mantle minerals should also be examined for
potentially overlooked OH defects with strong hydrogen bonding.
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Introduction olivine, pyroxene and higher-pressure phases in the bulk

mantle. Water is also transported into the deep mantle in

Most of the Earth’s water (up to several times or more of the
present mass of the oceans) is believed to be stored in the
deep mantle, possibly in the form of hydroxyl (OH) defects
in nominally anhydrous major mantle minerals, such as
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the form of hydrous and nominally anhydrous minerals in
subducting slabs, contributing to the dynamics of the Earth
and the global water cycle that underpins Earth’s habit-
ability (cf., Keppler and Smyth 2006; Ohtani 2021; Peslier
et al. 2017). Water as OH defects in nominally anhydrous
minerals, even when present in trace amounts, can sig-
nificantly change their melting temperature and various
physical properties (e.g., electrical conductivity, diffusivity,
elastic properties, sound velocity)(cf., Ingrin and Blanchard
2006; Jacobsen 2006; Karato 2006; Ohtani 2021; Yoshino
and Katsura 2013). The effects of water on mineral proper-
ties strongly depend on how it is incorporated in the crys-
tal structure (e.g., Keppler and Smyth 2006), and thus it is
indispensable to understand the water incorporation mecha-
nisms and solubility.

MgSiO; orthoenstatite is the Mg endmember of low-Ca
orthopyroxene, the second most abundant mineral in the
upper mantle. The crystal structure of MgSiO; orthoenstatite
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(space group Pbca) consists of chains of SiO, tetrahedra
running along the ¢ direction, which are stacked back-to-
back forming layers parallel to the (100) plane. There are
two types of chains of SiO, tetrahedra (SiA and SiB) that are
located in alternating silicate layers. Mg enters octahedral
M sites forming edge-sharing chains that are parallel to the
silicate chains. There are two types of M sites, the smaller
M1 sites between apices of opposing silicate tetrahedra, and
the larger M2 sites between bases of the silicate tetrahedra.
At pressures above about 8 GPa at 1000 °C, orthoenstatite
transforms to high-pressure clinoenstatite (space group
C2/c), which is unquenchable and changes to low-pressure
clinoenstatite (space group P2,/c) upon decompression to
ambient conditions (Pacalo and Gasparik 1990).

The solubility and incorporation mechanisms of water in
MgSiO; orthoenstatite have been mostly studied by infrared
(IR) spectroscopy so far (e.g., Grant et al. 2006; Prechtel
and Stalder 2010; Rauch and Keppler 2002; Stalder et al.
2012). Rauch and Keppler (2002) determined the solubil-
ity of water in MgSiO; orthoenstatite at 0.2—-7.5 GPa and
1100 °C using a starting material of nearly stoichiometric
Mg/Si ratio with slight excess silica. The solubility was
found to increase with pressure reaching 0.087(4) wt% H,0O
(as determined by IR using the calibration of Bell et al.
(1995) at 7.5 GPa and 1100 °C. Their reported IR absorption
spectra contain two bands near 3363 and 3064 cm™!, both
strongly polarized parallel to the ¢ axis, which were sug-
gested to be likely due to a pair of protons associated with
Mg vacancies. Stalder and coauthors reported IR absorp-
tion spectra on orthoenstatite synthesized at different pres-
sures (4 to 8 GPa) and silica activities (Prechtel and Stalder
2010, 2011; Stalder et al. 2012). Two groups of bands were
identified: two bands near 3687 and 3592 cm™! (denoted
as Al and A2 band) show the strongest absorption for the
polarization along the a axis, and two bands near 3362 and
3067 cm™! (denoted as A3 and A4 band) show the strongest
absorption for the polarization along the ¢ axis, resembling
those reported by Rauch and Keppler (2002). The relative
integrated absorbance of the latter was found to increase
with silica activity, and thus consistent with protons associ-
ated with Mg vacancies, and the former with those associ-
ated with Si vacancies.

However, the nature of such OH defects, especially those
associated with Si vacancies, is not well understood. Balan
et al. (2013) reported first-principles (FP) calculation results
for OH defects associated with Mg and Si vacancies. They
found that for two H atoms in a Mg vacancy (denoted (2H)y;,
hereafter), it is energetically more favorable for the 2H to
reside in an M2 vacancy (denoted (2H),,, hereafter) than in
an M1 vacancy (denoted (2H),,, hereafter). Their computed
IR spectra for the (2H)y;, model match reasonably well in
frequency and pleochroism with those of the observed A3
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and A4 bands. For four H atoms in a Si vacancy (denoted
(4H)g; hereafter), they found that the substitution of the SiB
site (denoted (4H)q; hereafter) is energetically more favor-
able than that of the SiA site (denoted (4H)g;, hereafter).
Their calculated IR spectra, however, do not agree with the
experimentally observed ones. Sakurai et al. (2014) reported
two configurations for the (4H)g;z defects, but the relative
stabilities were not given, and only part of the expected OH
stretching bands were reported. Thus, the interpretation of
the observed Al and A2 bands for orthoenstatite remains an
open question.

A reliable quantitative estimation of the water content by
IR spectroscopy also requires a proper understanding of the
band assignment, because the absorption coefficient often
varies depending on the nature of the vibrating species (e.g.,
Bell et al. 1995; Libowitzky and Rossman 1997; Paterson
1982; Stalder et al. 2012), and OH stretching bands asso-
ciated with strong hydrogen bonding may be too broad to
detect at low concentrations (cf., Novak 1974; Xue et al.
2008).

Our previous study on Mg,Si0O, forsterite has shown
that a combined approach of multi-nuclear ('H, 2°Si)
nuclear magnetic resonance (NMR) spectroscopic mea-
surements and FP calculation is effective in unambigu-
ously unraveling the incorporation mechanisms of water
in a nominally anhydrous mineral (Xue et al. 2017b).
'H magic angle spinning (MAS) NMR is intrinsically
quantitative, and can be used to estimate the water con-
tent, regardless of the incorporation mechanism. The 'H
chemical shift is sensitive to the local environments, in
particular, the hydrogen-bonding distance (cf., Xue and
Kanzaki 2009). The peak shapes of 'H static and MAS
NMR spectra for clustered protons are sensitive to the
'H-'H dipolar interactions, and thus can provide con-
straints on the number of protons and their configurations
in the proton clusters. Furthermore, two-dimensional
(2D) '"H MAS NMR experiments (e.g., NOESY) that
utilize the 'H-'H dipolar couplings can provide direct
information about the "H-'H proximities, thus allowing
different proton clustering schemes to be unambigu-
ously distinguished. 'H-*’Si cross-polarization (CP)
MAS NMR provides additional constraints on the nature
of the OH defects from the perspective of neighboring
Si. FP calculations of energies and NMR parameters can
provide insights into the relative stabilities of different
candidate model structures, and also greatly increase the
reliability of the assignment of NMR peaks, as compared
to empirical interpretations.

In this study, we applied a similar approach of com-
bined 1D and 2D 'H and ?°Si NMR measurements
and FP calculation for nominally anhydrous MgSiO,
orthoenstatite. Furthermore, we also calculated polarized
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IR absorption spectra, in addition to energy and NMR
parameters, from FP calculations, so that the vibrational
band assignment can be placed on a firm ground.

Experimental, analytical and calculation
methods

Sample synthesis and descriptions

A hydrous MgSiO; orthoenstatite sample was synthe-
sized from a mixture of MgSiO;+Mg(OH), + SiO,
(with a bulk composition of MgSiO;+ 0.1 wt% H,0), in
a sealed Pt capsule, at 7 GPa and 1200 °C for 1 h, using
a 5000-ton Kawai-type double-stage uniaxial split-sphere
multi-anvil press at the Institute for Planetary Materials
(IPM), Okayama University.

The target pressure (7 GPa, close to the upper stabil-
ity limit) and water content (0.1 wt% H,O, close to the
reported maximum solubility) have been chosen so as to
have as large a water content as possible in order to make
it feasible for a variety of NMR measurements, but with
minimal amount of coexisting quenched fluid phases that
may complicate the NMR spectral interpretation.

The sample was confirmed to consist of only orthoen-
statite by micro-Raman and 2°Si MAS NMR, with no
additional phases detected. Quantitative electron micro-
probe analysis (EPMA) yielded a chemical formula of
Mgy 002(1)S10.996(2)03» close to the ideal formula. Both IR
and '"H MAS NMR measurements confirmed that water
was incorporated in the crystal structure of orthoenstatite.

Detailed descriptions on the sample synthesis, and
EPMA, IR and Raman analyses can be found in the sup-
plementary material.

NMR spectroscopy

'"H and %Si NMR spectra were obtained on coarsely
crushed sample under ambient conditions, at a resonance
frequency of 400.4 and 79.5 MHz, respectively, using a
Varian 9.4 Tesla Unity-Inova NMR spectrometer and a
1.6 mm T3 MAS NMR probe installed at [IPM. The chem-
ical shifts for both nuclei were referenced to tetramethyl-
silane (TMS), and were reproducible to better than + 0.1
ppm.
'"H static and MAS NMR (at spinning rates of
10-30 kHz), 2D 'H NOESY and double-quantum (DQ)
MAS NMR, *’Si MAS NMR, and 'H-*’Si CP MAS NMR
spectra (with contact times of 2—16 ms) were obtained, as
described in the supplementary material.

First-principles calculations

FP density functional theory (DFT) calculations of energy,
and NMR and vibrational spectroscopic parameters were
performed on model structures fully optimized at 1 bar
using the Quantum-ESPRESSO (QE) package (version 7.0)
(Giannozzi et al. 2017; Giannozzi et al. 2009). Selected
models were also examined at high pressure by structural
optimization at pressures up to 8 GPa.

For OH-bearing orthoenstatite, model structures of
1 x1x2 supercell of MgSiO; orthoenstatite (containing 32
formulae and 160 atoms) with one Si in a SiA or SiB site
replaced by four H atoms ((4H)g;,, (4H)g;z), or one Mg in
an M1 or M2 site replaced by two H atoms ((2H)y;, CH)pp)
were investigated. This corresponds to 0.56 wt% H,O for
the (2H);, models, and 1.13 wt% H,O for the (4H)g; mod-
els, respectively. Although the water contents are higher
than the reported water solubility of MgSiO; orthoenstatite
(< 0.1 wt%), the supercell is large enough so that the defects
are isolated from one another, and thus should be reason-
able for representing the local structural environments of
low concentrations of OH defects.

NMR chemical shielding tensors were calculated using
the Gauge-Including Projector-Augmented Wave (GIPAW)
method (Pickard and Mauri 2001) implemented in the QE-
GIPAW package (version 7.0), similar to our previous stud-
ies for hydrous forsterite (Xue et al. 2017b) and ussingite
(Xue and Kanzaki 2024). The calculated 'H and 2°Si chemi-
cal shifts are reported using brucite (space group P—3ml)
(0.0 ppm with respective to tetramethylsilane (TMS), Xue
and Kanzaki (2009) and the average of the two Si sites in
defect-free MgSiO; orthoenstatite (SiA: —83.2 ppm; SiB:
—80.7 ppm with respective to tetramethylsilane (TMS): data
from this study; also see Ashbrook et al. (2007), respec-
tively, as a secondary chemical shift standard.

Vibrational frequency and polarized IR intensities were
calculated based on the density functional perturbation the-
ory (DFPT) and within the harmonic approximation using
the Phonon code of the QE package (see supplementary
material for details).

Both the PBEsol and PBE functionals within the
generalized gradient approximation (GGA) for the
exchange-correlation energy (Perdew et al. 1996, 2008),
and PAW-type pseudopotentials from the PSlibary (Dal
Corso 2014) (see supplementary material for details S4)
were used. Our previous studies for similar calculations
using the PBEsol functional on several silicate miner-
als showed that the experimental 2°Si and 'H isotropic
chemical shifts (55, 5f) were reproduced within +2
and + 1 ppm or better for tetrahedral Si and OH, respec-
tively, with the agreement in relative difference generally
better for local structures of greater similarity (Xue and

@ Springer



33 Page 4 of 21

Contributions to Mineralogy and Petrology (2024) 179:33

Kanzaki 2024; Xue et al. 2017b). The calculated 8.5 and
3.1 using the two functionals are generally within about 1
ppm of each other, often with somewhat larger 8. values
for the PBEsol functional.

The calculated OH stretching frequencies using the
PBEsol functional tend to be lower than those using the
PBE functional. The experimentally observed frequen-
cies mostly lie in between the two sets of values, and
are closer to those of the PBE functional for moderate to
strong hydrogen bonding (see supplementary Fig. 21s).

Simulation of NMR and IR spectra from FP
calculation results

Simulated 'H static and MAS NMR spectra were pro-
duced using the SIMPSON program (ver. 4.2.1)(Bak et al.
2000; Juhl et al. 2020), by considering the full chemical
shift tensors and dipolar interactions among all protons,
based on the geometries and NMR parameters from the
FP calculation, similar to our previous study on hydrous
forsterite (Xue et al. 2017b). Simulated 2°Si MAS and
'H-?Si CP MAS NMR spectra were generated using the
calculated 85" and Si-H distance information. Simulated
IR absorption spectra were generated using the calcu-
lated frequencies and IR intensities, with an arbitrary
Lorentzian line broadening function applied. Details can
be found in the supplementary material.
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Fig. 1 Unpolarized IR absorption spectrum for a hydrous MgSiO,
orthoenstatite sample synthesized at 7 GPa and 1200 °C. A cubic
spline baseline correction has been applied. The absorbance was not
normalized to sample thickness. The small features in the region of
23002500 cm™ ! (marked by an asterisk) are due to imperfect subtrac-
tion of the signal from atmospheric CO, between the sample and the
reference, and the bands below 2200 cm™! are consistent with those
reported for overtones of lattice vibrations for orthoenstatite (cf., Pre-
chtel and Stalder 2012)
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Results
Infrared absorption spectra

A unpolarized IR absorption spectrum of the hydrous
orthoenstatite sample synthesized at 7 GPa and 1200 °C
is shown in Fig. 1 (after baseline correction) and supple-
mentary Fig. 2s (without baseline correction). The spectrum
exhibits two main bands near 3361 and 3066 cm™', con-
sistent with the A3 and A4 bands reported previously for
orthoenstatite (Prechtel and Stalder 2010, 2011). No bands
near 3687 and 3592 cm™!, corresponding to the A1 and A2
bands previously reported, are detected. No bands other
than those due to atmospheric CO, and overtones of lattice

vibrations are recognized below 3000 cm™'.

TH MAS and static NMR spectra, and 2D NOESY and
DQ MAS NMR spectra

The fully-relaxed '"H MAS NMR spectra of the hydrous
orthoenstatite sample from this study, acquired at a spin-
ning rate of 30 kHz and a sufficiently long relaxation delay
(d1) of 100 s, and that with a short d1 of 3 s (both after
rotor background subtraction) are shown in Fig. 2b and 2a,
respectively. Both spectra contain two narrow peaks near 7.6
and 5.9 ppm, with a full width at half maximum (FWHM)
of 0.25 and 0.24 ppm and nearly symmetric Lorentzian
peak shape (with slight tails on the outside of the doublet).
In addition, there is a weak broader peak with a maximum
near 4.9 ppm (shown in Fig. 2¢) that has a much shorter
'H T, (~1 s) than those of the two narrow peaks (15-17 s),
so that it disappears in the difference spectrum between the
two spectra (see Fig. 2d). It is well known that low con-
centrations of water in silicate minerals and glasses tend to
have much longer 'H T, than those in nominally hydrous
phases or surface absorbed water, due to the lack of efficient
relaxation mechanisms (e.g., Xue and Kanzaki 2004; Xue et
al. 2006, 2017b). Thus, the two narrow peaks near 7.6 and
5.9 ppm may be attributed to low concentrations of protons
incorporated in the orthoenstatite structure (Table 1). The
weak, broader peak near 4.9 ppm may be due to protons in
quenched fluids/melts at grain boundaries.

The total H,O content of the sample was estimated from
the total intensity (including the broad component) of the
fully relaxed 'H MAS NMR spectra to be 0.11(1) wt%,
close to the nominal value (0.1 wt%). The total H,O content
for water incorporated in the crystal structure of orthoen-
statite, estimated from the total intensities of the two narrow
peaks, is 0.05(1) wt%.

An earlier study by Kohn (1996) also reported two small
narrow peaks near 7.9 and 5.9 ppm, along with several other
narrow and broad peaks, in the "H MAS NMR spectrum
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Fig. 2 'H MAS NMR spectra of a hydrous MgSiO; orthoenstatite
sample synthesized at 7 GPa and 1200 °C at a spinning rate of 30 kHz
and a recycle delay (d1) of 3 s (a) and 100 s (b), difference spectrum
between (b) and (a) for the components of longer T, (d), and the spec-
trum of the component with a short T, obtained by subtracting the
spectrum of (d), scaled by an intensity factor, from that of (a) to elimi-
nate the narrow peaks (c). A Lorentzian line broadening function of
20 Hz has been applied to (a) and (b). All spectra have been plotted
with a common intensity scale

of an MgSiO; orthoenstatite sample synthesized at 1.5 GPa
and 1000-1150 °C under water saturated condition. These
two peaks likely correspond to those from the present study.
They were less prominent with respect to the broad peak,
possibly because of lower water solubility at lower pressure,
coupled with more excess water in their starting material
(> 1 wt% H,0O added).

From here on, we will only present '"H NMR spectra that
represent the difference between the two spectra acquired at
adl of 100 s and 3 s, and discuss in terms of protons incor-
porated in the orthoenstatite structure.

The '"H MAS NMR spectra acquired at spinning rates of
10, 20 and 30 kHz for the orthoenstatite sample from this
study are compared in Fig. 3a. The widths of the two peaks
increase, and their peak shapes become increasingly asym-
metric, at lower spinning rates. A similar phenomenon has
been observed for dense hydrous magnesium silicates, phase
B and superhydrous B, in which a pair of dissimilar protons
are in close proximity (Phillips et al. 1997). The asymmetric

Table 1 'H and %’Si NMR parameters for a hydrous MgSiO, orthoen-
statite sample synthesized at 7 GPa and 1200 °C

Peak 8 (ppm) FWHM Assignment
(ppm) *

'H MAS NMR:

Peak 1 7.6 0.25 02a-H:--Ola

Peak 2 5.9 0.24 0O2b-H:--Olb

2Si MAS NMR:

Peak 1 —80.7 0.37 SiB

Peak 2 —83.2 0.35 SiA

'H-2Si CP MAS NMR:

Peak 1 -79.2 0.53 SiB adjacent to (2H)y,
defects & bonded to Olb---H

Peak 2 —80.6 0.59 SiA adjacent to (2H)y,
defects & bonded to Ola---H

Peak 3 —81.0 0.49 SiB adjacent to (2H)y,
defects & bonded to O2b-H

Peak 4 —-82.7 0.41

Peak 5 —83.3 0.50

Peak 6 —-84.1 0.57

Peak 7 —85.5 0.43 SiA adjacent to (2H)y,

defects & bonded to O2a-H
# Full width at half maximum (FWHM) excluding contribution from
any applied line broadening. FWHM for the '"H MAS NMR corre-

spond to those at a spinning rate of 30 kHz, and those for the >°Si
MAS and 'H-’Si CP MAS NMR at 20 kHz

peak shape of the doublet is caused by combined chemi-
cal shift anisotropy and dipolar interaction between the two
protons.

The 'H static NMR spectrum of the sample spans a
chemical shift range of about 80 ppm (see Fig. 4a), which
is narrower than our previously reported spectra (spanning
a range of about 200 ppm) for hydrous forsterite and katoite
that both show the (4H)g; substitution (Xue et al. 2017b).

Information about the relative proximities among the
protons can be obtained from 2D '"H NOESY and DQ MAS
NMR. The 2D 'H NOESY spectra of the sample show clear
cross peaks between the two peaks near 7.6 and 5.9 ppm,
with the relative intensity of the cross peak/diagonal peak
increasing with mixing time (see Fig. 5a for the spectrum
with a mixing time of 5 s). The 2D '"H DQ MAS NMR spec-
trum exhibits a pair of cross peaks between the two peaks,
but no diagonal peaks (see Fig. 5b). Both types of spectra
indicate that the two distinct proton sites are in spatial prox-
imity. Note that the DQ NMR experiment differs from the
NOESY in that a diagonal peak in the former is an indica-
tion of close proximity between a pair of spins of identical
chemical shift, whereas diagonal peaks are always present
in the latter. The lack of diagonal peaks in the 2D 'H DQ
MAS NMR spectrum suggests that protons in the same site
are remote from one another. Thus, the protons are incorpo-
rated in the crystal structure as a pair of dissimilar protons
that are relatively close to each other, with different proton
pairs remote from one another.

@ Springer



33 Page 6 of 21

Contributions to Mineralogy and Petrology (2024) 179:33

a. exp. MAS NMR

30 kHz

I
I =
I}

10 kHz

A

IR N TR N TN TN TN TN NN T T T TN T T TN N T N Y T TN T N T T S 1

30 20 10 0 -10 -20

b. (2H),,, model 1,

20 kHz

) \ 10 kHz

IR T T [N N T TN T N TN T S T Y TN TN T T Y TN T TN [N T T T T T O S

PBE
30 kHz
0 0

30 20 1 -10 -20

LU S S S S S B S S S S S B S H S S S B S S S S R

c. (4H),; model 1,

PBE
30 kHz

20 kHz
30 20 10 0 -10 -20

'H chemical shift (ppm)

Fig. 3 '"H MAS NMR spectra (difference spectra between that at a
recycle delay of 100 s and 3 s) of a hydrous MgSiO; orthoenstatite
sample synthesized at 7 GPa and 1200 °C at a spinning rate of 10, 20
and 30 kHz (bottom to top as labelled) (a), and '"H MAS NMR spectra
at a spinning rate of 10, 20 and 30 kHz (bottom to top as labeled)
simulated with the SIMPSON program for the (2H),,;, model 1 (b) and
(4H)g;z model 1 (c) of MgSiOj; orthoenstatite from FP calculation at
1 bar using the PBE functional. A Lorentzian line broadening function
of 20 Hz has been applied to (a), and 100 Hz used for (b) and (c). The
spectra at different spinning rates within each of (a)-(c) have been plot-

ted with a common intensity scale
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Fig. 4 'H static NMR spectrum (difference spectrum between that at
a recycle delay of 100 s and 3 s) of a hydrous MgSiO; orthoenstatite
sample synthesized at 7 GPa and 1200 °C (a), and 'H static NMR
spectrum simulated with the SIMPSON program for the (2H),,, model
1 (b) and (4H)g;z model 1 (c) of MgSiO; orthoenstatite from FP calcu-
lation at 1 bar using the PBE functional. A Lorentzian line broadening
function of 1000 Hz has been used for all

296i MAS and "H-2?Si CP MAS NMR spectra

The 2°Si MAS NMR spectrum of the hydrous orthoenstatite
sample from this study contains two narrow peaks near
—80.7 and —83.2 ppm (see Fig. 6a; Table 1). These peaks
match well with those reported previously for orthoenstatite
(Ashbrook et al. 2007), and show a small difference in peak
position from those of low-pressure clinoenstatite (—80.5
and —83.1 ppm) synthesized at ambient pressure from our
previous study (Kanzaki and Xue 2017). No other peaks
were observed.
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Fig. 5 2D 'H NOESY (with a mixing time of 5 s) (a) and DQ MAS
NMR spectrum (with a DQ excitation/reconversion duration of 144
us each) (b) of a hydrous MgSiO; orthoenstatite sample synthesized
at 7 GPa and 1200 °C at a spinning rate of 10 kHz. A Lorentzian line
broadening function of 20 Hz has been applied to both dimensions.
The red diagonal dashed line is a guide for diagonal peaks

The 'H-*’Si CP MAS NMR spectra of the sample with
contact times of 2—16 ms show four groups of peaks near
—79.2, —80.9, —83.3 and —85.5 ppm (see Fig. 6). The peak
near —80.9 ppm has a left shoulder, and the peak around
—83.3 ppm likely represents several partially overlapping
peaks. Curve fitting using Lorentzian peaks were performed,
which gave seven components with FWHM of 0.41-0.59
ppm (see Table 1 and supplementary Fig. 3s). These peaks

a 1 pulse
Wm
¢ CP,8ms
d CP,4 ms
e CP,2ms
A S S S S S TP T

-65 -70 -75 -80 -85 -90 -95
28j chemical shift (ppm)

Fig.6 2°Si MAS NMR spectrum obtained with a 45° pulse and a recy-
cle delay of 1000 s (a), and 'H-?°Si CP MAS NMR spectra at a contact
time of 16, 8, 4 and 2 ms (b to ¢) and a recycle delay of 20 s, all at a
spinning rate of 20 kHz, for a hydrous MgSiO; orthoenstatite sample
synthesized at 7 GPa and 1200 °C. A Lorentzian line broadening func-
tion of 20 Hz has been applied to all. All the CP spectra have been
plotted with a common intensity scale

cannot be attributed to any known hydrous Mg silicate
phases that may be stable under the synthesis condition, and
thus must represent Si sites that are in the vicinity of pro-
tons in orthoenstatite. They provide further constraints on
the water incorporation mechanisms.

First-principles calculation
Geometries and energies

The energy and cell volume for all the models are shown
in Table 2. The energetically most favorable models for
the (2H)y,, and (4H)g; defects, i.e., the (2H)yy, model 1 and
(4H)g;z model 1, calculated using the PBEsol functional,
are shown in Fig. 7. The configurations optimized using
the PBE functional are similar. The crystal structure data
for both models, as well as those of brucite and defect-free
MgSiO; orthoenstatite, optimized using both functionals,
can be found in the supplementary material.

(2H)y; and (2H),,, models

In the orthoenstatite structure, each Mg in the M1 site is
bonded to one O2a and two Ola atoms on one octahedral
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Table 2 Energy (E) and cell volume (V) for different MgSiO; orthoenstatite models from FP calculation at 1 bar using the PBEsol and PBE func-

tionals

Model E,PBEsol (Ry) AE,PBEsol (Ry)* AE,PBEsol (eV)* AE,PBEsol (kJ/mol)® V,PBEsol (A®) V,PBE (A%
Defect-free orthoesntatite —6479.0775 1669.624 1728.542
(2H)Mg models:

(2H), model 1 —6448.4387 0.0000 0.000 0.00 1673.929 1736.928
(2H)y;; model 1 —6448.3817 0.0570 0.776 74.85 1672.258

(4H)g; models:

(4H)g;5 model 1 —6437.8538 0.0000 0.000 0.00 1674.603 1732.180
(4H)g;z model 2 —6437.8437 0.0101 0.137 13.23 1673.766

(4H)g;3 model 3 —6437.8433 0.0105 0.143 13.80 1676.817

(4H)g;z model 4 —6437.8419 0.0118 0.161 15.55 1674.821

(4H)g;z model 5 —6437.8273 0.0265 0.361 34.80 1670.525

(4H)g;5 model 6 —6437.8185 0.0353 0.481 46.37 1675.632

(4H)g;, model 1 —6437.8229 0.0308 0.420 40.50 1670.926

(4H)g;, model 2 —6437.8184 0.0354 0.481 46.45 1673.476

(4H)g;, model 3 —6437.8117 0.0421 0.573 55.28 1673.809

Note all values refer to that of 1 X 1 X2 supercell

2AE refers to energy difference with respect to the lowest-energy model of the same composition (i.e., (2H)y, model 1 or (4H)g;z model 1)

face, and to one O2b and two Olb atoms on the opposite
face, both parallel to the (001) plane; whereas each Mg in
the M2 site is bonded to one O2a, one Ola and one O3a
on one octahedral face, and to one O2b, one Olb and one
O3b on the opposite face, both parallel to the (001) plane
(see supplementary Fig. 4s). The Ola and Olb are apical
nonbridging oxygen atoms, O2a and O2b are equatorial
nonbridging oxygen atoms, and O3a and O3b are bridg-
ing oxygen atoms on the SiO, tetrahedra of SiA and SiB,
respectively.

The two H atoms in both the (2H)y, model 1 and (2H)y,
model 1 form O2a-H1:--Ola and O2b-H2---O1b linkages
within the (001) plane (see Fig. 7a and supplementary
Fig. 4s), similar to that reported by Balan et al. (2013). The
hydrogen bonding for both linkages are relatively strong,
with that of the O2a-H1---Ola linkage stronger. Note that
the two OH groups are each bonded to a Si, similar to that
of (2H)yy, defects in olivine (Xue et al. 2017b).

The configurations for both models were found to remain
unchanged at 7 GPa using the PBEsol functional. The
(2H)yp, model 1 is significantly lower in enthalpy than the
(2H),;; model 1, by 75 kJ/mol at 1 bar (see Table 2) and
70 kJ/mol at 7 GPa. Thus, the (2H),;, model 1 is the more
plausible incorporation mechanism for the (2H)y, defects
in orthoenstatite, and the (2H),,, defects are expected to be
negligible.

(4H)g;, and (4H)g;; models
The two types of silicate chains of SiA and SiB are located
in alternating silicate layers along the a axis. Each SiA is

bonded to one O2a, one Ola and two O3a atoms, and each
SiB is bonded to one O2b, one Olb and two O3b atoms.

@ Springer

Whereas for the SiB tetrahedra, oxygen is shared with
neighboring MgO, octahedra only by corners, for the SiA
tetrahedra, one O2a-O3a edge is shared with a neighboring
M2 octahedron. The two O3a (O3b) atoms on each vacant
tetrahedron in the (4H)g;, and (4H)g;z models are not equiv-
alent. For the (4H)g;, models, one O3a is edge-sharing and
another is corner sharing. For the (4H)g;z models, the two
03b’s have inequivalent O3b-O2b distances. These differ-
ences render the O-H bonds attached to the two O3a (O3b)
atoms inequivalent.

Six model structures for the (4H)g;z defects, and three for
the (4H)g;, defects, with different configurations of the 4H,
were found at 1 bar using the PBEsol functional, and are
labelled model 1 to 6 (3) in the order of increasing energy
(see supplementary Fig. 5s, 6s and Table 2). Compared with
the lowest-energy (4H)g;z model 1, the (4H)g;z models 2 to 6
are 13 to 46 kJ/mol higher in energy, and the (4H)g;, models
are 41 to 55 kJ/mol higher at 1 bar (see Table 2). Note that
our (4H)g;z model 4 resembles the (4H)g;z model reported
by Balan et al. (2013) and the Conf.Si-1 model by Saku-
rai et al. (2014), our (4H)g;z model 3 resembles the Conf.
Si-2 model of Sakurai et al. (2014), and our (4H);, model 3
resembles the (4H)g;, model reported by Balan et al. (2013),
which are thus all not the most favorable configurations.

The configurations for all the (4H)g;z and (4H)g;, mod-
els investigated, except for the (4H)g;z models 2 and 4,
were found to remain unchanged at high pressure using the
PBEsol functional. The (4H)g;z model 1 remains the ener-
getically most favorable among all up to 8 GPa (see supple-
mentary Fig. 7s and Table 1s), and thus the most plausible
configuration for the (4H); defects in orthoenstatite.

In the (4H)g;z model 1, the four H atoms (labelled H1
to H4) are each bonded to one of the oxygen atoms on the
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a (4H)4,; model 1

Fig. 7 The energetically most favorable (2H),;, model 1 (a) and
(4H)g;5 model 1 of MgSiO; orthoenstatite from FP calculation at 1 bar
using the PBEsol functional, which have similar configurations as
those calculated using the PBE functional. Blue tetrahedra and orange
octahedra represent SiO, tetrahedra and MgO octahedra, respectively.
Blue, orange, red and pink spheres represent Si, Mg, O and H atoms,
respectively. Only part of the structure around the respective Mg or Si
vacancy is shown for clarity. Drawn using the Vesta program (Momma
and [zumi 2011)

vacant tetrahedron: the H1 on one of O3b (that has a longer
03b-02b distance before relaxation) is pointing away from
the vacant tetrahedron and located in the same silicate layer,
forming a moderately strong hydrogen bond with an O2b on
a different (occupied) tetrahedron; the H4 on another O3b,
which will be referred to as O3b’ from hereafter, forms
strong hydrogen bonding with the O2b on the vacant tet-
rahedron; the H2 on O2b is also pointing away from the
vacant tetrahedron and located in the same silicate layer, but
does not form significant hydrogen bonding; the H3 on Olb
is pointing toward the center of the vacant tetrahedron with
little hydrogen bonding (see Fig. 7b, supplementary Fig. 5s
and Table 3).

The geometries for the other (4H)g;5 and (4H)g;, models
and their high-pressure behaviors are described in detail in
the supplementary material. A prominent difference between
the different models lies in the orientation of one of the two
03-H bonds (O3b-H1, O3a-H3), with the O3-H pointing
away from the vacant tetrahedron forming stronger hydro-
gen bonding in the (4H)g;z model 1 and (4H)g;, model 2, but
inside the vacant tetrahedron in the higher-energy models
(see supplementary Fig. 5s and 6s).

It is also worth mentioning that the (4H)g;, model 1
and (4H)g;z model HP-2 (obtained after relaxing (4H)gs
model 2 at 6-8 GPa) both have a unique 4H configuration,
in which there are two H atoms on O2, but no H on one of
the O3 atoms (O3b’, O3a’) of the vacant tetrahedron (see
supplementary Fig. 6s and 8s). In a sense, the configuration
of two H atoms on O2 resembles molecular H,O. Although
these models are energetically unfavorable for orthoen-
statite, such a configuration could be important in other
high-pressure minerals.

There is a general trend of stronger hydrogen bonding for
a proton bonded to a bridging oxygen (O3) atom, than that
bonded to a nonbridging oxygen (02, Ol) atom, in all the
(4H)g;z and (4H)g;, models. The former results in a SiOH
linkage, similar to those in the (2H)y, defects, whereas the
latter results in an OH linked to no Si. Note that strictly
speaking, the O3 on a Si vacancy becomes a nonbridging
oxygen atom (bonded to only one Si), and the O1 and O2
become free oxygen atoms (hydroxyls) (bonded to no Si).
Nevertheless, we will continue to refer to them as bridg-
ing oxygen/nonbridging oxygen in terms of the defect-free
structure throughout. The trend in hydrogen bonding can
be well explained by the bond valence model (cf., Brown
2002). The bond valence is defined to be a function of bond
distance (e.g., S = exp((R;—R;)/B, where S;; and R;; are
the bond valence and bond distance between atom i and j,
and R, and B are constant parameters). The valence sum
rule of the bond valence model requires the bond valence
sum around any ion to be equal to the valence of the ion to
ensure local charge neutrality (cf., Brown 2002). The bond
valence sum around O3 in a SiOH linkage is larger than that
around O1/02 in a OH group bonded to no Si. Therefore,
the former should favor longer O-H bond (stronger hydro-
gen bonding). It is commonly known from mineral struc-
tures that OH groups bonded to a high field strength cation
like Si, such as those in pectolite (NaCa,Si;O;OH) and
ussingite (Na,AlSi;0;OH), tend to yield strong hydrogen
bonding, whereas those only bonded to low-field strength
cations (e.g., Mg, Ca), such as those in brucite and many
lower-pressure hydrous magnesium silicate minerals (e.g.,
amphibole, chondrodite, phase A), tend to give weak or no
hydrogen bonding (cf., Xue and Kanzaki 2004).
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Table 3 'H isotropic chemical shift (8,') and O-H, H---O and O---O distances and O-H---O angle for the energetically most favorable defect mod-
els of MgSiO; orthoenstatite from FP calculation at 1 bar using the PBEsol and PBE functionals

Hsite® Functional 8 (ppm) R(O-H)(A) R(H---0)(A)® R(O---0)(A)® ,O-H--O(°)" Linkage®

(2H)y,model 1

H1 PBEsol 7.96 1.016 1.73 2.715 161.99 0O2a-H2---Ola

(161) PBE 7.23 1.001 1.858 2.822 160.79 02a-H2:--Ola

H2 PBEsol 5.89 0.997 2.004 2.920 151.58 O2b-H1:--O1b

(160) PBE 6.16 0.990 2.035 2.949 152.50 O2b-H1:--O1b

(4H)g;z model 1

Hl PBEsol 9.28 1.025 1.577 2.601 177.74 O3b-H1---02b (different tetrahedron)
(160) PBE 8.94 1.010 1.644 2.652 175.68 O3b-H1:--O2b (different tetrahedron)
H2 PBEsol 1.24 0.984 2.077 3.010 157.62 02b-H2---O2b (different tetrahedron)
(161) PBE 1.02 0.975 2.200 3.108 154.23 O2b-H2:--02b (different tetrahedron)
H3 PBEsol 1.09 0.973 2.227 2.940 129.11 O1b-H3:--O2b

(162) PBE 1.62 0.969 2.304 3.031 131.15 O1b-H3---O2b

H4 PBEsol 12.68 1.059 1.478 2.522 167.41 O3b’-H4---02b

(163) PBE 11.57 1.030 1.577 2.594 168.26 O3b’-H4---02b

Note 3,1 is calculated from the isotropic chemical shielding (c;") as the following: & (ppm)=cH, ref + 1, ref— o, (ppm), where o1,
ref (29.30 ppm for the PBEsol, and 30.79 ppm for the PBE functional) and &,", ref (0.0 ppm: Xue and Kanzaki 2009) are the values for brucite

# Numbers in brackets are the site numbers in the crystal structure data included in the supplementary material

b For OH with long H-O distances, more than one O-H--O linkages often exist. Only the one with the shortest H--O distance and largest
O-H--O angle is listed. O-H--O linkages with H--O distances>2 A often have small O-H---O angles, and likely do not represent significant

hydrogen-bonding interaction

The greater stability of the (4H)g;3 model 1, which yields
stronger hydrogen bonding for the O3b-H1:--O linkage than
the other (4H)g;z models with different orientations of the
O3b-H1, can also be well explained by the bond valence
model. The O3b (in the Si-O3b-H1:--O linkage) should
favor longer O-H bond (stronger hydrogen bonding) in
order to better achieve local charge neutrality, because of
larger bond valence sum as compared to the those of O1b/
02b (with the OH linked to no Si). The hydrogen bonding
for the O3b’-H (in the Si-O3b’-H4---O2b linkage) exhibits
less variations among the (4H)g;; models, because of similar
configurations and already very strong hydrogen bonding.

TH NMR results

The 'H isotropic chemical shifts, 5.1, and the corresponding
hydrogen bonding (O-H, H:--O and O---O) distances and
O-H---O angles for the energetically most favorable (2H),,,
model 1 and (4H)g;z model 1, calculated using both the PBE
and PBEsol functionals, are tabulated in Table 3. Those for
the other models calculated using the PBEsol functional can
be found in supplementary Table 2s.

(2H)y, and (2H),,, models

The (2H),;, model 1 yields two protons with 5" of 7.2 and
6.2 ppm using the PBE functional, and 8.0 and 5.9 ppm
using the PBEsol functional. Both are in reasonable agree-
ment with the experimentally observed peaks at 7.6 and 5.9
ppm for the hydrous orthoenstatite sample from this study.
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These two &, values correspond to the O2a-H2:--Ola and
0O2b-H1:--O1b linkage, respectively.

The simulated "H MAS NMR spectra at spinning rates of
10, 20 and 30 kHz for the (2H)y, model 1 calculated using
the two functionals are compared with the corresponding
experimental NMR spectra for the hydrous orthoenstatite
sample from this study in Fig. 3 and supplementary Fig. 9s.
Both the peak width and the asymmetric peak shape of the
experimental NMR spectra are well reproduced at each
spinning rate (including the asymmetric shape of the spin-
ning sidebands at 10 kHz) with either functional.

The simulated 'H static MAS spectra for the CH)\p
model 1 calculated using the two functionals also both rea-
sonably reproduced the range of chemical shift and peak
shape of the experimental spectrum for the sample from this
study (see Fig. 4 and supplementary Fig. 11s).

On the other hand, the (2H),;; model 1 predicts broader
"H MAS peak widths, and broader and more complicated 'H
static NMR peak shape than observed (see supplementary
Fig. 10s and 12s), due to the smaller size and accordingly
shorter H-H distance for the M1 site.

Thus, overall the (2H),;, model 1 well reproduced the 'H
MAS and static NMR spectra for the hydrous orthoenstatite
sample from this study. Together with the 2D 'H NOESY
and DQ MAS NMR results that indicate the two proton sites
form a spatially close pair, and the much lower calculated
energy of the (2H),;, model 1 than (2H),,; model 1, it is
beyond any doubts that the observed "H NMR peaks at 7.6
and 5.9 ppm are due to protons associated with M2 vacan-
cies with a configuration of (2H),, model 1.
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(4H)g;, and (4H)g;z models

The (4H)g;z model 1 predicts four 'H MAS NMR peaks near
1.6,1.0, 8.9 and 11.6 ppm using the PBE functional, and near
1.1, 1.2, 9.3 and 12.7 ppm using the PBEsol functional (see
Table 3). The proton with the largest &, (11.6/12.7 ppm)
corresponds to the H (H4) bonded to the O3b’ (bridging
oxygen), which forms strong hydrogen bond with the O2 on
the vacant tetrahedron, and the one with the second largest
SiH (8.9/9.3 ppm) corresponds to the H (H1) bonded to the
other bridging oxygen, O3b, and pointing away from the
vacant tetrahedron toward an O2b on a different (occupied)
tetrahedron. The two protons with small & (H3: 1.6/1.1
ppm, H2: 1.0/1.2 ppm) correspond to those bonded to the
O1b and O2b (both nonbridging oxygen atoms), respec-
tively (see Table 3). Note that the two 8. values separated
by a slash correspond to those calculated using the PBE/
PBEsol functional.

The 5.1 exhibits a general correlation with the hydrogen-
bonding O-H, H---O, and O---O distances (see supplemen-
tary Fig. 13s), as has been known experimentally (cf., Xue
and Kanzaki 2009).

The predicted 5" for the higher-energy (4H)g;z models
2 and 4 at 1 bar, calculated using the PBEsol functional,
also each show four peaks that span a range of &, values
from large (12—14 ppm) to small (~1 ppm), with the larg-
est variation among the different (4H)g;z models on the
second largest 8. for the H1 on the O3b, because of the
different O3b-H1 orientations for the different models (see
supplementary Table 2s). Similarly, the predicted &," for the
higher-energy (4H)g;, models 1, 2 and 3, using the PBE-
sol functional, also each show four peaks that span a range
of 81 from large to small, again with the largest variation
among the different (4H)g;, models on the second largest
3,1 for the H (H3) on one of the bridging oxygens, O3a,
because of different O3a-H3 orientations for the different
models (see supplementary Table 2s).

The simulated "H MAS NMR spectra (at spinning rates
of 10, 20 and 30 kHz) for the (4H)q;; model 1 using the PBE
and PBEsol functionals are overall similar (see Fig. 3¢ and
supplementary Fig. 14s). They contain four 'H peaks rang-
ing from about 1 to 12 ppm, with varying peak widths that
are overall broader than those of the (2H),;, model 1, due
to stronger 'H-'H homonuclear dipolar interactions within
the 4H cluster. The two narrower, more resolved peaks
with larger 8 are each dominantly due to H4 (bonded to
03b’) and H1 (bonded to O3b), respectively, whereas the
two broader, strongly overlapping peaks with small &, are
jointly contributed by the remaining two H sites that are
strongly dipolar coupled with each other.

The simulated 'H MAS NMR spectra for the other
(4H)g;p and (4H)g;, models (at 30 kHz only) using the

PBEsol functional also yield peaks in a similar chemical
shift range (see supplementary Fig. 15s). The peak widths
and peak positions, especially those of the peak with the
second largest 5., however, vary largely depending on the
model, because of different 4H configurations, suggesting
that '"H MAS NMR is a sensitive probe to distinguish differ-
ent 4H configurations.

The simulated 'H static spectra for the (4H)g;z model 1
using the two functionals are also similar (see Fig. 4 and sup-
plementary Fig. 16s). They span a large chemical shift range
of about 200 ppm, due to strong 'H-'H dipolar coupling
within the 4H cluster, with a narrower component (doublet)
near the middle that is primarily due to the HI, which is
bonded to the O3b and pointing away from the vacant tetra-
hedron, and thus experiences less dipolar coupling.

The simulated 'H static NMR spectra for the other
(4H)g;g and (4H)g;, models using the PBEsol functional
show similar chemical shift ranges, with the peak shape
varying depending on the model because of the different 4H
configurations (see supplementary Fig. 17s). These features
overall resemble, but are not identical to the 'H static NMR
spectra for the (4H)g; defects of forsterite reported previ-
ously (Xue et al. 2017b).

If a hydrous orthoenstatite sample contains protons asso-
ciated Si vacancies, its "H MAS NMR spectra are expected
to resemble those shown in Fig. 3c and supplementary
Fig. 14s, and its static NMR spectrum resemble those in
Fig. 4c and supplementary Fig. 16s for the (4H)g;z model 1.
The observed spectra of the hydrous orthoenstatite sample
from this study (see Figs. 3a and 4a) do not agree with the
predicted spectra, consistent with the lack of protons associ-
ated with Si vacancies in the sample.

It should be mentioned in passing that comparable water
incorporation mechanisms are expected for low-pressure
clinoenstatite and orthoenstatite, as indicated by the overall
similarity in their IR spectra in the OH stretching region
(e.g., Bromiley and Bromiley 2006; Rauch and Keppler
2002; Withers and Hirschmann 2007). Our parallel study
on a hydrous low-pressure clinoenstatite sample obtained
after recovering high-pressure clinoenstatite synthesized at
14 GPa and 1200 °C to ambient conditions indeed revealed
"H NMR spectra resembling those predicted for the (4H)g;p
model 1 of orthoenstatite, and well-reproduced by FP cal-
culation results for (4H)g; defect models of low-pressure
clinoenstatite converted from high-pressure clinoenstatite
(Xue et al. 2018), lending confidence to these calculation
results.

296 NMR results

The FP calculation for the defect-free MgSiO; orthoenstatite
yielded a difference in 2°Si isotropic chemical shift, &5,
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of 2.7 and 3.8 ppm between the two Si sites (see Table 4;
Fig. 8 and supplementary Fig. 18s) using the PBE and PBE-
sol functional, respectively, as compared to 2.5 ppm in the
experimental NMR spectra (—80.7 and —83.2 ppm, see
Table 1; Figs. 6 and 8). We have used the average of the
two peaks for referencing the other models. The peak with a
more negative SiSi corresponds to the SiA site (see Table 4).

The simulated single-pulse 2°Si MAS NMR spectra for
the defect-free orthoenstatite using the two functionals are
shown in Fig. 8 and supplementary Fig. 18s. Considering
the low water solubility (<0.1 wt% H,O) of orthoenstatite,
they may also be regarded as representing single-pulse 2Si
MAS NMR spectra for OH-bearing orthoenstatite.

For the orthoenstatite models containing OH defects in a
Si or Mg vacancy, the SiSi of Si sites that are directly linked
(via oxygen) to the vacant site, or close to a H, are found to
be most affected, whereas the 3,5 of more remote Si sites
are within about+2 ppm of those in the ordered structure.
This is consistent with the general knowledge that NMR

chemical shifts are less affected by more distant neighbors
(cf., Stebbins and Xue 2014), and with our previous results
on forsterite (Xue et al. 2017b).

Only the calculated NMR parameters for those Si sites
that contribute most significantly to the simulated "H-*Si
CP MAS NMR spectra of the energetically most favorable
(2H)yp, model 1 and (4H)g;z model 1 are individually listed
in Table 4. The complete list for all the Si sites in these
models, and those of the other orthoenstatite models can be
found in supplementary Tables 3s and 4s.

(2H)y; and (2H),,, models

For the (2H),,, defects, there are seven Si (3SiA, 4SiB) sites
that are linked to a vacant M2 site (via oxygen), with one SiA
site (Si32 in Table 4) linked by edge-sharing and the other Si
sites by corner sharing (see supplementary Fig. 4s). In the
(2H),, model 1, four of the Si sites (2SiA, 2SiB) adjacent to
the vacant M2 site are bonded to one of the O2b, O2a, Olb

Table 4 2°Si isotropic chemical shift (857, Si-H distance (R(Si-H)), and estimated 'H-?’Si CP intensity (Icp) for the defect-free and energetically
most favorable defect models of MgSiO; orthoenstatite from FP calculation at 1 bar using the PBEsol and PBE functionals

Site number Site type Functional 3.5 (ppm) A8S! (ppm)? R(Si-H)(A)® Iop® Comment!

Defect-free orthoenstatite:

17 SiA PBEsol —83.84 0
PBE —83.31 0

25 SiB PBEsol —80.07 0
PBE —80.59 0

(2H)yp, model 1

32 SiA PBEsol —86.05 -2.22
PBE —86.23 -2.92

34 SiA PBEsol —81.59 2.25
PBE —81.42 1.89

48 SiB PBEsol —80.44 —0.37
PBE —81.83 —1.24

57 SiB PBEsol —78.75 1.32
PBE —79.45 1.14

(4H)g;z model 1

50 SiB PBEsol —73.44 6.63
PBE -73.16 7.43

54 SiB PBEsol —78.47 1.6
PBE —78.60 1.99

58 SiB PBEsol —74.46 5.61
PBE —73.42 7.17

61 SiB PBEsol -77.46 2.61
PBE -77.53 3.06

2252 79.0 SiA-(03a-V,,, 02a-H)
2.242 80.7 SiA-(03a-Vyy,, O2a-H)
2.462 47.0 SiA-Ola(-Vyy,, ---H)
2.550 384 SiA-Ola(-Vyy, ---H)
2.301 69.0 SiB-02b-(Vy,, H)
2.288 70.9 SiB-02b-(V,, H)
2.607 34.0 SiB-O1b(-Vy,, ---H)
2.639 319 SiB-O1b(-Vy,, ---H)
2.299 84.0 SiB(Q1)-03b-(Vg;, H)
2.303 81.7 SiB(Q1)-03b-(Vg;g, H)
2.692 29.0 SiB on adjacent chain
2.746 26.1 SiB on adjacent chain
2.19 106.0 SiB(Q1)-03b-(Vg;g, H)
2.195 102.8 SiB(Q1)-03b-(Vg;, H)
2.375 67.0 SiB on adjacent chain
2.431 58.9 SiB on adjacent chain

Note SiSi is calculated from the isotropic chemical shielding (ciSi) as the

following: SiSi (ppm)zciSi, ref+ SiSi, ref— ciSi (ppm), where ciSi, ref

(429.675 ppm for the PBEsol, 433.00 ppm for the PBE functional) and 8, ref (—81.95 ppm) are the average values for SiA and SiB in defect-free

orthoenstatite

Only Si sites that are adjacent to the Si or Mg vacancy and have R(Si-H) <3 A are enlisted

? Difference in §;3' from that calculated for the same Si site in defect-free orthoenstatite

° Only R(Si-H) <3 A shown

¢IH-2%Si CP intensity calculated as the sum of 10*xR(Si-H)~® for all H within 5 A of a given Si site. Note the scaling factor is arbitrary

4V 12t M2 vacancy; Vg SiB vacancy
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Fig.8 'H-?’Si CP MAS NMR spectrum at a contact time of 2 ms (same
as Fig. 6¢) (black curve), compared with single-pulse 2°Si MAS NMR
spectrum (same as Fig. 6a) (red curve) for a hydrous MgSiO; orthoen-
statite sample synthesized at 7 GPa and 1200 °C (a), and simulated
'H-2%Si CP MAS NMR spectra for the (2H)y,;, model 1 (black curve)
(b) and (4H)g;z model 1 (black curve) (c) of MgSiO; orthoenstatite,
compared with simulated single-pulse MAS NMR spectrum based on
result for the defect-free orthoenstatite (red curve), from FP calcula-
tion at 1 bar using the PBE functional. For (b) and (c), a Lorentzian
line broadening function of 0.5 ppm has been applied, and the relative
intensities in the simulated CP spectra were taken to be proportional to
the sum of R(Si-H)™® to a given Si

and Ola in the O2a-H---Ola or O2b-H:--O1b linkage, and
show the shortest Si-H distances, and thus strongest "H->Si
CP intensities.

The simulated '"H-*’Si CP MAS NMR spectra for the
(2H)y, model 1 using the PBE and PBEsol functionals are
shown in Fig. 8b and supplementary Fig. 18s. The SiSi of
the two SiA sites are shifted by +1.9/42.3 ppm (PBE/PBE-
sol) and —2.9/-2.2 ppm (edge-sharing site), respectively,
and that of the two SiB sites are shifted by +1.1/+1.3 and
—1.2/-0.4 ppm, respectively, from the corresponding 6iSi
value of the same site in the defect-free orthoenstatite. Com-
pared with the observed 'H-’Si CP MAS NMR spectrum at
a short contact time of 2 ms for the hydrous orthoenstatite
sample from this study (Fig. 8 and supplementary Fig. 18s),
the overall features of four strongest peaks, with two on
either side of the two peaks of SiA and SiB in the single-
pulse MAS NMR spectrum (Si sites largely unaffected by
OH defects), are well reproduced. Thus, the four strongest
peaks experimentally observed near —79.2, —80.6, —81.0
and —85.5 ppm may be attributed to the four Si sites close
to the O2a-H---Ola or O2b-H:--O1b linkages (see Fig. 8a;
Table 1).

On the other hand, the simulated CP MAS NMR spec-
trum of the less favorable (2H),,;; model 1, does not repro-
duce the peak of SiA shifted to more negative 3.5 (see
supplementary Fig. 19s). Thus, the observed 'H-*’Si CP
MAS NMR spectra for the hydrous orthoenstatite sample
from this study match with that of the (2H),,, model 1, but
not the (2H),,, model 1.

It should be noted that for the interpretation of 2’Si NMR
spectra, often empirical correlations between the SiSi and
local structural parameters are applied. Such empirical
interpretations would be difficult in the case of Mg vacan-
cies, because there are no clear trends between the subtle
changes of 85 and local structural parameters. Similar
observations were made in our earlier study on forsterite
(Xue et al. 2017b). FP calculations on model structures are
thus particularly helpful.

(4H)g;, and (4H)g;; models

The simulated 'H-?Si CP MAS NMR spectra for the (4H)g;p
model 1 using the PBE and PBEsol functionals are overall
similar (see Fig. 8 and supplementary Fig. 20s). They are
characterized by four (two of which overlapping with the
PBE functional) relatively strong peaks that are shifted to
the less negative 3,5 direction from the peak of SiB site in
the single-pulse MAS NMR spectrum: two (overlapped into
one with the PBE functional) stronger peaks shifted by 67
ppm, which originate from the two SiB sites that are adja-
cent to the vacant SiB site, and thus may be denoted as Q'
(i.e., SiO, tetrahedron linked to one other tetrahedron), and
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two weaker peaks that are shifted by a smaller amount (23
ppm), which are due to two SiB sites that are on adjacent
silicate chains and remain Q? (i.e., SiO, tetrahedron linked
to two other tetrahedra), but have relatively short Si-H dis-
tances (<3 A). There are little contributions from the SiA
sites.

The higher-energy (4H)g;z models 2 and 4 also give sim-
ulated 'H-?’Si CP MAS NMR spectra that show overall shift
of the SiB peaks to less negative 5,5 direction (see supple-
mentary Fig. 19s). The general trend of less negative 5.5
from Q? to Q' is qualitatively in accordance with empirical
knowledge (cf., Stebbins and Xue 2014), although the more
subtle changes for the SiB sites in adjacent silicate chains
would be difficult to interpret empirically.

For the (4H)g;, models, it is four SiA sites that are shifted
to less negative 8 direction due to the presence of a SiA
vacancy. Thus, the (4H)g;, models overall predict 'H-*’Si
CP MAS NMR spectra that show peaks to more negative
85 direction, compared to those of the (4H)g;z models (see
supplementary Fig. 19s), rendering distinction of the two
incorporation mechanisms with 'H-Si CP MAS NMR
possible.

If a hydrous orthoenstatite sample contains protons asso-
ciated with Si vacancies, its 'H-’Si CP MAS NMR spectra
at a short contact time are expected to resemble those shown
in Fig. 8c and supplementary Fig. 20s for the (4H)g;z model
1. The observed 'H-*’Si CP MAS NMR spectra for the
hydrous orthoenstatite sample from this study (see Figs. 6
and 8a) do not agree with the predicted spectrum, consistent
with the lack of protons associated with Si vacancies in the
sample.

Polarized infrared absorption spectra
(2H);;, model 1

The calculated OH stretching frequencies (vgy) and IR
intensities for the (2H),,;, model 1 are shown in Table 5. The
simulated polarized IR spectra in the OH stretching region
are compared with the experimental polarized IR absorp-
tion spectra of a hydrous MgSiO; orthoenstatite sample
(En013cl) synthesized at 6 GPa and 1250 °C, described in
Prechtel and Stalder (2010), which contain the two groups
of bands (A1-A2 and A3—A4 bands), in Fig. 9. The (2H),
model 1 yielded two OH stretching bands with relatively
low frequencies, at 3360 and 3161 cm™! using the PBE
functional, and 3283 and 2929 cm™~! using the PBEsol func-
tional. The two sets of values are close to (bracketing) the
A3 and A4 bands near 3362 and 3067 cm™! in the experi-
mental IR spectra.

The stretching vibrations of the two O-H bonds in each
mode are nearly decoupled: the band with a lower and
higher wavenumber corresponds to the stretching vibration
of the O2a-H and O2b-H bond with stronger and weaker
hydrogen bonding, respectively (see Fig. 10a).

As is expected from the geometry (O-H nearly in the
(001) plane), the intensities in the spectrum with the polar-
ization along the a axis are nearly null, and the highest
intensities are for the polarization along the ¢ axis for both
normal modes, which agree with that observed for the A3
and A4 bands (see Fig. 9a). The calculation results overall
are consistent with that of Balan et al. (2013).

The orthoenstatite sample from the present study also
exhibits two OH stretching bands corresponding to the A3

Table 5 OH stretching frequency and IR intensities (I;z) of normal modes for the energetically most favorable defect models of MgSiO; orthoen-

statite from FP calculation at 1 bar using the PBEsol and PBE functionals

Mode# Functional Frequency Iir« Iir Iir, IR total IR otal Domi-
(cm™1) (D2 A2 (DQIA"2 (DEA_2 (D2A_2 (Lem™%mol nant
amu™ ") amu™!) amu™") amu™ ") H,0)* displace-
ments
(2H)yp, model 1
482 PBEsol 2929.00 0.12 16.05 33.75 49.92 421,884 02a-H1
PBE 3160.97 0.11 12.18 24.36 36.64 309,691 02a-H1
483 PBEsol 3283.00 0.01 7.32 23.39 30.72 259,621 O2b-H2
PBE 3360.56 0.00 6.82 19.76 26.58 224,608 O2b-H2
(4H)g;z model 1
486 PBEsol 2237.00 0.20 79.78 4.48 84.46 713,788 O3b’-H4
PBE 2617.42 0.47 64.63 4.39 69.49 587,298 O3b’-H4
487 PBEsol 2785.00 24.53 33.35 0.28 58.16 491,522 O3b-HI
PBE 2972.08 20.55 28.62 0.11 49.29 416,563 O3b-H1
488 PBEsol 3520.00 6.14 0.21 1.71 8.06 68,117 O2b-H2
PBE 3623.35 3.69 0.09 0.88 4.66 39,421 O2b-H2
489 PBEsol 3685.00 8.09 0.01 0.02 8.12 68,624 Olb-H3
PBE 3735.12 6.68 0.03 0.00 6.71 56,712 O1b-H3

2 Calculated as I;z (Lem™2%/mol H,0)=2 x I;x (Lem™2/mol OH) =2 x4225.6 X I,z (D*A~2amu™) (cf., Kendrick and Burnett 2016)
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Fig. 9 Comparison of the polarized IR absorption spectra (without
baseline correction) for the polarization parallel to the ¢ and a axis (as
labelled) on a MgSiO; orthoenstatite crystal (En013c1) synthesized
at 6 GPa and 1250 °C, described in Prechtel and Stalder (2010)(a),
with the simulated spectra for the polarization parallel to the ¢, b and
a axis (as labelled) for the (2H)y;, model 1 (b) and (4H)g;z model 1
(c) of MgSiO; orthoenstatite from FP calculation at 1 bar using the
PBE (thick cyan, magenta and orange lines) and PBEsol (thin blue,
brown and red lines) functionals. An arbitrary Lorentzian line broaden-
ing function of 4 cm™ ! has been applied to the simulated spectra. For
(a), the spectra are plotted in a wider frequency range than that in the
original publication (above 2950 cm™!). The two small sharp bands
near 2849 and 2920 cm™! (marked by asterisks) are due to epoxy
resin. The small features in the region of 23002500 cm™! (marked
by an asterisk) are likely due to imperfect subtraction of the signal
from atmospheric CO,. The bands below 2200 cm™! are consistent
with those reported for overtones of lattice vibrations for orthoenstatite
(cf., Prechtel and Stalder 2012)
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Fig. 10 OH stretching normal modes with the atomic displacements
indicated by green arrows for the (2H)y, model 1 (a) and (4H)g;
model 1 (b) of MgSiO; orthoenstatite from FP calculation at 1 bar
using the PBEsol functional, which are similar to those calculated
using the PBE functional. The wavenumbers for each mode calculated
using the PBE/PBEsol functionals are shown underneath (separated
by a slash). A scaling factor of 0.6 has been applied to the calculated
magnitude of displacements for clarity. The vacant octahedron and tet-
rahedron are also drawn as a guide to the eye. Drawn using the Vesta
program (Momma and [zumi 2011)

and A4 bands. The attribution of the incorporated water to
(2H),, defects for our sample has been unambiguously con-
firmed by NMR, lending further confidence to the assign-
ment of these IR bands.

(4H)g;, and (4H)g;; models
The calculated OH stretching frequencies and IR intensi-
ties for the lowest-energy (4H)g;z model 1 are tabulated in

Table 5. The simulated polarized IR spectra are shown in
Fig. 9c. As expected from the hydrogen bonding distances,
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the calculated frequencies range from low to high, at 2617,
2972, 3623 and 3735 cm™! using the PBE functional, and
2237, 2785, 3520 and 3684 cm™! using the PBEsol func-
tional. The two high-frequency bands are both strongly
polarized along the a axis, the second lowest-frequency
band is strongly polarized along the a and b axes, and the
lowest-frequency band is strongly polarized along the b
axis.

The stretching vibrations of the four O-H bonds are nearly
decoupled, with the band from low to high frequency corre-
sponding dominantly to the stretching vibration of O3b’-H,
03b-H, O2b-H and O1b-H, respectively (see Fig. 10b).

The IR spectra reported for hydrous orthoenstatite syn-
thesized at low silica activities, including that shown in
Fig. 9a, show two bands near 3687 and 3592 cm™! (the A1l
and A2 band), which are strongly polarized along the a axis
(e.g., Grant et al. 2006; Prechtel and Stalder 2010). The two
higher-frequency bands in the simulated spectrum of the
(4H)g;z model 1 (Fig. 9c) are in reasonable agreement, in
both frequency and pleochroism, with these bands (Fig. 9a),
with the experimental frequencies lying in between the two
sets of values calculated using the two functionals (also see
supplementary Fig. 21s). The calculated frequencies for
the other two modes of the (4H)g;z model 1 (denoted AS
and A6 in Fig. 9c) are both lower than those for the (2H),
model 1, and below the spectral range (generally above
about 3000 cm™') of IR spectra reported for orthoenstatite
(e.g., Prechtel and Stalder 2010; Stalder et al. 2012), due
to stronger hydrogen bonding. Therefore, the predicted IR
spectra for the (4H)g;z model 1 can explain the Al and A2
bands well, and further suggests that there are two lower-
frequency bands that have been overlooked in IR studies
thus far.

In order to examine whether the two lower-frequency
bands for the (4H)g;z defects could be detected experimen-
tally, we plotted in Fig. 9a the experimental spectra for
the orthoenstatite sample (En013cl) described in Prech-
tel and Stalder (2010) in a wider frequency range (4000—
2000 cm™') than in the original publication. There are no
clearly discernable band(s), other than those due to other
sources (epoxy resin/atmospheric CO,) and overtones of
lattice vibrations below 3000 cm™!, although the two spec-
tra with different polarization directions have somewhat dif-
ferent shapes in the 3000-2200 cm™! region.

It is well known that low-frequency OH stretching bands
due to strongly hydrogen bonded OH groups tend to be very
broad as a result of anharmonicity (e.g., Novak 1974). The
trend of significant increase in band width with decreas-
ing OH stretching frequency is also obvious from a visual
inspection of the Al and A2 bands vs. the A3 band vs. the
A4 band in Fig. 9a. Therefore, the two lower-frequency
A5 and A6 bands expected for the (4H)g;z defects could be
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even broader than the A4 band, to the extent to be difficult to
detect at low concentrations. This was also noted by Balan
et al. (2013) for the single low-frequency band predicted
at 2615 and 2039 cm™! for their two models similar to our
(4H)g;z model 4 and (4H)g; , model 3.

It should be reminded that the simulated IR spectra from
FP calculation shown here (Fig. 9b,c) have been plotted
with an arbitrary band width, because the calculations do
not carry any information regarding band width.

Below we attempt to make a more detailed comparison
with nominally hydrous minerals of comparable hydrogen
bonding (and &%, vy to gain better insights. It may be
inferred that the lowest-frequency A6 band may be compa-
rable in hydrogen bonding to dense hydrous magnesium sil-
icate phase D, §-AlOOH, and phase egg (with experimental
3.1 of 12.0-12.5 ppm: Xue et al. (2006). The OH stretching
bands observed by Raman spectroscopy for all three miner-
als are very broad, ranging from 3000 to 18002000 cm™!,
with three maxima that may be caused by Fermi resonance
with other vibrational modes. The lower-frequency part of
the spectra were often not observed in earlier studies, partly
due to difficulty of detecting weak, broad low-frequency
bands (cf., Xue et al. 2006). It would thus be very difficult
to detect at low concentrations.

The second lowest-frequency A5 band may be com-
parable in hydrogen bonding to a-AIOOH diaspore (with
experimental 8. of 9.4 ppm: Xue and Kanzaki (2007).
The reported IR spectra for the latter show OH stretching
bands with maxima near 2995 and 2910 cm™', which are
several hundred wavenumbers wide (e.g., Demichelis et
al. 2007; Kohler et al. 1997; Stegmann et al. 1973), as
compared to a FWHM of about 12 cm™! for the A1 band
in Fig. 9a. From our FP calculation (see Table 5; Fig. 9¢),
the A5 band is expected to yield little absorbance when
the polarization is parallel to the ¢ axis, and give an inte-
grated absorbance that is about three times of that of the
A1 band when the polarization is parallel to the a axis.
The lack of a clearly discernable band in Fig. 9a below
3000 cm™! are consistent with a much broader width
(likely more than one order) for the AS band than the Al
band. It is difficult to discern whether the different shapes
in the region of 3000-2200 cm™! between the two spectra
with different polarization directions in Fig. 9a could be
related to the existence of any extra broad band(s) in the
spectrum along the « axis, or simply due to difference in
baseline.

It should be noted that our IR spectrum for low-pres-
sure clinoenstatite synthesized at 14 GPa and 1200 °C,
for which both strong and weak hydrogen bonding were
revealed by 'H NMR, is dominated by high-frequency
OH stretching bands, with no clearly recognizable bands
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below 3000 cm™! (Xue et al. 2018), supporting the above
inference.

Thus, it may be concluded that the experimentally
observed Al and A2 bands for orthoenstatite may be
attributed to the two high-frequency bands of (4H)gg
defects. Two lower-frequency bands are also expected,
but may be difficult to detect due to broadening associ-
ated with anharmonicity for strong hydrogen bonding.

There is a general correlation between the OH stretch-
ing frequency and hydrogen-bonding (O-H, H:---O
and O---O) distances (see supplementary Fig. 26s), as
has been known experimentally. A general correlation
between the calculated total IR intensity (activity) and
OH stretching frequency is also observed (see supple-
mentary Fig. 27s), supporting the frequency dependency
of IR absorption coefficient.

The energetically less favorable (4H)g;z models 2
and 4 calculated using the PBEsol functional both yield
three OH stretching bands at frequencies > 3000 cm™!
(see supplementary Fig. 22s and 23s), inconsistent with
the A1 and A2 bands, and another band with a low fre-
quency (1942 or 2336 cm™!). The simulated spectra for
the (4H)g;z model 4 resemble those for the (4H)g;z model
reported by Balan et al. (2013).

The calculated IR spectra for the energetically unfa-
vorable (4H)g;, models are described in detail in the
supplementary material. For the (4H)g, model 1, a
H-O-H bending vibration band near 1611 cm™' is pre-
dicted because two of the H atoms are bonded to the same
oxygen (O2a) (see supplementary Table 5s and Fig. 24s).
As a band due to H-O-H bending vibration is commonly
used as a characteristic feature for molecular H,O, this
finding is significant in that it presents yet another type
of OH defects that also gives H-O-H bending vibration.
It thus calls for caution of using this feature alone for the
distinction of molecular H,O and OH. For the (4H)g;
model 2, the overall frequency distribution resembles,
though not identical to, that of the (4H)q;z model 1 (see
supplementary Table 5s and Fig. 25s).

Discussion

Configurations and NMR and vibrational
characteristics of (2H),, and (4H); defects in
MgSiO; orthoenstatite

The combined 'H and 2’Si NMR and vibrational spectro-
scopic measurements, and FP calculations allowed us to

clarify the configurations and spectroscopic characteristics
of (2H)y, and (4H)g; defects in MgSiO; orthoenstatite.

For the (2H),, defects in orthoenstatite, our study
revealed that the most favorable configuration is the (2H),,
model 1 with two inequivalent protons, one bonded to O2a
pointing toward Ola, and another bonded to O2b pointing
toward O1b. This defect produces two OH stretching bands
near 3362 and 3067 cm~! (A3 and A4 band, calculated:
3361/3283 and 3161/2929 cm~!' with the PBE/PBEsol
functional) that both yield higher intensities for the polar-
ization direction along ¢ and b axes than a axis. It yields
two 'H MAS NMR peaks near 5.9 and 7.6 ppm (calculated:
6.2/5.9 and 7.2/8.0 ppm with the PBE/PBEsol functional),
which produce a pair of cross peaks in 2D '"H NOESY and
DQ MAS NMR spectra. Because of 'H-'H dipolar coupling
between the two protons, the '"H MAS NMR spectra show
a doublet with increasingly asymmetric and broader peak
shape at lower spinning rates. The 'H static NMR spectrum
exhibits a moderate chemical shift range around 80 ppm.

For the (4H)g; defects in orthopyroxene, our FP calcula-
tions predict that the (4H)g;z model 1 is the most favorable
configuration. The previously reported Al and A2 bands
near 3687 and 3592 cm~! can be attributed to the two high-
frequency bands for the (4H)g;z model 1 (with correspond-
ing calculated frequencies at 3735/3685 and 3623/3520
cm™ ! using the PBE/PBEsol functional), which are strongly
polarized along a axis. This defect also gives two lower-
frequency bands near 2972/2785 cm™! (strongly polarized
along b and a axes) and 2617/2237 cm™ ! (strongly polarized
along b axis), which are likely difficult to detect at low con-
centrations due to broadening associated with anharmonic-
ity for strong hydrogen bonding.

In comparison, 'H MAS NMR should be more straight-
forward in revealing all the OH species regardless of hydro-
gen bonding distance. The (4H)g;z model 1 predicts four 'H
MAS NMR peaksnear 1.0/1.2,1.6/1.1,8.9/9.3 and 11.6/12.7
ppm (using the PBE/PBEsol functional) with varying peak
width (narrower for the two peaks with larger &). The 'H
MAS NMR spectra for the (4H)g; defects are expected to
be overall broader than those of the (2H),,, defects due to
stronger dipolar 'H-"H dipolar coupling within the 4H clus-
ter. The 'H static NMR spectrum is expected to span a large
chemical shift range around 200 ppm with some narrow
components in the middle due to O-H pointing away from
the vacant tetrahedron.

One should also note that although OH defects in Mg and
Si vacancies have been known to occur in a variety of min-
erals, the spectroscopic characteristics for a given type of
OH defects, especially for those associated with Si vacan-
cies, can vary largely depending on the crystal structure.

The (4H)g;-type defects are often referred to as hydroga-
rnet substitution, as it was first noticed in hydrous grossu-
lar garnets (Ca3Al,(Si0,4);_,(O4H,),) (Cohen-Addad et al.
1967). The hydrogarnet substitution has since been reported
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to occur in a number of other silicate minerals, including
garnets of other compositions, olivine, zircon, pyroxenes,
coesite, and higher-pressure phases (cf., Smyth 2006).

For hydrogrossular, the four O-H bonds are known to be
distributed close to the vacant tetrahedral faces (Lager et al.
1987, 1989). For Mg,SiO, forsterite, FP calculations have
shown that the most favorable configurations include one
H on each oxygen of the vacant tetrahedron, with one H
pointing away from the vacant tetrahedron and three oth-
ers distributed along the vacant tetrahedral edges (Balan
et al. 2011; Umemoto et al. 2011; Xue et al. 2017b). This
study has shown that for orthoenstatite, there is also one
H bonded to each of the four oxygen atoms on the vacant
tetrahedron, but with two of the H pointing away from the
vacant tetrahedron. The different 4H configurations render
the 'H-'H distances different, and thus 'H static and MAS
NMR spectra affected differently by homonuclear dipolar
coupling. For hydrogarnet, a broad peak spanning about 200
ppm is observed in the 'H static NMR spectra of katoite
(Ca;Al,(O4H,);) and Si-bearing hydrogrossular (Xue et
al. 2017a). In comparison, for hydrous forsterite, a broad
component spanning a similar frequency range and a nar-
rower component in the middle were observed, with the
latter corresponding to the proton pointing away from the
vacant tetrahedron (Xue et al. 2017b). This study revealed
that orthoenstatite is also expected to yield a 'H static NMR
spectrum that has a broad component spanning a similar fre-
quency range, overprinted by a narrower component.

More prominent are the different distributions in the
hydrogen bonding distance (and 8, and vy;) for hydrogarnet
defects among the different minerals. For both hydrogarnet
and forsterite, in which the SiO, tetrahedra are isolated from
each other, the hydrogen bonding tends to be weak, because
the OH is not bonded to any high-field strength Si. Thus, the
3,1 for hydrogarnet (Xue et al. 2018) and hydrous forster-
ite (Xue et al. 2017b) are relatively small (both around 1-2
ppm). Their vy are relatively high (e.g., 3600-3680 cm™!
for hydrogrossular with high water contents (e.g., Rossman
and Aines 1991); > 3450 cm™! for forsterite (e.g., Mosen-
felder et al. 2006). In comparison, this study has shown
that the hydrogen bonding for the hydrogarnet defects in
orthoenstatite ranges from very weak to very strong, due to
the presence of both bridging oxygen and nonbridging oxy-
gen atoms, which result in both OH groups bonded to a Si
(associated with O3b), and those bonded to no Si (associated
with O1b/02b). Therefore, two groups of 'H NMR peaks
for hydrogarnet defects in orthoenstatite with large (9-12
ppm) and small (~1 ppm) 5, are expected. Similarly, two
groups of OH stretching bands with high (observed: 3687
and 3592 cm™'; calculated: 3735/3685 and 3623/3520 cm™'
using the PBE/PBEsol functional) and low frequencies (cal-
culated: 2972/2785 and 2617/2237 cm™!) are expected. The
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latter are likely difficult to observe at low concentrations
due to broadening associated with anharmonicity.

Because the strength of hydrogen bonding may have
significant effects on various physical properties, such as
diffusivity and electrical conductivity, the revelation of the
hitherto unexpected hydrogarnet defects with strong hydro-
gen bonding for orthoenstatite requires careful reconsidera-
tion of their effects on the physical properties.

Hydrogarnet defects in other mantle minerals with high
Si/Mg ratios, such as the most abundant lower-mantle min-
eral, bridgmanite, may also form strong hydrogen bonding.
It is thus important to investigate whether there are any OH
defects in these minerals that may have been overlooked by
IR spectroscopy.

Revised infrared absorption coefficients for
orthoenstatite

There are large uncertainties in the IR absorption coef-
ficients for OH stretching bands of nominally anhydrous
minerals. For orthoenstatite, the universal wavenumber-
dependent calibrations by Paterson (1982) and Libowitzky
and Rossman (1997), and the mineral-specific calibration
(Bell et al. 1995) based on natural orthoenstatite have often
been adopted, which led to discrepancies in estimated water
contents up to about a factor of 2 for samples containing
dominantly (2H)y, defects (e.g., Rauch and Keppler 2002).

The revelation that only half of the expected OH stretch-
ing bands for the (4H)g; defects in MgSiO; orthoenstatite
have been detected by IR implies that the estimated water
contents using either of these IR absorption coefficients
would underestimate the true water content, when the (4H)g;
defects are present. Also, IR absorption coefficients cali-
brated on such samples against water contents determined
independently by another method (e.g., SIMS), such as the
modified wavelength-dependency reported for orthoen-
statite by Stalder et al. (2012), need to be revised to take
into consideration the undetected bands.

We derived the following revised absorption coefficients
(I’) for the two groups of bands using data from Stalder et
al. (2012), by applying a correction factor of 2 to account for
the undetected bands for the (4H)g; defects (see supplemen-
tary material for details):

I’;, = 3.9(2) wt ppm~'-cm~? for the A1 +A2 band

I’;, = 17.1(12) wt ppm~'-cm™~? for the A3 + A4 band

The obtained I’ |,/ I’;, ratio (0.23(2) is comparable to
the ratio (0.18/0.20 using the PBE/PBEsol functional) in
the total IR intensity between the Al1+A2 bands and the
A3 +A4 bands from FP calculation for the (4H)g;z model
1 and (2H),s, model 1, suggesting the results may be rea-
sonable. Also, the derived I’y4 is comparable to the value
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(14.84(59) wt ppm~'-cm~?) reported for natural orthoen-
statite by Bell et al. (1995).

Incorporation mechanisms of water in MgSiO;
orthoenstatite as a function of silica activity and pressure

The clarification of spectroscopic characteristics of different
OH defects in MgSiO; orthoenstatite allowed us to inter-
pret the available spectroscopic data in terms of changes
in incorporation mechanisms of water in MgSiO; orthoen-
statite as a function of silica activity and pressure.

The NMR and IR spectra of MgSiO; orthoenstatite syn-
thesized at 7 GPa and 1200 °C using a starting material of
stoichiometric Mg/Si ratio from this study are consistent
with only (2H),, defects. The IR spectra reported by Rauch
and Keppler (2002) for MgSiO; orthoenstatite synthesized
at 0.2-7.5 GPa and 1100 °C using a starting material of
nearly stoichiometric Mg/Si ratio with slight excess silica
similarly are consistent with (2H)y, defects. On the other
hand, the IR spectra by Stalder and coauthors (e.g., Prechtel
and Stalder 2010; Stalder et al. 2012) on MgSiO; orthoen-
statite synthesized under different pressure (4—8 GPa) and
silica activity conditions (with starting Mg/Si ratio ranging
from 60/40 to 45/55) revealed four bands, among which the
Al and A2 bands can now be attributed to the two high-
frequency bands of the (4H)g; defects, and the A3 and A4
bands to the (2H),,, defects with confidence. Their reported
changes in the relative integrated absorbances can be
ascribed to increasing proportion of OH defects in Si vacan-
cies than those in Mg vacancies with increasing pressure
and decreasing silica activity.

Note that there are some inconsistencies in the reported
relative integrated absorbances of the Al to A4 bands for
samples synthesized under similar conditions between stud-
ies from different groups, or even within the same group.
This may be caused by different baseline correction methods
for the IR spectra and/or experimental complications (e.g.,
sample preparation procedure, chemical heterogeneity, tem-
perature fluctuation/difference). Careful quantification of
the relative abundances of different OH defects under dif-
ferent conditions is needed for thermodynamic modelling of
water incorporation in mantle minerals.

Conclusions

Our hydrous MgSiO; orthoenstatite sample synthesized at 7
GPa and 1200 °C using a starting material of stoichiometric
Mg/Si ratio was confirmed to contain only (2H),,, defects
(a pair of protons in a Mg (M2) vacancy), which are char-
acterized by two narrow '"H MAS NMR peaks near 5.9 and
7.6 ppm that are correlated in 2D 'H NMR spectra, and two

OH stretching bands near 3361 and 3066 cm™! that match
with the A3 and A4 IR bands reported previously. All the 'H
MAS and static NMR, '"H-?’Si CP MAS NMR spectra, and
IR spectra were well reproduced by FP calculations for the
(2H)y, model.

Our FP calculations also revealed that the previously
reported Al and A2 bands near 3687 and 3592 cm~! for
orthoenstatite synthesized at lower silica activities can be
attributed to the two OH stretching bands associated with
O1b/02b (calculated: 3735/3685 and 3623/3520 cm™!
using the PBE/PBEsol functional) for the (4H)g;z defects
(four protons in a SiB vacancy). Two other bands with lower
frequencies (calculated: 2972/2785 and 2617/2237 cm™1)
that are associated with the two bridging oxygen atoms
(O3b) are also expected. They are outside the frequency
range of IR spectra for orthoenstatite reported thus far, and
are likely difficult to observe because of broadening associ-
ated with anharmonicity for strong hydrogen bonding. The
(4H)g;p defects are expected to yield four 'H MAS NMR
peaks with both small and large chemical shifts (calculated:
1.6/1.1, 1.0/1.2, 8.9/9.3 and 11.6/12.7 ppm using the PBE/
PBEsol functional) and varying peak widths, and 'H static
NMR spectrum spanning a wide frequency range of about
200 ppm with narrow features on top. 'H NMR should be
more effective in quantitatively identifying all the protons.

The finding of undetected IR bands for OH defects in
orthoenstatite requires revision of the IR absorption coeffi-
cients reported thus far. We derived a set of revised absorp-
tion coefficients for the two groups of IR bands using data
reported previously, by applying a correction factor to
account for the undetected bands.

The clarification of spectroscopic features allowed us
to interpret the available data of orthoenstatite in terms of
increasing proportion of OH defects in Si vacancies than
those in Mg vacancies with increasing pressure and decreas-
ing silica activity.

Finally, this study demonstrated the effectiveness of
combined multi-nuclear NMR and vibrational spectro-
scopic measurements and FP calculations in clarifying the
nature of OH defects in minerals. The finding that IR spec-
troscopy, the most widely used method, may fail to detect
OH defects, and thus underestimate the true water contents,
in case of strong hydrogen bonding, could have implications
well beyond enstatite.

Supplementary Information The online version contains
supplementary material available at https://doi.org/10.1007/s00410-
024-02114-3.
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