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Abstract

Thermal stability of fayalite (Fe,SiO,) is studied at hydrogen pressures up to 7.5 GPa and temperatures up to 400 °C. Powder
samples of Fe,Si0, were exposed to a hydrogen or deuterium atmosphere for 24 h in the Toroid-type apparatus at pre-selected
pressures and temperatures followed by quenching to the temperature of liquid nitrogen. The phase and chemical composi-
tions of the quenched samples were examined by energy-dispersive X-ray spectroscopy, X-ray diffraction and Raman spec-
troscopy at ambient pressure. The chemical composition of volatile products was studied by quadrupole mass spectroscopy
in the course of heating from — 196 to 20 °C in a pre-evacuated quartz tube. In these experiments, deuterated samples were
used to be sure that the detected compounds could only be formed in the reaction of fayalite with the high-pressure D, gas.
The obtained data allowed us to construct the line of thermal stability of fayalite at hydrogen pressures up to 7.5 GPa. The
decomposition temperature of fayalite was proved to nonlinearly decrease from ~375 °C at the pressures Py, =1.4-2.8 GPa
to~175 °C at Py, =7.5 GPa. At higher temperatures, fayalite fully decomposed to a mixture of silica, water and metallic Fe
or FeH depending on the pressure and temperatures of the hydrogenation.
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Introduction

Olivine is known to be the most abundant mineral in the
Earth upper mantle. The Earth’s crust and upper mantle
also contain many light elements that form various fluids:
H,0, CO,, CH,, H,, etc. At pressures up to 2.5 GPa, water
and hydrogen are shown to coexist as separate, immiscible
phases (Bali et al. 2013). At pressures above 5 GPa (cor-
responding to the depths of more than 200 km), the C-O-H
fluids should be in a reduced state and mainly consist of
H, and CH, according to the available experimental (Sokol

Electronic supplementary material The online version of this
article (https://doi.org/10.1007/s00269-019-01035-z) contains
supplementary material, which is available to authorized users.

> Vadim S. Efimchenko
efimchen@issp.ac.ru

Institute of Solid State Physics Russian Academy
of Sciences, Chernogolovka, 2 Academician Ossipyan str.,
Moscow 142432, Russia

Lomonosov Moscow State University, GSP-1, Leninskie
Gory, Moscow 119991, Russia

et al. 2009) and theoretical (Frost and McCammon 2008;
Woodland and Koch 2003) data. At pressures above 6.3
GPa, the C—O-H fluids are composed of 79 mol% H, and
21 mol% CH, (Sokol et al. 2009). This composition is most
likely the result of chemical reactions, such as the methane
polymerization (Kolesnikov et al. 2009).

Consequently, our understanding of the processes occur-
ring in this part of the Earth interior will be incomplete in
the absence of physical and chemical data concerning the
interaction of silicates with hydrogen at high pressures. In
addition, this interaction is important for understanding the
chemical and physical processes that occur during the birth
and evolution of planetary systems, since olivine (de Vries
et al. 2012) and hydrogen (Eisner 2007) are constituents of
the pre-solar nebulae.

Earlier, X-ray diffraction and Raman spectroscopy
revealed the penetration of hydrogen molecules into the
crystal structure of forsterite (Mg,SiO,) at pressures up to
10 GPa and T~ 1000 K (Shinozaki et al. 2012) followed
by partial decomposition of forsterite to MgO and SiO, at
higher temperatures (Shinozaki et al. 2013). Another end-
member olivine compound, fayalite (Fe,SiO,), was earlier
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studied only at hydrogen pressures up to 1 atm. At hydrogen
pressures below 1 atm, fayalite Fe,SiO, is known to decom-
pose to quartz, iron and water after heating above 800 °C
(Massieon et al. 1993).

The present paper reports on the thermal destruction of
fayalite at hydrogen pressures up to 7.5 GPa. Each sample
was hydrogenated by exposing to a hydrogen pressure from
1.4 to 7.5 GPa and a temperature up to 400 °C. After the
hydrogenation was complete, the sample was rapidly cooled
to the boiling temperature of N,. The quenched samples were
studied by X-ray diffraction, Raman spectroscopy, energy-
dispersive X-ray spectroscopy (EDX) at ambient pressure
and T'=— 188 °C and 25 °C. The composition of the vola-
tile substances in the quenched samples was examined by
quadrupole mass spectroscopy in the regime of heating the
deuterated quenched samples from — 196 to 20 °C.

Experimental methods

The initial samples of fayalite powder were synthesized by
solid-state reaction of silica, carbonyl iron and hematite at
T=1000 °C in a reduced atmosphere. The as-prepared sam-
ple contained a certain amount of particles of unreacted iron,
which were further removed by a permanent magnet.
Hydrogenation of fayalite was carried out in a Toroid-type
high-pressure apparatus with a squirrel-type heater made
of Nichrome wire 0.5 mm in diameter and aminoborane
(NH;BH,;) used as an internal hydrogen source (Antonov
et al. 2017). The fayalite sample and aminoborane were
placed together in a high-pressure cell made of Teflon or
copper and separated from each other by a Pd foil as shown
in Fig. 1. To evolve hydrogen, aminoborane was decom-
posed at P=1.5 GPa by heating to 7=280°C. Aminobo-
rane is known to decompose in several stages, which include
the formation of volatile compounds such as NH,BH, and
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Fig.1 Schematic diagram of a high-pressure cell with aminoborane
NH;BHj; used as a solid hydrogen source. The external diameter of
the cell is 8.5 mm, the thickness of its walls is 0.7 mm
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NHBH; however, all intermediate compounds are thermally
unstable at 7>200 C and transform to a binary mixture of
gaseous H, and solid BN (Storozhenko et al. 2005, Nylén
et al. 2009). The temperature and pressure of the H, gas,
thus, produced were than varied along the routes indicated
in Fig. 2 until reaching the pre-selected 7T=25-400°C and
P=1.4-7.5 GPa. The temperature was measured with an
accuracy of + 10°C with a Chromel-Alumel thermocouple.
The pressure was estimated with an accuracy of +0.3 GPa
using the pressure/ram load dependence determined in sepa-
rate experiments. The amount of hydrogen in the reaction
cell always exceeded the amount of hydrogen absorbed by
the sample by 2-3 times.

The powder sample of Fe,SiO, was exposed to the pre-
selected conditions for 24 h. Then, the high-pressure appa-
ratus with the sample inside it was quenched to the liquid
N, temperature and the pressure was released. The high-
pressure apparatus was disassembled under liquid nitrogen
and the sample was retrieved from the cell and stored in
liquid N, until the measurements.

The elemental composition of the samples was obtained
at room temperature by energy-dispersive X-ray spectros-
copy using Supra S0VP scanning electron microscope with
a field emission gun and an Oxford Inca Energy 450 energy-
dispersive X-ray analysis system.

The composition of the volatile products of the fayalite
hydrogenations was determined on the deuterated samples
using a quadrupole mass spectroscope XT100M Extorr with
the electron beam ionization. The energy of electrons in the
beam was 70 eV.

Raman spectra from the hydrogenated and initial sam-
ples were recorded in a back-scattering geometry using a
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Fig.2 The temperature and pressure routes of the fayalite hydrogena-
tion. The arrows indicate the ways of changing the pressure and tem-
perature. The asterisk shows the conditions of decomposition of the
NH;BH; or AID; compound used to fill the high-pressure cell with a
H, or D, gas, respectively
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micro-Raman setup comprised of an Acton SpectraPro-
25001 spectrograph and a CCD Pixis2K detector system
cooled down to — 70 °C. The measurements were performed
near the liquid nitrogen temperature in the spectral range
from 140 to 4500 cm™'. The 532 nm line of a single-mode
YAG CW diode pumped laser was focused on the sample
by an Olympus 50 X objective in a~2-pm diameter spot
that was slightly defocused due to the light refraction in the
nitrogen vapors. The spatial resolution was also~2 pm and
the spectral resolution varied between 2.3 and 4.1 cm™".
The laser line in the scattered beam was suppressed by a
super-notch filter with the optical density OD =6 and band-
width ~ 160 cm™!, while the beam intensity before the sam-
ple was~5 mW. The data acquisition time was 120 s.

The quenched samples were also studied by powder X-ray
diffraction at ambient pressure and — 188 °C using a Sie-
mens D500 diffractometer equipped with a home-designed
nitrogen cryostat that permitted loading metastable powder
samples without their intermediate warming.

Results

According to the results of energy-dispersive X-ray spec-
troscopy (EDX) presented in Table 1, the concentrations of
iron, silicon and oxygen in the initial sample were close to
those of the fayalite compound Fe,SiO, with a small excess
of iron. The small amount of carbon resulted from the lumi-
nescence of the sample substrate. An X-ray examination
of these samples at room temperature showed them to be
single-phase fayalite with an orthorhombic Pnma structure
and lattice parameters a=10.471(6) A, b=6.087(4) A,
c=4.817(4) Ain agreement with (Anthony et al. 2001).
The quenched samples of hydrogenated fayalite were
studied by scanning electron microscopy (SEM), energy-
dispersive X-ray spectroscopy (EDX), X-ray diffraction,
Raman spectroscopy and Quadrupole mass spectroscopy.
Figure 1S (Online Resource 1) presents a SEM image of the
initial sample. Figures 2S and 3S (Online Resource 1) show

Table 1 The composition of the initial sample determined by energy-
dispersive X-ray spectroscopy

Element Weight% Atomic% Atomic
ratio ele-
ment/Si

C 1.24 2.86 022

(0] 34.29 59.30 512

Si 12.05 11.87 1

Fe 52.42 25.97 2.2 (1)

Totals 100 100

two different areas on the surface of the sample hydrogen-
ated at P=7.5 GPa and T=280 °C. As one can see, the
surface of the hydrogenated sample is covered with white
and gray particles. This heterogeneity of the sample surface
implies the destruction of the fayalite compound.

Table 2a presents the mean contents of the elements
on the surface of the hydrogenated sample inside the
200%150 pm square shown on Fig. 2S (Online Resource
1). As it is seen, the obtained atomic ratio Fe/Si=1.44 is
significantly less than the approximately stoichiometric ratio
of the initial sample.

The white particles bounded with the rectangle on Fig. 3S
(Online Resource 1) consist of silicon dioxide SiO, with a
small admixture of iron. The presence of the particles of
nearly pure SiO, in the hydrogenated samples additionally
confirms the decomposition of the hydrogenated faylite.

The decomposition of the hydrogenated fayalite and the
formation of silicon dioxide were also confirmed by Raman
spectroscopy for the samples hydrogenated at P=3.3 and 7.5
GPa. Figure 3 shows the Raman spectra collected at ambient
pressure on the quenched samples submerged in liquid nitro-
gen. As seen from Fig. 3, the lines of fayalite disappeared
after the increase in the hydrogenation temperature from 200
to 220 °C at P=3.3 GPa and from 150 to 200 °C at P=7.5
GPa. Instead of the fayalite lines, a few peaks of the coesite
phase of SiO, arose in the Raman spectra. At the same time,
there were no lines of any iron-containing compounds. This
could be due to the formation of a metallic iron-containing
phase invisible in the Raman spectra.

To verify the formation of such a phase, we hydrogenated
a few samples at P=1.4-7.5 GPa and T=25-400° C and
studied them by X-ray diffraction at ambient pressure and

Table2 The total composition of the sample hydrogenated at P=7.5
GPa and T=280 °C and examined by EDX

Element Weight% Atomic% Atomic
ratio ele-
ment/Si

(@

CK 1.80 4.48 0.22
OK 24.37 45.57 2.26
Mg K 0.53 0.65 0.03
SiK 18.94 20.18 1

Fe K 54.36 29.12 1.44
Total 100.00

(b)

OK 54.62 68.27 2.19
SiK 43.76 31.16 1

Fe K 1.61 0.58 0.019
Total 100.00

The expected experimental errors are indicated in the rightmost col-
umn

The data in (a) and (b) are averaged over the areas marked with the
rectangles on Figs. 2S and 3S (Online Resource 1), respectively
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Fig.3 Raman spectrum of the fayalite (Fe,SiO,) sample in the initial
state and after hydrogenation at P=7.5 GPa (upper figure) and 3.3
GPa (lower figure) measured at liquid nitrogen temperature and ambi-
ent pressure. The labels denote the temperature of the hydrogenation.
Asterisks mark the peaks corresponding to the coesite phase of SiO,

T=- 180 °C. Typical X-ray diffraction patterns are shown
on Fig. 4. Phase compositions of the hydrogenated samples
determined by profile analysis of the obtained X-ray patterns
are listed in Table 3. As one can see, the initial Pnma fayalite
structure collapsed after the hydrogenation at T=400 °C
and P=1.4-2.8 GPa and at a much lower temperatures of
T=200-280 °C at higher pressures of P=3.3-7.5 GPa.

Depending on the hydrogenation pressure, these decom-
posed samples consisted of two phases: a silicon dioxide
phase in the form of quartz or coesite and a metallic phase
of bee iron or dhep iron hydide (bcc =body-centered cubic;
dhcp =double-hexagonal close-packed). As seen from
Table 3, phase compositions of these samples correspond
to the atomic ratio Fe/Si <2 in agreement with the EDX
results (Table 2a). The deficiency in iron compared to the
initial composition of the fayalite sample (Table 1) is likely
to be due to the partial dissolution of iron in the Pd foil used
to separate the sample and NH;BH; in the high-pressure
cell. Some iron could also be lost when disassembling the
high-pressure cell, because the magnetic Fe and FeH parti-
cles could stick to the steel tools.

@ Springer

Fig.4 X-ray diffraction patterns of the samples hydrogenated at
T=280 °C and pressures of 2.8 (a), 3.3 (b) and 7.5 (c) GPa. All spec-
tra were collected on the quenched samples at ambient pressure and
T=- 180 °C using CuKa radiation

The chemical composition of volatile products resulted
from the hydrogen-induced decomposition of fayalite was
studied by quadrupole mass spectroscopy by heating the
quenched samples from — 196 to 20 °C in a pre-evacuated
quartz tube. In these experiments, we used deuterated sam-
ples to be sure that the detected substances could only be
formed in the reaction of fayalite with the D, gas. As shown
on Fig. 5, heating the deuterated sample to — 35 °C led to the
appearance of strong peaks at m/e =3 and 4, thus signaling
on the decomposition of the iron deuteride. Further heating
led to the appearance of lines at 19 and 20 m/e, which could
be attributed to DHO and D,0 molecules. There were no
lines attributable to SiD, at any studied temperatures.

In all our experiments, the amount of NH;BH; placed in
the high-pressure cell was chosen so as to release molecular
hydrogen in an amount corresponding to the molar ratio H,/
Fe,Si0,=5. This warranted that molecular hydrogen was
always in access in the high-pressure cell. Depending on
whether or not the dhcp iron hydride was formed, two paths
of the reaction of fayalite with high-pressure hydrogen were,
therefore, possible. At hydrogen pressures up to 3.3 GPa,
fayalite decomposed by the reaction:

Fe,SiO, + 2H, — 2Fe(bcc) + SiO, + 2H,O. )
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Table3 Pressuresand P (GPa) T(°C) Fayalite (mol%) Fe bee (mol%) FeH (dhcp)  SiO, (mol%)
temperatures of hydrogenation (mol%)
of fayalite and phase
compositions of the resulting 1.4 350 100 0 0 0
hydrogenated samples
according to X-ray diffraction 400 0 a4 0 26 (quartz)
2.5 280 100 0 0 0
350 100 0 0 0
400 0 41.4 0 58.6 (quartz)
2.8 280 100 0 0 0
400 0 42.3 0 57.7 (quartz)
33 25 100 0 0 0
100 100 0 0 0
200 99.8 0.2 0 0
220 0 36.6 0 83.4 (coesite)
280 0 55 0 45 (coesite)
7.5 150 100 0 0 0
200 25 15 60 0
280 0 0 61.2 38.8 (coesite)
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Fig.5 Quadrupole mass spectra measured in the regime of heat-
ing the quenched samples from — 196 to + 20 °C in a pre-evac-
uated quartz tube. The samples were deuterated at P=7.5 GPa and
T=280°C

At a pressure of 7.5 GPa, the dhcp iron hydride was
formed instead of bcc iron:

Fe,Si0, + 3H, — 2FeH(dhcp) + SiO,(coesite) + 2H,0.
(@)

Discussion

In the 7-P diagram of Fig. 6, the orange-black, green—black
and green—violet circles stand for the samples of fayalite
destructed, while exposed to the indicated pressure and
temperature in an atmosphere of molecular hydrogen. The
empty circles show the P-T conditions under which the
fayalite retained its initial crystal structure. Using these
data, we constructed an approximate line of the fayalite

Fig.6 The empty circles show that fayalite remained thermally
stable under the indicated 7 and P. The orange-black and green—
black circles show that fayalite decomposed, respectively, to the
Qz+FeH,(bcc) +H,0+H, or Coe+FeH (bcc) +H,0 +H, mixtures.
The green—violet circles indicate the decomposition of fayalite to the
Coe + FeH(dhcp) + H,0 + H, mixture. The asterisk shows the decom-
position temperature of fayalite determined earlier (Massieon et al.
1993). The upper boundary of the stability region of fayalite is shown
by the solid red line and extended by a dotted curve into the yet unex-
plored pressure interval below 1.4 GPa. The empty and filled trian-
gles indicate, respectively, that forsterite remained thermally stable
(Shinozaki et al. 2012) or decomposed (Shinozaki et al. 2013). The
black dotted line represents the speculative temperature of the forster-
ite decomposition under hydrogen pressure. The green dash and blue
dash lines are the lines of phase transitions in SiO, (Cohen and Wil-
liam 1967) and in the Fe—H system (Hiroi et al. 2005)

decomposition depicted in the figure by the red line. Other
lines in the figure show phase transitions in the products
of fayalite decomposition (Cohen and William 1967; Hiroi
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et al. 2005). As one can see, the decomposition tempera-
ture of fayalite is 375 °C at hydrogen pressures 1.4-2.5
GPa. The decomposition temperature drops to 210 °C
when the fayalite decomposition line crosses the line of the
quartz—coesite phase transition (Cohen and William 1967).
Further increase in the hydrogenation pressure up to 7.5 GPa
gradually lowers the decomposition temperature to 175 °C.
The drop in the temperature of decomposition of fayalite
from 375 to 210 °C at pressures of 2.5-3.3 GPa, as well
as its further decrease to 175 °C at P=7.5 GPa can be
explained by phase transitions in the decomposition prod-
ucts of fayalite. The first drop is likely to be due to the
quartz—coesite phase transformation of the silica. Since
coesite is denser than quartz, this shifts equilibrium (1) to
the right and lowers the temperature of the fayalite decom-
position. Similarly, the decrease in the volume of the system
due to the formation of iron hydride could further lead to
the observed decrease in this temperature from 210 °C at 3
GPa tp 175 °C at 7.5 GPa. The maximal value T=375 °C
of the decomposition temperature of fayalite, observed in
our experiments, is significantly lower than 7=800 °C,
previously obtained at a hydrogen pressure below 1 atm
(Massieon et al. 1993). This suggests a strong drop in the
decomposition temperature of fayalite at pressures below 1.4
GPa. The possible behavior of the T(P) dependence in this
pressure interval is shown in Fig. 6 by the red-dotted line.
According to (Shinozaki et al. 2012), forsterite persists
after hydrogenation at P=9.8 and 11 GPa and T=723 °C.
A further increase in the temperature to 1100-1500 °C in
a wide range of hydrogen pressures of 2.5-14 GPa leads
to a partial decomposition of forsterite to periclase (MgO)
and SiO, (Shinozaki et al. 2013). Based on these data, we
concluded that forsterite should decompose after heating
above 1000 °C at hydrogen pressures P >2.5 GPa. This is
shown in Fig. 6 by the black-dotted line. A comparison of
the decomposition temperatures of fayalite and forsterite led
us to the conclusion that the stability of olivine under hydro-
gen pressure strongly depends on the Mg/Fe ratio. Besides,
the decomposition products of the iron- and magnesium-
containing olivines are different. As described above, Fe*
cations are always completely reduced from fayalite Fe,SiO,
under hydrogen pressure and form bcc iron or dhcp iron
hydride. In contrast, magnesium metal is never formed as a
decomposition product of forsterite Mg,SiO, in a hydrogen
atmosphere. Magnesium cations are always bound to oxy-
gen anions and form periclase MgO. It can also be noted in
this connection that a separate study of the MgO—-H, system
showed the persistence of periclase even after its hydrogena-
tion at P=3.2 GPa and T=1430 °C (Shinozaki et al. 2013).
In a hydrogen atmosphere, silica SiO, completely decom-
poses to monosilane SiH, and water at temperatures above
1000 °C (Shinozaki et al. 2014; Futera et al. 2017). At pres-
sures above 1.4 GPa and temperatures above 1000 °C, the

@ Springer

reactions (1) and (2) of hydrogen with, respectively, forster-
ite and fayalite should be rewritten as:

Fe,Si0, + (6 + x)H, — 2FeH, + SiH, + 4H,0, 4)
where x is varied from 0O to 1 depending on the pressure.

It is worth noting that reaction (4) requires four additional
moles of H, compared to the reactions (1) and (2) and there-
fore, it can only occur if the reaction cell contains more than
6 mol of hydrogen per 1 mol of fayalite.

The melting curve of iron hydrides under high hydro-
gen pressures is known to be ~500 °C lower than in inert
medium (Hiroi et al. 2005). As a result, this curve as well
as the melting curves of SiH, and H,O (Katsura et al. 2010)
lie below the geotherm of the Earth’s mantle. Therefore, all
these compounds can only exist as melts and fluids in the
deeper parts of the upper mantle. Further, the denser FeH
melt should percolate through the rocks to the center of the
Earth (Ghanbarzadeh et al. 2017), while the lighter SiH, and
H,O fluids will rise up. Thus, the decomposition products
of fayalite should completely dissolve and disappear from
the hydrogenation region at pressures and temperatures cor-
responding to the upper part of the Earth’s mantle.

Therefore, fayalite should completely disappear from
the mantle or crustal rocks if it comes into contact with
a large amount of hydrogen (H,/Fa > 6). This differs from
the decomposition of forsterite by reaction with the same
amount of hydrogen, which enriches the rocks of the mantle
with solid MgO in accordance with Eq. (3). In this regard,
however, it should be mentioned that silica will not decom-
pose unless the condition H,/Fa > 6 is fulfilled. Also, the
interaction of hydrogen and fayalite should be long enough,
so that the decomposition products can leave the hydrogena-
tion region. Otherwise, silane and water could react with
each other and form mantle rocks enriched in silica.

Summary

In the present work, fayalite was hydrogenated in a Toroid-
type apparatus under hydrogen pressures up to 7.5 GPa and
temperatures up to 400 °C. The studies of quenched hydro-
genated samples at ambient pressure by energy-dispersive
X-ray spectroscopy, Raman spectroscopy, X-ray diffraction
and quadrupole mass spectroscopy allowed us to construct
the 7(P) line of the fayalite decomposition and to obtain the
chemical and phase compositions of the decomposed sam-
ples. The decomposition temperature nonlinearly decreases
with increasing pressure and has a plateau at 7=375° C
at hydrogen pressures of 1.4-2.5 GPa; then, it drops to
210 °C at the intersection with the line of the quartz—coesite
phase transition and further gradually decreases to 175 °C
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at P="7.5 GPa. Taking into account the previous data on
the decomposition of fayalite at pressures below 1 atm, we
assume a decrease in its decomposition temperature from
T=800 to 375 °C at pressures below 1.4 GPa.

The samples hydrogenated at temperatures above their
decomposition line consist entirely of a mixture of quartz
(at P < 3.3 GPa) or coesite (at higher pressures), water and a
metallic phase of iron or its hydride. Under the conditions of
the Earth’s mantle, these products should form FeH  melts
and SiH, and H,O fluids, which migrate to the upper or
lower layers of the Earth’s interior, depending on their den-
sities. Fayalite could completely disappear from the mantle
rocks if it interacts with a sufficient amount of hydrogen.
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