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Amorphous Mn,SiO,: A potential manganese phase in the stagnant slab

ZuiLN YE', JINgul Xu'»*, DAwEI FAN'"*, DONGZHOU ZHANG>T, WENGE ZHOU', AND HONGSEN XIE!

'Key Laboratory of High-Temperature and High-Pressure Study of the Earth’s Interior, Institute of Geochemistry, Chinese Academy of Sciences,

Guiyang, Guizhou 550081, China
2University of Chinese Academy of Sciences, Beijing 100049, China

SHawaii Institute of Geophysics and Planetology, School of Ocean and Earth Science and Technology, University of Hawaii at Manoa, Honolulu,

Hawaii 96822, U.S.A.

ABSTRACT

Tephroite (Mn,Si0,), together with some manganese (Mn)-rich mineral inclusions, has been found
in ophiolite-hosted diamonds, possibly originating from Mn-nodules and sediments that were once
deposited on the oceanic floor and later subducted into the deep mantle, which provides evidence for
oceanic crustal recycling. However, the state and behavior of tephroite under high-pressure and high-
temperature conditions remain poorly understood. In this study, we conducted in situ synchrotron
single-crystal X-ray diffraction (XRD) and Raman spectroscopy of synthetic tephroite up to ~30 GPa
and ~900 K. The XRD and Raman spectroscopy experiments in this study first show that tephroite
undergoes a pressure-induced, irreversible, amorphous transformation above ~20 GPa. Temperature
(<900 K) is found to be an insignificant factor governing the process of amorphous transformation.
Amorphous tephroite may be a potential phase in a rapidly cooling oceanic lithospheric subduction

slab stagnating at the bottom of the mantle transition zone.
Keywords: Tephroite, amorphization, single-crystal X-ray diffraction, high-pressure Raman

spectra, stagnant slab

INTRODUCTION

Olivine, the most dominant mineral in the Earth’s mantle, is
an important solid-solution silicate composed of end-member
forsterite (Mg,Si0,) and fayalite (Fe,SiO,) (Ringwood 1991). It
is also found in igneous and metamorphic rocks, meteorites, and
many other extraterrestrial environments (Mason 1963; Nguyen
and Zinner 2004; Mustard et al. 2005; Zolensky et al. 2006;
Finkelstein et al. 2014). In addition, other end-member olivines
composed of transition metal ions [e.g., tephroite (Mn,SiO,)
and libenbergite (Ni,Si0,)] are found in nature. Even a small
concentration of transition metals can profoundly influence the
optical, magnetic, and transparency properties and thermody-
namic behaviors of crystals (Geiger et al. 2019). The existence
of transition metal elements also affects large-scale geodynamic
processes such as redox reactions and deep mantle melting on
Earth (Gaillard et al. 2015).

Recently, tephroite associated with other manganese
(Mn)-rich minerals, such as spessartine (Mn garnet) (Ca,Mn)
SiO;-perovskite, MnO, and NiMnCo alloy, was discovered in
ophiolite-hosted diamonds (Yang et al. 2015a, 2015b; Lian et
al. 2018; Lian and Yang 2019), which has never been found in
other diamonds. These significant ranges of ultrahigh-pressure
(UHP) and highly reduced inclusions in ophiolite-hosted
diamonds reflect a completely new environment for diamond
formation in the mantle. It is suggested that these minerals may
be a common feature of the in situ oceanic lithosphere (Yang et
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al. 2015b). Generally, Mn-rich olivine associated with iron-Mn
ore deposits and skarns is formed by complex interactions in the
ocean-atmosphere-lithosphere system (Cloutis 1997). However,
research focused on the properties of tephroite under high-
pressure and high-temperature conditions is limited. Isomorphic
forsterite and fayalite both undergo different phase transitions
at high pressure and high temperature. Mg,SiO, transforms
into wadsleyite (spinelloid structure) at 12—15 GPa and further
into ringwoodite (spinel structure) at ~18-20 GPa (Frost 2008),
while Fe,SiO, transforms directly into a spinel structure at 67
GPa. Moreover, pressure-induced amorphizations (PIAs) of
forsterite and fayalite are observed at room temperature and
higher pressures of 56-80 GPa (Jeanloz et al. 1977; Guyot
and Reynard 1992; Durben et al. 1993; Andrault et al. 1995;
Rouquette et al. 2008; Santamaria-Perez et al. 2016; Kim et al.
2021) and ~35 GPa (Richard and Richet 1990; Williams et al.
1990; Andrault et al. 1995; Speziale et al. 2004), respectively.
Recently, it has been proposed that amorphization takes place
at the forsterite grain boundary under stress, which can trigger a
plastic process in the deep Earth and greatly affect the transition
layer of the lithospheric transition zone (Samae et al. 2021).
However, the only study that focused on the stability of teph-
roite indicates that tephroite does not undergo a transformation
into either spinelloid or spinel structure like forsterite and fayalite
but decomposes into MnO (rock salt) and MnSiO; (tetragonal
garnet-like structure) at P> 14 GPa and 7= 1273 K and at higher
pressure (P > 30 GPa) into MnO and SiO, (Ito et al. 1974).
Whether tephroite undergoes a similar phase transformation or
amorphization in a high-temperature and high-pressure range like
forsterite and fayalite and the impact of such a transformation are
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uncertain. Therefore, knowledge of the high-pressure and high-
temperature behaviors of tephroite would help us to understand
the occurrence of tephroite in the deep Earth and provide new
insights into the process of its encapsulation in the diamond.

To address these issues, we investigated the stability of
single-crystal tephroite through in situ synchrotron single-crystal
X-ray diffraction (SCXRD) and Raman scattering experiments
at high pressures and high temperatures, simulating conditions
within the cold subducting lithosphere. The compressive equa-
tion of state, compression mechanism, thermal stability, and
PIA of tephroite are determined up to ~30 GPa and ~900 K in
this study. The results indicate that tephroite may be able to
exist in the Earth’s interior in an amorphous state and transform
into crystalline phases on its way back to the surface by being
wrapped in the diamond.

METHODS

Sample preparation

The tephroite sample measured in this study was synthesized using high-purity
oxides (MnO, SiO,) in a multi-anvil high-pressure apparatus at 4.0 GPaand 1273 K
for 36 h at the Institute of Geochemistry, Chinese Academy of Sciences, Guiyang,
China. Electron microprobe analysis (EMPA) was carried out with an EMPA 1600,
operating at an acceleration voltage of 25 kV, beam current of 10 nA, and focused
electron beam of ~5 pum, with which the chemical composition of the sample was
determined to be Mn, sSij 030, (Online Materials' Table S1).

In situ single-crystal X-ray diffraction

A 30 x 40 um? fragment of single-crystal tephroite with a thickness of <15 pm
was mounted on a polymer holder used for room-pressure measurement. The
high-pressure experimental samples were loaded in a symmetric-type DAC with
+32° opening angles equipped with a pair of 300 um culet-size diamond anvils,
while the high-pressure and high-temperature experimental sample was loaded in
a BX90 externally heated diamond-anvil cell (EHDAC) with £15° opening angles
equipped with a pair of 500 pum culet-size diamond anvils. A resistive heater was
used to generate a maximum temperature of 900 K, and the temperature was mea-
sured by a K-type thermocouple. The temperature of the experiment was raised
from room temperature to a maximum temperature of 900 K at intervals of 200 K
and then cooled to room temperature at the same interval. After pressurization at
room temperature, the same heating and cooling operation was conducted (Online
Materials' Fig. S1). The pressure was determined by the calibrated shift of the
R1 ruby fluorescence band (Mao et al. 1986) for the high-pressure experiments
and the equation of state of gold (Fei et al. 2007) for the high-pressure and high-
temperature experiments. Neon was used as the pressure-transmitting medium
(Rivers et al. 2008).

The in situ synchrotron SCXRD experiments were conducted at experimental
station 13-BM-C of the Advanced Photon Source at Argonne National Laboratory;
experimental details were previously described (Xu et al. 2020b; Ye et al. 2021).
The Bruker APEX3 software package was used to analyze the diffraction images,
and crystal refinements were carried out with the SHELXL and Olex2 software
packages (Sheldrick 2008; Dolomanov et al. 2009), starting from the Pbnm structure
modeled by Fujino et al. (1981) to initialize the refinement. All atoms in this study
were modeled with isotropic atomic displacement parameters (Ui,). The crystal
structure of tephroite under ambient conditions is diagramed in Online Materi-
als' Figure S2 by the VESTA program (Momma and Izumi 2011). The unit-cell
parameters are shown in Online Materials' Table S2, and the refinement details
can be seen in Online Materials' Tables S3 and S4.

Raman spectroscopy

High-pressure Raman spectra were collected between 37-1300 cm™' using
a Renishaw RM 1000 Raman microscope with a Peltier-cooled charge-coupled
device (CCD) detector at the Center for High Pressure Science and Technology
Advanced Research. Raman spectra were obtained using a 532 nm wavelength
from the Ar® laser with a maximum spot of ~2 pm. The sample was focused
through a Nikon L Plan EPI 20X with a 0.35 objective. At each pressure step, the
Raman spectrum was collected for a duration of 300 s. All spectra were obtained
in the backscattering geometry with no polarization used for the collected signal.
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The Raman spectra were analyzed by Lorentzian curve fitting using the PeakFit
program (Systat Software, San Jose, California, U.S.A.).

REsuLTs
PVT equation of state of tephroite

During continuous pressurization to 29.9(2) GPa in the
room-temperature and high-pressure experiment, SCXRD shows
that tephroite retains the initial Pbnm olivine structure up to
~20 GPa (Online Materials' Table S1 and Fig. S1). As shown in
Figure 1, the SCXRD images reflect a phase transformation of
tephroite characterized by conspicuous changes after ~20 GPa.
The SCXRD images after phase transformation exhibit fewer
peaks than those of the initial tephroite phase. The loss of sharp
crystalline diffraction peaks indicates that tephroite undergoes
PIA. This is the first time that tephroite has been observed to
undergo amorphous transformation. Due to the occurrence of
amorphization, unit-cell parameters and structural information
of tephroite above 20 GPa cannot be obtained.

The P-V compression curve of the tephroite sample in the
pressure range of 0—20 GPa was fitted to the third-order Birch-
Murnagham equation of state (BM3-EoS) (Birch 1947) using the
EoSFit software package (Angel et al. 2014). The EoS parameters,
including the zero-pressure volume (Vp,), isothermal bulk modulus
(Kpn), and its pressure derivative (Kp), were obtained without any
constraints. The best-fit parameters are: ¥ =325.22(13) A, K =
124(1) GPa, and K7, =4.67(29). Compared with other end-member
olivines, the bulk modulus of tephroite indicates that it is the most
compressible end-member studied (Online Materials' Table S5).
The bulk modulus of transition-metal olivine (Mn,Fe,Co,Ni),SiO,
decreases linearly with increasing ionic radius (Online Materials!
Fig. S3). The relationship between the Eulerian strain (f;) and
normalized pressure (F;) shows a slightly positive slope (Fig. 2a).
The weighted linear fit of the f;-F; plot yields Ky, [124.3(8) GPa]
and K7, > 4, which are in good agreement with those from the
BM3-EoS fit, indicating that the BM3-EoS is suitable for fitting the
high-pressure data. The axial compressibilities are also determined
using the BM3-EoS (Online Materials' Fig. S4 and Table S6). The
ambient-pressure axial compressibility B is defined as 1/(3M)).
At ambient pressure, the axial compressibilities of the three axes
are B, = 6.03(16) x 10* GPa™', B, = 1.22(2) x 10~ GPa™, and
B.o=9.78(37) x 10~* GPa™'. The ratio of the axial compressibility
at ambient pressure is B,0:Bp0:B0 = 1.00:2.02:1.62. The tephroite
crystal exhibits elastic anisotropy under compression, where
the compressibility along the b-axis is the highest. The relative
axial compressibility of tephroite is comparable to that of other
end-member olivines (Online Materials' Fig. S4). To accurately
account for the further understanding of compressional behavior
under high pressure, we investigate polyhedral compression with
pressure by crystal structure refinement. The pressure dependen-
cies of polyhedral volumes and averaged bond length are shown
in Online Materials' Figures S5a, S5b, and S6.

The high-pressure and high-temperature experiments yield the
same results as the room-temperature and high-pressure experi-
ments; that is, tephroite becomes amorphous upon pressurization to
20 GPa at a temperature of 900 K. After the amorphous transforma-
tion, tephroite does not return to its initial crystal structure despite
a drop in temperature or pressure from the highest temperature
and pressure in this study (~900 K and ~25.5 GPa). Similar to the
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Fi1GURE 1. Single-crystal X-ray diffraction patterns of tephroite at different pressure and temperature conditions. The Miller indices of selected
diffraction peaks are also shown for each phase at specific pressures. Sharp crystalline diffraction peaks appear after 20 GPa. All new closed rings

are identified to Re gasket. (Color online.)

results of the room-temperature and high-pressure experiments,
the pressure of the amorphous transformation of tephroite in the
high-pressure and high-temperature experiments is ~20 GPa.
Temperature does not have a conspicuous effect on the amorphous
transformation.

The pressure-volume-temperature (P-V-T) data of tephroite
below 20 GPa are fitted by the high-temperature third-order
Birch-Murnaghan equation of state (HT-BM3-EoS) (Birch 1947,
Fei 1995) using the EoSFit software package (Angel et al.
2014) (Fig. 2b). The obtained thermal EoS parameters are Vy, =
324.95(7) A, Kp = 122.5 GPa, Ky, = 4.07(25), the temperature
derivative of the bulk modulus (0K/0T)p is —0.022(3) GPa-K ! and
the thermal expansion at room pressure (o) is 4.20(17) x 105K

Raman spectra of tephroite at high pressures

Olivine (M,SiO4, M = Mg, Fe, Mn, Ni, Co) is orthorhombic,
belongs to space group DY, and contains four M,SiO, formula
units in its unit cell. The symmetry analysis of invariant atoms
predicts 84 vibrational modes in the structure of olivine, of
which the 36 Raman-active vibrational modes are 11A, + 11B,,
+ 7B,, + 7B;, (Chopelas 1991; Kolesov and Geiger 2004). The
prominent two Raman peaks (v, and v;) of olivine crystals are
the Si-O stretching mode produced by the coupled vibration of
the SiO, tetrahedron between 800 and 1000 cm™' under ambient
conditions.

The spectra of tephroite collected in this experiment are
unpolarized (Fig. 3), which ensures that the major peaks can be
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represented and that the wavenumbers of individual bands can be
determined by Lorentzian curve fitting (Online Materials' Table
S7). However, some bands shown in the polarized single-crystal
spectrum are not observed in the spectrum obtained under ambient
conditions. Thirteen of the 36 Raman-active vibrational modes of
tephroite observed are distributed as follows (Fig. 3): symmetric
(v)) and asymmetric (v;) Si-O stretching modes of SiOf in the
range of 810935 cm™!; symmetric (v,) and asymmetric (v4) O-Si-O
bending modes between 392-515 cm™; and lattice vibrations in-
volving translations of Mn?* as well as translations and vibrations
of SiO, tetrahedra in the range of 243-317 cm™'.

The Raman spectra of a single-crystal sample of tephroite at
high pressures are obtained by quasi-hydrostatic pressurization in
a Ne pressure medium up to 29.1 GPa (Fig. 3). The Raman-active
modes shift toward higher frequencies with increasing pressure.
The vibrational frequency is linearly fitted to the pressure, and
the slopes of (Ov/0P); (cm™'/GPa) show that the frequencies in-
crease at rates of 1.3—4.7 cm™'/GPa under pressurization (Fig. 4).
In the high-pressure experiment, the signal collected through the
diamond windows becomes relatively weak, especially for lattice
vibrations in the low-frequency range. The peaks at 276, 287, and
302 cm! gradually become undetectable as the pressure increases.
The principal Raman peaks show slight peak broadening and in-
tensity weakening at ~21.3 GPa, accompanied by the appearance
of some new peaks at 244, 622, and 812 cm™' and loss of defini-
tion in the high-frequency modes. However, upon decompression,
the pressure-induced phase transformation of tephroite does not
return to its initial structure. This phenomenon is consistent with
the results obtained by the SCXRD experiment in this study;
that is, tephroite undergoes a pressure-induced amorphous phase
transition at ~20 GPa.

The isothermal-mode Griineisen parameters (y;r) describe the
variation in v; with pressure at a constant temperature according
to the following formula (Gillet and Guyot 1988):

[5on) (5,

Olnv,
OP
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FIGURE 3. Representative room-temperature Raman scattering
spectra of tephroite obtained in this study up to 29.09 GPa on the stroke
and after decompression to 0.1 MPa. Asterisks (*) represent new peaks.

where v, is the mode frequency under ambient conditions, p is
the molar density, and K is the isothermal bulk modulus. The
isothermal bulk modulus obtained for tephroite in this study is
124 GPa, and the calculated y,; mode Griineisen parameters rang-
ing from 0.3 to 1.64 are shown in Online Materials' Table S7.

DiscussIioN

Compressional behavior of tephroite
The tephroite structure is described as an expanded and
distorted hexagonally close-packed (hcp) array of O atoms.
There are three polyhedral sites in the tephroite: Mn10Oy octa-
hedra, Mn20Qg octahedra, and SiO, tetrahedra (Online Materials'
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FIGURE 4. Pressure dependence of the Raman-active modes for tephroite in the frequency ranges of (a) 180-660 cm™ and (b) 700-1050 cm™,

with linear regression for each vibrational data set. (Color online.)

Fig. S2). The pressure dependencies of the polyhedral volumes
and average bond length are shown in Online Materials' Figures
S5aand S5b. The volumes of octahedral Mn10; (-0.057 A3/GPa)
and Mn20; (-0.09 A%/GPa) and tetrahedral SiO, (-0.011 A>/GPa)
are approximately linearly compressed with increasing pressure.
This result reflects that the compressive behavior of tephroite
is mainly controlled by the Mn104 and Mn20, polyhedra. The
reduction in the Mn2-O average bond length (—4.1%) and Mn20,
polyhedral volume (—13.7%) is slightly larger than that of the
Mn1-O average bond length (-2.8%) and Mn10Og polyhedron
volume (—8.6%), so Mn20Q; is more compressible than Mn10,
(Online Materials' Fig. S5). However, the average bond lengths
of Mn1-0O and Mn2-O are equal, as are the polyhedral volumes of
Mn10O4 and Mn20g, when the amorphization pressure of ~20 GPa
is reached. In fayalite and libenbergite, there is no phenomenon
of amorphization when the average bond length (Mn1-O and
Mn2-0O) and polyhedral volume (Mn1O, and Mn2Qg) are the
same at ~15 and ~30 GPa, respectively (Zhang et al. 2017, 2019).

The degree of shortening of the Si-O bond is 3.2%, which
is greater than that of Mn1-O by ~2.8%. For comparison, the
average bond lengths of Si-O are shortened by only 1.4, 1.5,
and 1.6% in forsterite, fayalite, and libenbergite, respectively
(Zhang et al. 2017, 2019; Xu et al. 2020a), in the same pressure
range of ~20 GPa. Due to the substitution of Mn** in olivine, the
average bond lengths of Mn1-O and Mn2-O at 20 GPa cause a
large change in that of Si-O, which may be a dominant factor
influencing the PIA of tephroite under relatively low pressure
compared with other olivines.

Pressure effect on Raman spectra and vibrational modes

The crystal structure of tephroite (Online Materials' Fig.
S2) represents conspicuous characteristics. The isolated SiO,
tetrahedra have strong internal bonding but are distorted from
the ideal T, to C, symmetry due to the static crystal-field forces
and dynamic interaction between SiO, units. The bonding of Mn
at M1 and M2 is much weaker than that in the SiO, tetrahedron.
Therefore, the lattice vibrations of Mn cations and external SiO,
occur at relatively low wavenumbers and are profoundly affected

by the crystal-chemical environment in which they occur, while
internal SiO, vibrations occur at high wavenumbers, between
800-1100 cm™ (Stidham et al. 1976; Hofmeister 1987; Rao et
al. 1988; Chopelas 1991; Kolesov and Geiger 2004).

The Raman spectra of tephroite are analogous to those of
other end-member olivines. For example, the vibrational modes
of tephroite are considered to systematically shift to frequencies
15-25 cm™ lower than the corresponding bands of forsterite
(Chopelas 1991; Liu and Mernagh 1993; Kolesov and Geiger
2004; Mouri and Enami 2008) but the corresponding vibrational
frequencies of transition metal olivine (Mn,Fe,Co,Ni),Si0, are
similar (Mouri and Enami 2008). In a broad sense, metal ions do
not constitute an important factor controlling the relative motion
of Raman-active vibrations. The approximation of the internal
and external modes effectively describes these vibrations (Stid-
ham et al. 1976). The discrepancies in Raman frequencies are
caused by slightly different nonbonded atomic force constants
due to lattice expansion or contraction when metal ions are
replaced. The Raman spectrum of tephroite is complicated due
to self-absorption (Stidham et al. 1976). More than half of the
low-frequency lattice vibrations seen for forsterite and natural
olivine cannot be observed in this study.

The v; mode at 934 cm™' shows the greatest pressure de-
pendence of the high-frequency Ag modes of SiO, tetrahedra
(Fig. 3), which is similar to previous studies (Chopelas 1991;
Hushur et al. 2009; Liu et al. 2021). A previous study pointed
out that there is a net force on Si toward O1 due to Coulomb
repulsion between Si and three metallic atoms, resulting in the
Si-O1 bond (1.62 A) being shorter than other Si-O bonds (1.64
and 1.67 A). Moreover, v; becomes more sensitive to the volume
of the M1 and M2 octahedra (Lam et al. 1990).

The mode Griineisen parameters of the internal vibrational
modes (v,, v;, and v;) range from 0.3 to 0.62 in the frequency
range above 500 cm™ and are systematically smaller than the
mode Griineisen parameters of 1.02—1.64 in lower-frequency
lattice vibrations (Online Materials' Table S7). The translation
of the isolated SiO, and metallic cations is more sensitive to
changes in pressure, while the Si-O bonds reflect their strong
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bond energy and incompressibility inside the SiO, tetrahedra.
The volume changes mainly depend on the weak bonds in
the crystal structure, and the low-frequency modes associated
with the weak bands are more susceptible to pressure-induced
volume changes. The mode Griineisen parameters obtained from
the pressure shift of the modes are closely related. This sheds
light on the compression mechanism of tephroite controlled by
compression of the voids and MnOg octahedra rather than SiO,4
tetrahedra, which is consistent with the results derived from the
SCXRD structural refinement.

Amorphous phenomena have also been observed in previ-
ous high-pressure Raman experiments on other end-member
olivines. Durben et al. (1993) observed two new Raman bands,
a relatively strong band near 825 cm™ and a weaker band at
~1060 cm!, above 30 GPa in forsterite. The extrapolated ambi-
ent positions of the two new bands are 750 and 960 cm™. Tt is
supposed that forsterite does not experience an olivine-to-spinel
conversion, but the spectral changes are a prelude to amorphiza-
tion at higher pressures. On decompression, forsterite returns to
its initial frequencies during the recovery of the sample under
ambient conditions (Durben et al. 1993; Santamaria-Perez et
al. 2016; Williams et al. 1989). In this study, after the amor-
phization of tephroite, the SiO, tetrahedra may collapse, but the
amorphous-like phase still has a partially ordered structure, so
there will be peaks near 250 and 640 cm™'. When the pressure
is relieved, tephroite tries to restore its original structure like
other end-member olivines (Durben et al. 1993; Rouquette et
al. 2008; Santamaria-Perez et al. 2016), and the characteristic
Raman peaks of olivine at 800-840 cm™' appear. However, due
to the collapse of the structure caused by the amorphization
of tephroite, it is difficult to restore its initial olivine structure
after depressurization, and only the enhancement of the peak
near 830-840 cm™' is seen. A new peak near 750 cm™ in the
frequency range of typical symmetric stretching vibrations of
Si-O-Si dimer linkages is observed in pyrosilicate structures and
B-Mg,Si0, (Piriou and McMillan 1983; McMillan and Akaogi
1987). The formation of high-coordinate Si polyhedral species
or Si-O-Si linkages formed in Si,0, dimer defects is given as the
reason for the emergence of the band at 750 cm™ (Williams et
al. 1989). Similar peaks also appear at frequencies of 820-840
cm ! above 40 GPa for (Mg oFe,,),SiO, that are also considered
to be associated with Si-O-Si linkages between pressure-induced
dimerization adjacent to SiO, tetrahedra that result in fivefold-
or sixfold-coordinated silicate species (Rouquette et al. 2008;
Santamaria-Perez et al. 2016).

Additionally, four new Raman bands are detected in Ni-olivine
under non-hydrostatic compression above 30 GPa, and the vibra-
tion frequencies extrapolated to zero pressure are 944, 843, 737,
and 235 cm™! (Lin 2001). The new bands corresponding to v, at
235 and 737 cm™ are close to the v, found at 215 and 748 cm™'
for tephroite in this study, but v, at 235 and 843 cm™! is not ob-
served in forsterite. It is suggested that the appearance of these
new bands may indicate the formation of a new high-pressure
phase, and it may also imply that irreversible amorphization of
Ni-olivine occurs at higher pressure (P > 40 GPa). However,
the variation in the Raman bands of tephroite is different from
those of forsterite and Ni-olivine. A distinct characteristic is the
disappearance of the prominent vibrational frequencies of v;+v;
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at 809 and 841 cm™! as new bands appear in the Raman spectra
of tephroite at 21 GPa. It indicates that the SiO, tetrahedra may
collapse, but the amorphous-like phase of tephroite still has a
partially ordered structure. If the pressure is increased beyond the
stability field of the structure, the olivine atomic configurations
are frozen and accompanied by atomic rearrangement due to
saturation of the compression mechanism (Machon et al. 2014).

Amorphous transformation pressure of tephroite: The
lowest pressure in end-member olivines

Tephroite undergoes PIA, as observed in both high-pressure
SCXRD and Raman scattering experiments in this study. Similar
observations have been obtained in other end-member compo-
nents of olivine in previous studies.

Partial amorphization of natural peridot (Mg sFey12),S10,
was first observed in a single crystal shock-wave experiment at
~56 GPa (Jeanloz et al. 1977). Fayalite glass with olivine and
spinel phases was first found in laser-heated diamond-anvil cell
(LHDAC) experiments and was similar to that found in shocked
chondritic meteorites (Lacam et al. 1980). Guyot and Reynard
(1992) experimented with San Carlos olivine powder crystalline
samples under high-P-T experiments in a LHDAC. The recovered
samples were mainly amorphous when the temperature was lower
than 700 °C, and the maximum pressure was >70 GPa. How-
ever, the recovered samples from lower pressure (30-70 GPa)
displayed a partial amorphous character and were accompanied
by a hexagonally close-packed lattice (Guyot and Reynard 1992).

Raman spectroscopic investigation of forsterite showed that
all sharp crystalline peaks disappeared at ~54 GPa, indicating
this was the pressure of complete PIA (Santamaria-Perez et al.
2016). Recently, Kim et al. (2021) examined polycrystalline
and single-crystal forsterite by in situ XRD measurements in
laser-shocked experiments. Their results showed that the poly-
crystalline crystals underwent amorphization above 79 GPa,
while the complete amorphous transformation of the oriented
crystals occurred under higher pressure. It is worth noting that
forsterite was shown to transform into an amorphous state upon
decompression to ambient pressure after undergoing a high-
pressure metastable transformation to forsterite III (Finkelstein
et al. 2014). In contrast to the high-amorphous transformation
pressure of forsterite, fayalite becomes amorphous at ~40 GPa.
Williams et al. (1990) observed the irreversible amorphous trans-
formation of fayalite upon compression to 42 GPa by infrared
spectroscopic measurements, which is believed to be associated
with an increase in the coordination of silicon. Additionally,
first-principles molecular dynamics simulations supported the
amorphization of fayalite at 40 GPa (Misawa and Shimojo 2020),
and not only sixfold- but also fivefold- coordinated silicon atoms
were present in the amorphized structure under high pressures.

However, the amorphization pressure is significantly de-
creased without the use of any pressure-transmitting medium.
Under these circumstances, the appearance of amorphous fea-
tures in forsterite only occurs between 30—40 GPa (Durben et al.
1993; Andrault et al. 1995; Rouquette et al. 2008). In particular,
for fayalite, the pressure for the appearance of amorphization
is only 12 GPa (Andrault et al. 1995). Andrault et al. (1995)
conducted in situ energy-dispersive XRD for forsterite-fayalite
solid solutions. They claimed that although a wide range of
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amorphous features was observed at increasing pressure as the
forsterite content increased, the samples still exhibited some
crystalline diffraction at the highest pressures (25-59 GPa). It is
worth noting that the results of Richard and Richet (1990) showed
that the amorphization pressure of fayalite under non-hydrostatic
conditions is similar to that in hydrostatic experiments. Addi-
tionally, new Raman bands were observed in Ni-olivine under
non-hydrostatic compression above 30 GPa, suggesting that
amorphization may occur at higher pressures (>40 GPa) (Lin
2001). However, Ni-olivine still maintained its initial structure,
and no phase transition was observed in a high-pressure SCXRD
experiment up to 42.5 GPa (Zhang et al. 2019).

Combined with the results of the amorphization of tephroite
in this study, it is evident that the amorphization pressure of
olivine decreases with increasing metallic cation radius (Fig. 5).
Tephroite, with the largest metallic cation radius, shows the
lowest pressure for amorphous transformation. Different from
other end-member olivines, the tephroite rapidly undergoes
amorphous transformation without the original characteristics
of olivine crystal. Moreover, the Raman spectra of tephroite do
not return to their initial state upon decompression to ambient
pressure. Compared with previous results (Durben et al. 1993;
Rouquette et al. 2008; Santamaria-Perez et al. 2016), the two
primary Raman peaks related to the Si-O stretching mode (v,
and v;) reappear during the decompression process, which
means the tetrahedrally bonded silicate units are restored. But
this phenomenon does not appear in this paper (Fig. 3). Previous
studies have also observed that the PIA of some materials [e.g.,
berlinite (AIPO,)] returns to the initial crystalline orientation
during the recovery process, the so-called memory glass effect
(Meade and Jeanloz 1991). Later work showed that there is no
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FIGURE 5. Amorphous transformation pressure of end-member
olivine (Mg,Fe,Mn),SiO, with ionic radius. The amorphization pressure
of olivine from previous studies is shown for comparison (Jeanloz et al.
1977; Williams et al. 1990; Richard and Richet 1990; Guyot and Reynard
1992; Santamaria-Perez et al. 2016; Misawa and Shimojo 2020; Kim et al.
2021). The solid circles indicate a mixture of crystalline and amorphous
phases, hollow circles represent the complete amorphous pressure, and
the points inside the hollow circles represent the pressure at which the
samples are partially amorphous. The gray dashed curves represent the
polynomial fits. (Color online.)
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amorphization but a distorted metastable crystalline phase, which
has been proven to be a high-density crystalline phase (Gillet et
al. 1995; Pellicer-Porres et al. 2007).

The type of the sample (single crystal or powder), impurities,
compression rate, and temperature are factors that lead to the
amorphous transformation. (Kingma et al. 1993; Ekbundit et al.
1996; Machon et al. 2014). No system can be compressed infi-
nitely, which eventually leads to structural collapse. When struc-
tural collapse occurs at a low temperature or on a rapid timescale,
ionic or atomic diffusion or bond rearrangement does not occur,
resulting in a new crystalline lattice that is an amorphous solid.
Amorphous material can also be formed under non-hydrostatic
conditions. If the material leaves the metastable extension of its
free energy curve under lower pressure and there is not sufficient
thermal energy to achieve metastable crystals, the process of
amorphization occurs (Machon et al. 2014; Santamaria-Perez
et al. 2016). Rouquette et al. (2008) explained that the spin
transition of iron leads to the amorphization of olivine in the
50 to 75 GPa range through high-pressure Mossbauer data at
room temperature. The substitution of iron for magnesium in the
olivine structure decreases the pressure required for saturation
of the structural compression. Therefore, the reduction in the
iron ionic radius [r2+(HS) = 78 pm and 7¢2+(LS) = 61 pm] after
spin transition causes a local collapse of the structure, resulting
in a downshift in the pressure of the amorphous transition. This
phenomenon is in contrast to the results of this study in that the
amorphization pressure decreases with increasing ionic radius.
The larger Mn ionic radius results in a lower amorphous transi-
tion pressure. The amorphization pressures of forsterite, fayalite,
and tephroite show a downward trend with increasing metal ion
radius. Therefore, Ni-olivine transforms into an amorphous state
under higher pressure than forsterite. The substitution of iron
or Mn ions for magnesium ions may reduce the local energetic
barriers and further affect the structural transformation kinetics
(Santamaria-Perez et al. 2016).

GEOPHYSICAL IMPLICATIONS

The Mn-rich mineral inclusions found in ophiolite-host
diamonds are speculated to have originated at a depth of
200-250 km and to be related to the early subducted normal
mid-ocean ridge basalts (MORB) with a 10% ferromanganese
crustal composition. These Mn-rich minerals included in dia-
monds are mainly Ni-Mn-Co alloys, Mn silicate (e.g., Mn, Ca
silicate with an orthorhombic perovskite structure, tephroite, and
spessartine), and MnO (Robinson et al. 2015; Moe et al. 2018;
Lian etal. 2018; Lian and Yang 2019; Wu et al. 2019). A propor-
tion of Mn-nodules and Mn-bearing sediments are distributed at
the bottom of the ocean (Verlaan et al. 2004), which are in the
subducted slab before the formation of the ophiolite.

The SCXRD and Raman spectroscopy experiments in this
study confirm that tephroite undergoes an amorphous transfor-
mation at ~900 K and ~20 GPa (Fig. 6a). The amorphous phase
cannot return to the original olivine structure after cooling and
depressurization. Moreover, unlike forsterite and fayalite, a
previous study observed that tephroite decomposed into MnO
plus MnSiO; at ~14 GPa and ~1273 K and further decomposed
into MnO plus SiO, at ~30 GPa (Ito et al. 1974). Mn-nodules
are thought to be distributed at the bottom of the oceanic crust
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(Verlaan et al. 2004), and the high density of tephroite promotes
the subduction of the slab into Earth’s interior. There is a situation
when an ancient oceanic slab with lower temperatures subducts
rapidly [e.g., Tonga slab with a center temperature of 800 K
to 600 km (Bina and Navrotsky 2000; Ganguly et al. 2009)],
amorphous tephroite would appear as the slab subducts into the
transition zone and even deeper. In addition, amorphous olivine
may cause grain boundary flow, which enhances sliding and
causes a significant decrease in viscosity (Samae et al. 2021).
The low viscosity of amorphous tephroite and metastable oliv-
ine and pyroxene (Xu et al. 2020b) may be the possible factors
resulting in the stagnation of the cold slab in the transition zone.
Therefore, tephroite may exist in stagnant slabs as an amorphous
phase. However, for the subducting slab with higher temperature,
tephroite may be decomposed into MnO and MnSiO; under high
pressure and high temperature and even continue to decompose
into MnO and SiO,.

Ample evidence suggests that crustal materials subducted
into the deep Earth can be brought back to the surface through
mantle convection or mantle plumes (Xiong et al. 2015; Yang
et al. 2015b). Figure 17 in Yang et al. (2015a) shows that teph-
roite is surrounded by MnO, Mn-garnet, and (Ni,Co);Mn in
ophiolite-hosted diamonds. There may be a situation where the
low-viscosity amorphous tephroite is more likely to be wrapped
in the alloy melt (Fig. 6). During rapid uplift (Howell et al. 2015;
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McGowan et al. 2015), the carbon in the alloy melt is quickly
exsolved as diamond (Sokol et al. 2009). Under the impact
of high temperature, the diamond grows, and the amorphous
tephroite recrystallizes and further decomposes into MnO and
Mn-garnet. The resulting products then encased the recrystal-
lized tephroite. In another possible situation, the amorphous
tephroite crystallized under the influence of high temperature
before being wrapped by a diamond and further decomposed
during transportation. Therefore, the state of tephroite at higher
temperatures needs to be constrained by more experiments.
Mixtures of UHP, highly reduced minerals, and crustal materials
coexist in ophiolitic peridotites and chromitites far from their
normal stability fields (Robinson et al. 2015; Yang et al. 2015a,
2015b), indicating that their formation is multistage and that
UHP and highly reduced minerals are formed in the deep mantle.

The mineral inclusions in diamonds provide a good window
for understanding the deep cycling of oceanic crustal materials
and the composition of the deep mantle. Tephroite can exist in
an amorphous form in a stagnant slab at the transition zone and
even in the lower mantle. Amorphous tephroite or some other
amorphous substances would profoundly influence the distribu-
tion of elements, transparency properties, and kinetic properties
in the Earth’s interior. Further works are of vital importance to
discussing the amorphous phase in the system and may be able
to elucidate deep crustal material recycling.
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