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Abstract. The reaction of 3.65 Å phase <=> clinoenstatite + water was investigated in five experiments at
10 GPa, 470–600 ◦C, using a rotating multi-anvil press. Under these P/T conditions, clinoenstatite exists in its
high-pressure modification, which, however, is not quenchable to ambient conditions but transforms back to low-
pressure clinoenstatite. The quenched run products were characterized by electron microprobe analyses (EMPA),
powder X-ray diffraction (XRD), Raman spectroscopy and by high-resolution transmission electron microscopy
(HRTEM) on focused ion beam (FIB)-cut foils. We bracketed the reaction in the T range 470 to 510 ◦C (at
10 GPa). The hydration of clinoenstatite to the 3.65 Å phase at 470 ◦C was very sluggish and incomplete even
after 96 h. Clinoenstatites range in size from less than 1 to up to 50 µm. Usually clinoenstatite has a very small
grain size and shows many cracks. In sub-micron-sized broken clinoenstatite, an amorphous phase (0.91Mg :
1.04Si, with about 20 wt % H2O) was observed, which further transformed with increasing reaction time into the
3.65 Å phase (1Mg : 1Si, with 34 wt % H2O). Thus, the sub-micron-sized fractured clinoenstatite transformed via
an amorphous water-bearing precursor phase to the 3.65 Å phase. The dehydration to clinoenstatite was faster
but still incomplete after 72 h at 600 ◦C. From the backscattered electron images of the recovered sample of the
dehydration experiment, it is obvious that there is a high porosity due to dehydration of the 3.65 Å phase. Again,
the grain size of clinoenstatite ranges from less than 1 up to 50 µm. There are still some clinoenstatite crystals
from the starting material present, which can clearly be distinguished from newly formed sub-micron-sized
clinoenstatite. Additionally, we observe a water-rich crystalline phase, which does not represent the 3.65 Å phase.
Its Raman spectra show the double peaks around 700 and 1000 cm−1 characteristic for enstatite and strong water
bands at 3700 and 3680 cm−1. The Mg : Si ratio of 0.90 : 1.04 was determined by EMPA, totalling to 81 wt %, in
accordance with its high water content. Diffraction patterns from high-resolution images (fast Fourier transform
– FFT) are in agreement with an orthoenstatite crystal structure (Pbca).

The surprising observation of this study is that, in both directions of the investigated simple reaction, additional
metastable phases occur which are amorphous in the hydration and crystalline in the dehydration reaction. Both
additional phases are water rich and slightly deviate in composition from the stable products 3.65 Å phase and
clinoenstatite, respectively. Thus, as a general remark, conventional investigations on reaction progress should be
complemented by nanoscale investigations of the experimental products because these might reveal unpredicted
findings relevant for the understanding of mantle processes.

The extreme reduction in grain size observed in the dehydration experiments due to the formation of nanocrys-
talline clinoenstatite rather than the slowly released fluids might cause mechanical instabilities in the Earth’s
mantle and, finally, induce earthquakes.
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1 Introduction

For decades, a considerable part of geoscience research has
been focused on the deep water cycle, but there are still
open questions, e.g. how and to what extent water is trans-
ported into the deeper mantle. It is obvious that subduct-
ing slabs must be involved, but details about the mineral
phases and their structural changes with pressure, tempera-
ture and time are often unconstrained. Serpentine and talc
are the most abundant H2O-bearing phases during the sub-
duction of hydrothermally altered oceanic crust. They have
limited thermal stabilities, so they cannot transport H2O into
the deep mantle below depths of about 200 km. Dense hy-
drous magnesium silicates (DHMSs) are considered to be
carriers of water down to greater depths of the Earth’s mantle
via subduction (e.g. Wunder, 1998; Stalder and Ulmer, 2001;
Ohtani et al., 2004; Mussi et al., 2012; Maurice et al., 2018).
They are assumed to be formed from the hydrothermally al-
tered oceanic crust in combination with dehydration reac-
tions, which would produce the water necessary for their for-
mation within the normally dry peridotitic system. If DHMSs
are present in the Earth’s upper mantle, they would have sig-
nificant effects on the properties of the mantle, e.g. elastic
wave velocities and electrical conductivity. They also have
limited thermal stabilities, and their dehydration reactions
during subduction might be associated with water-influenced
processes such as melt generation, metasomatism and seis-
micity (e.g. Ferrand et al., 2017; Zhan, 2020). Therefore, it is
of great importance to study DHMSs’ stabilities and under-
stand phase transitions in detail.

In this article, we focus on the DHMSs 3.65 Å phase,
which is named after the d spacing of its prominent X-ray
reflection. Wunder et al. (2011) synthesized the 3.65 Å phase
as a main product beside traces of the 10 Å phase or stishovite
in multi-anvil experiments at 9.5–10 GPa, 400–500 ◦C, dur-
ing a 3–10 d run duration from a gel of Mg/Si= 1 plus ex-
cess water. The combination of electron microprobe (EMP)
and transmission electron microscopy (TEM) analyses re-
sulted in a chemical formula of MgSi(OH)6, which was
also consistent with an IR-determined high water content
of 34 wt % (Wunder et al., 2011). A combination of the
first principles density functional theory (DFT) calculations,
low T Fourier-transform infrared (FTIR) spectroscopy and
powder X-ray diffraction (XRD; using Rietveld analysis)
revealed that the 3.65 Å phase has a hydrous, A site va-
cant perovskite structure with six-fold coordinated Si and
Mg (Wunder et al., 2012). A single-crystal structure analy-
sis confirmed these results, and its structure was refined in
the space group P21/n in analogy to the stottite group phases
(Welch and Wunder, 2012). Mookherjee et al. (2015) per-
formed high-pressure XRD on the 3.65 Å phase in a diamond
anvil cell (DAC) up to 69 GPa with a PETRA III synchrotron
radiation source(Deutsches Elektronen-Synchrotron, DESY,
Hamburg, Germany). They found that the 3.65 Å phase’s
equation of state is well represented by a third-order Birch–

Murnaghan formulation, with K0 = 83 GPa, K ′0 = 4.9, and
V0 = 194.53 Å3. Combining phase relations from former
studies, the synthesis conditions and the results on elas-
ticity from the first-principles simulations, Mookherhjee et
al. (2015) concluded that the 3.65 Å phase might be present
in cold parts of the subduction zones and perhaps is a rele-
vant phase for the seismological X discontinuity. However,
experiments on the 3.65 Å phase’s P and T stability are still
missing to verify these assumptions.

Within the system of MgO–SiO2–H2O (MSH),
Rashchenko et al. (2016) investigated various reactions, in-
cluding the phases of talc, the 10 Å phase, coesite, stishovite,
enstatite, the 3.65 Å phase and water at high pressures by
in situ experiments via XRD in DAC. They determined that
10 Å phase, 3.65 Å phase, enstatite, stishovite and hydrous
fluid coexist at an invariant point near 10 GPa and 450 ◦C
(Fig. 1). Although the temperature is quite low, the authors
emphasized that the investigated reactions are extremely
fast, which allowed them to observe the forward and back-
ward reactions via in situ XRD. They report a complete
high-pressure breakdown of the 10 Å phase at 9.7 GPa and
500 ◦C in only 35 min. We see considerable weaknesses
in this low-temperature in situ study. The authors report
that the 10 Å phase changed in composition during the first
experimental series by incorporating considerable amounts
of additional water into the structure via the hydrogarnet
substitution. In spite of this change in composition, they
used the altered phase in the second series as starting
material and put the results in one and the single-phase
diagram. This is not appropriate, as the starting materials
of the two sets of experiments are different. The authors
claim to have constrained the stability fields using relative
intensities of a few XRD peaks. Having a closer look at the
results of their experiments, we realized that the reactions
are only approximately constrained. The diffraction patterns
show heterogeneity in the Debye rings, and multiple phases
(stable and metastable) were detected in most of the in
situ observations; thus, these results have to be treated
with care. Furthermore, the mechanism of hydration and
dehydration reactions has to be studied in more detail, and
also as a function of time, because various recent studies
revealed amorphous precursor phases as being intermediate
reaction products in dehydration reactions. Incel et al. (2017)
investigated the breakdown of lawsonite experimentally and
reported the presence of amorphous material appearing
as bubbles or pockets in the matrix after the experiment.
Konrad-Schmolke et al. (2018) studied naturally occurring
hydration reaction products of pyroxene to amphibole
and observed a dissolution–precipitation process in which
an amorphous phase was involved. Applying TEM, they
showed that mineral reactions via an amorphous precursor
phase is possible and suggested a precipitation of the product
phase via repolymerization of the amorphous phase. Perrillat
et al. (2005) reported that the dehydration of antigorite
studied in the in situ multi-anvil experiments proceeds via a
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Figure 1. Stability field of the 10 Å phase and 3.65 Å phase (mod-
ified after Rashchenko et al., 2016). The open red star represents
growth of 3.65 Å phase and solid red stars growth of Cen, accord-
ing to our experiments. The new invariant point at 10 GPa (red
dot) and the phase boundaries (red dashed lines) are approximately
40 ◦C higher compared to the data of Rashchenko et al. (2016).
The dashed black line is the phase boundary of low-pressure cli-
noenstatite to high-pressure clinoenstatite, after Ulmer and Stalder
(2001). Abbreviations: Tc – talc; Cen – clinoenstatite; LCen – low-
pressure clinoenstatite (P 21/c); HCen – high-pressure clinoenstatite
(C2/c); Coe – coesite; W – water; 10 Å – 10 Å phase; St – stishovite;
3.65 Å – 3.65 Å phase.

talc-like precursor phase. Chollet et al. (2011) found a two-
step dehydration process of serpentine in a time-resolved
synchrotron XRD study using a Paris–Edinburgh press and
reported an intermediate hydrous phyllosilicate as precursor
phase.

In this article, we focus on the reaction clinoenstatite (Cen)
+ H2O = 3.65 Å phase, which may be relevant in cold sub-
duction zones, report the results of time-dependent experi-
ments performed as quenched multi-anvil press runs of vari-
able run durations and investigate the run products in de-
tail at the atomic scale to clarify the dehydration and hydra-
tion mechanism. Under the experimental P/T conditions,
the clinoenstatite should be the high-pressure modification
(C2/c), which, however, is not quenchable to ambient condi-
tions (Ulmer and Stalder, 2001) but transforms back to the
low-pressure clinoenstatite (P 21/c).

2 Materials and methods

2.1 Synthesis and high-pressure equilibrium
experiments

Synthesis of the 3.65 Å phase and the high-pressure equilib-
rium experiments were performed in the 800 t rotating multi-
anvil press apparatus installed at the GeoForschungsZentrum
(GFZ) in Potsdam, Germany. We used MgO (+5 % Cr2O3)
octahedra with an edge length of 14 mm as pressure assem-
blies. The starting materials were placed into Pt capsules.
The WC anvils had a truncation edge length of 8 mm. Tem-
perature was measured using W5 %Re–W26 %Re (type C)
with a precision of about±10 ◦C. We determined the temper-
ature distribution within the capsule with the two-pyroxene
geothermometer (for details, see Müller et al., 2017). The
temperature was homogeneously distributed at ±30 ◦C. The
variation of ±30 ◦C is not a real temperature variation but is
due to the limitation of the EMP analyses (mixed analyses of
coexisting pyroxenes). Pressure was calibrated by press load
experiments using several well-known phase transitions. The
estimated pressure uncertainty is about ±0.3 GPa. During
heating, the Walker-type module was rotated through 360◦

with a rate of 5◦ /s to prevent separation of fluid and solid
components (Schmidt and Ulmer, 2004). The press was ro-
tated during the first hour of the run duration of the syntheses
and equilibrium experiments. In our experience, this proce-
dure prevents the formation of foreign phase precipitates. A
detailed description of the press and the experimental method
is given in Koch-Müller et al. (2009).

The starting material for high-pressure equilibrium exper-
iments consisted of a homogeneous mixture of 3.65 Å phase
and low-pressure clinoenstatite, both synthetic, in the mo-
lar ratio of 1 : 1 plus water in excess, according to the
reaction under investigation (Fig. S1 in the Supplement).
The synthesis runs of the 3.65 Å phase were performed at
10 GPa, 425 ◦C and 77 h run duration. We used a gel with a
corresponding composition as a solid starting material that
was prepared after the method of Hamilton and Henderson
(1968). About 5 mg of the gel and 40 wt % of water were
added to the Pt capsule. After quenching the experiments and
slow decompression, the recovered capsules were cleaned,
checked for leakage by weighing and then opened. Low-
pressure clinoenstatite (P21/c) was synthesized at 1 atm by
heating a MgSiO3s glass at 1500 ◦C for 3 h, following the
method described by Anderson and Bowen (1914). The start-
ing materials were mixed, as described above, and ground
together in a mortar. The starting materials were examined
optically (see Fig. S1) and characterized by XRD (see Ta-
ble S1 in the Supplement). Both materials were fully crys-
talline. Table 1 shows the experimental conditions. After the
experiment, the recovered Pt capsule was cut in half and one
was half prepared as a cross-sections mount by embedding it
in epoxy. These mounts were then polished and were further
investigated by Raman spectroscopy, EMP and TEM. Mate-
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rial of the other half was extracted from the Pt capsule, and
powder XRD analyses were performed from the run prod-
ucts.

2.2 Analytic methods

Electron microprobe analyses (EMPA) and backscattered
electron (BSE) images were obtained with the JEOL ther-
mal field emission type (FEG) electron probe (JXA-8500F;
Hyperprobe). The analytical conditions included an acceler-
ation voltage of 15 kV, a beam current of 10–20 nA and a
beam diameter of 1 µm. On-peak counting times were 20 s,
and the background on both sides of the peak were 10 s. As
standard for Mg and Si, we used well-defined synthetic Fe-
bearing ringwoodite. In total, four out of five cross sections
of the capsules after the run were analysed by EMPA.

To identify the different phases in the electron microprobe
mount and estimate the water content, we used Raman spec-
troscopy. The Raman spectra were recorded with a HORIBA
Jobin-Yvon LabRAM HR800 VIS spectrometer (gratings of
1800 lines per millimetre, confocal pinhole set to 1000 µm
and the slit aperture to 100 µm) in backscattering configura-
tion. The spectrometer is equipped with a charge-coupled de-
vice (CCD) detector and an Olympus BXFM microscope. A
Cobolt Blues™ diode-pumped solid-state (DPSS) laser, with
a wavelength of 473 nm, was used for the excitation. To avoid
laser-induced damage of the sample, the laser power was fil-
tered to 25 % or 50 % and the Raman spectra were taken with
six accumulations for 10–30 s each, depending on the sensi-
tivity to the laser power.

Powder (XRD) patterns were recorded in transmission
mode, using a fully automated STOE STADI P diffractome-
ter equipped with a primary monochromator and a 7◦ wide
position sensitive detector. Intensities were recorded in the
◦22 range of 5–125 for Cukα1 radiation in 0.1◦ intervals.
The normal focus Cu X-ray tube was operated at 40 kV and
40 mA, using a take-off angle of 6◦. Counting times were se-
lected to yield a maximum of 4200 counts, resulting in 10 s
per detector step. For quantitative phase analyses and deter-
mination of structural parameter, Rietveld analyses were per-
formed using the General Structure Analysis System (GSAS)
software package (Larson and Von Dreele, 1987) and the
EXPGUI interface (Toby, 2001). In total, three out of five
runs products were investigated by XRD and Rietveld analy-
ses (Table 1).

For transmission electron microscopy (TEM), foils of ap-
proximately 0.150 µm thickness were cut out of the mi-
croprobe mounts of two run products (MA-535 and MA-
527) using a focused ion beam (FIB) technique (FEI FIB
200 TEM) with a Ga-ion source operated with an acceler-
ation voltage of 30 kV (Wirth, 2004). High-resolution TEM
(HRTEM) images and fast Fourier transform (FFT) from
HRTEM were acquired using a FEI Tecnai G2 F20 X-Twin
transmission electron microscope with a FEG electron emit-
ter. The TEM is equipped with a high-angle annular dark

field detector (HADDF) and a Gatan imaging filter (Tridiem).
The composition of each phase studied in the TEM was de-
termined using an EDAX X-ray analyser of the TEM.

3 Results

3.1 XRD and EMP analyses and Raman spectra of the
run products

Run conditions and XRD and EMP results are given in Ta-
bles 1 and 2, respectively. In addition, the run products were
characterized with Raman spectroscopy in the range of 100–
1100 cm−1 (Fig. 2a), and water incorporation into their struc-
tures was checked with Raman spectroscopy in the OH-
stretching range from 3000 to 3800 cm−1 (Fig. 2b). A total
of three out of the five experiments performed were dehy-
dration experiments, and two of them showed growth of the
3.65 Å phase. From the different methods used, we distin-
guished the following four different phases as run products:

i. The dry clinoenstatite (Cen), with its characteristic dou-
ble peaks at around 700 and 1000 cm−1 in the Raman
spectra (Fig. 2a) and only traces of water (Fig. 2b),
which is confirmed by EMPA (Table 2). We collected
several diffraction patterns (FFT from HRTEM) from
FIB foils of this phase, which could only be indexed
on low-pressure clinoenstatite (Fig. 3g). The observed
d spacing and angles between adjacent planes are pre-
sented in Table S2. According to Ulmer and Stalder
(2001), the presence of Raman peaks at 244, 369, and
430 cm−1 indicates that the quenched pyroxene (now
Cen; space group – P21/c) came from either from the
high-pressure (HP) or low-pressure (LP) clinopyrox-
ene stability field and not from the orthoenstatite (Oen;
space group – Pbca). We observed the peaks in the Ra-
man spectra of the quenched Cen samples of each ex-
periment (Fig. 2a).

ii. The 3.65 Å phase, with its Raman lattice band of
269 cm−1 and its characteristic OH bands (Wunder et
al., 2011) between 3100 and 3500 cm−1 (Fig. 2). The
EMP data give Mg : Si ratios of 1 : 1 (calculated on the
basis of 6 OH).

iii. In the hydration runs, we observe an additional water-
rich phase with weight percent (hereafter wt %) oxides,
summing up to 81 % and Mg : Si ratios of 0.91 : 1.04
(Table 2 and Fig. 2). The FTIR spectrum in the OH
stretching region shows an intense peak at 3723 cm−1.
TEM investigation revealed that the phase is amorphous
with partly crystalline areas.

iv. In the dehydration runs, we observe an additional water-
rich phase. Its Raman spectra show the characteristic
double peaks around 700 and 1000 cm−1 for enstatite
(clino- or orthoenstatite) and strong water bands at 3700
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Table 1. Experimental conditions and analytical methods used.

Run number P (GPa)/
T (◦C)

Duration (h) XRD EMP TEM,
FIB
foil

Dehydration
MA-586
MA-526

Experiments
10/510
10/550

120
24

–
Reaction to Cen
completed; traces of
3.65 Å;

Cen reaction completed
–

–
–

MA-535 10/600 72 Reaction to Cen; nearly
completed;

Cen reaction completed;
metastable water-rich
phase

Yes

Hydration
MA-585

Experiments
10/470 30 – Growing 3.65 Å still;

Cen precursor
–

MA-527 10/470 96 Growing 3.65 Å
still; Cen

Growing 3.65 Å
still; Cen
precursor

Yes

Abbreviations: Cen – clinoenstatite; 3.65 Å – 3.65 Å phase

and 3680 cm−1. The wt % oxides, summing up to 81 %
and Mg : Si ratios of 0.90 : 1.04 (Table 2 and Fig. 2).
TEM (FFT of HRTEM) showed an electron diffraction
pattern equivalent to orthoenstatite (Pbca; Fig. 4c). The
observed d spacing and angles between adjacent planes
are listed in Table S2.

3.2 Phase relations

The criterion used to determine the reaction direction for the
runs MA-526, MA-535 and MA-527 was XRD. We com-
pared the initial XRD pattern of the mixture of the start-
ing material with those after the experiments. Experiment
MA-526 contained only traces (< 3 %) of the 3.65 Å phase,
whereas MA-535 showed a complete 3.65 Å phase break-
down. Experiment MA-527 showed significant growth of the
3.65 Å phase, but still Cen occurred in the diffraction pattern.
Experiment MA-585 was a short version of the run MA-527,
and no XRD was performed. The reaction direction of exper-
iment MA-586 could be determined from BSE images ac-
quired in the electron microprobe because only clinopyrox-
ene could be observed (Fig. 4d).

3.2.1 Hydration experiments

From XRD and Rietveld refinement it is obvious that the
3.65 Å phase is growing at the expense of Cen. However,
even after 96 h the reaction is far from being complete (MA-
527). Figure 3a is a backscattered electron (BSE) image ac-
quired with electron microprobe showing a part of a cross
section through the Pt capsule after the experiment MA-527.
The light grey colour corresponds to Cen, which contained

only traces of water (Fig. 2a, b), and the very dark contrast
corresponds to the 3.65 Å phase. Interestingly, there is a third
phase showing an intermediate grey colour, which contains
less Mg, more Si and less water than the 3.65 Å phase with
a Mg : Si ratio of 0.91 : 1.04 and an EMP-determined oxide
sum of about 81 % only, which suggests a water content of
approximately 20 wt %. The minor water content compared
to the 3.65 Å phase is probably the reason for the slightly
brighter contrast in the BSE images. The water incorporation
in the middle grey phase was also confirmed with Raman
spectroscopy (Fig. 2b). Cen crystals range in size from less
than 1 to up to 50 µm. Mostly Cen has a very small grain size
and shows a lot of cracks. The middle grey phase is located in
regions where the crushed pyroxenes dominate. The texture
shown in Fig. 3b indicates that the 3.65 Å phase growths at
the expense of the middle grey phase. Thus, we conclude that
the middle grey phase is a precursor of the 3.65 Å phase. The
hydration experiment MA-585 showed the same result, but
the amount of the amorphous phase and the newly formed
3.65 Å phase was less prominent compared to MA-527, in-
dicating the sluggishness of the reaction (Fig. 3c). To iden-
tify the middle grey phase, we cut thin foils from the EMP
mount of MA-527 exactly where we have grain boundaries
with the 3.65 Å phase using the focused ion beam (FIB) tech-
nique. Figure 3d shows an overview of the FIB foil no. 5417.
The light grey parts are Cen crystals, and the dark part cor-
responds to the middle grey phase in the BSE images. TEM
analyses reveal that the dark phase is mostly amorphous but
can be partly crystalline (Fig. 3e), and furthermore, it is very
sensitive to the electron beam, which suggests the presence
of water. The fact that most of the material is amorphous does
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Table 2. Electron microprobe analyses of selected run products.

MA-527 and MA-385
dark grey;
3.65 Å phase

MA-527 and MA-385
middle grey;
precursor

MA-535
light grey;
clinoenstatite

MA-535
middle/dark grey;
water-rich orthoenstatite

n 14 10 24 21

MgO 28.11(18) 30.13(99) 40.41(23) 29.55(57)
SiO2 42.85(66) 51.53(83) 60.25(26) 51.64(60)
Sum 70.9(72); 81.66(63); 100.66(29); 81.22(83);

based on 6 OH based on 3 O based on 3 O based on 3 O
Mg 0.99(1) 0.91(2) 0.99(1) 0.90(2)
Si 1.00(1) 1.04(2) 1.00(1) 1.04(3)

n is the number of analyses. Numbers in parentheses show the standard deviation.

not exclude that some parts are crystalline. The amorphous
part can be composed of nanocrystalline subunits that appear
in the diffraction pattern as broad scattering intensities due
to the very small grain size. The crystalline parts are mo-
saic crystals, which are composed of an assemblage of the
sub-nanocrystalline subunits, thus forming a crystal. We as-
signed it to the precursor phase. We found remnants of Cen
in the amorphous phase, which clearly indicate a dissolution
process (Fig. 3f).

3.2.2 Dehydration experiments

In the BSE image (Fig. 4a) of the capsule’s cross section
(MA-535), light grey enstatite is visible and, in addition,
a darker phase which is according to the EMPA and Ra-
man spectroscopy not the 3.65 Å phase but a newly formed
phase (Table 2 and Fig. 2). The phase with the light grey
colour is nearly water-free Cen, whereas the new phase is
water rich (Fig. 2b). Only at the bottom part of the cap-
sule shown in Fig. 4a do we observe the darker phase due
to yet unclear reasons. Maybe there was a temperature gra-
dient that has not yet been observed in other experiments
(Müller et al., 2017). Nevertheless, experiment MA-526 al-
ready showed the growth of Cen, and we used this sample
for detailed analyses of the reaction mechanism on a macro-
scopic and microscopic scale. A detailed picture of the cap-
sule is shown in Fig. 4b. We have cut several FIB foils from
the dark grey phase and investigated them with TEM. The
phase was very sensitive to the electron beam, which sug-
gests high water content. Figure 4c shows a HRTEM im-
age, with the corresponding electron diffraction pattern (FFT;
Fig. 4c inset). We took several electron diffraction patterns
and identified them in all cases as being orthoenstatite (Ta-
ble S2). From the texture in Fig. 4b, mainly from the appear-
ance of water-free Cen within the dark grey water-rich phase,
it is indicated that the water-rich orthoenstatite phase trans-
formed into water-free clinoenstatite. Figure 5 shows TEM
bright field images taken from the FIB foil of experiment
MA-535. It shows newly formed sub-micron-sized crystals

in each centre. With HRTEM (FFT), we assigned it to Cen
(inset; Table S2). We observe nanocrystalline reaction prod-
ucts, Cen, and high porosity due to the dehydration (Figs. 5
and S2). Powder XRD of MA-535 only showed Cen without
any traces of the water-rich orthoenstatite, which indicates
that the volume fraction might have been too small to be de-
tected by conventional XRD. Another experiment was held
for 120 h at 10 GPa/510 ◦C (MA-586). EMP analyses of the
polished cross section of the capsule showed that, after 120 h,
the reaction was finally completed, as we only observed dry
clinoenstatite (Fig. 4d). Despite the lower temperature of
510 ◦C versus 600 ◦C, the longer run duration was sufficient
to transform all the hydrous phases into Cen. There was nei-
ther 3.65 Å phase left nor an intermediate phase. Notable is
the occurrence of the nanocrystalline Cen reaction products
in both dehydration experiments. The third dehydration ex-
periment (MA-526) was held for 24 h at 10 GPa/550 ◦C. As
for MA-535, the powder XRD showed only the presence of
clinoenstatite. However, this experiment was not investigated
with an electron microprobe; thus, the formation of the un-
stable water-rich orthoenstatite-like phase could not be con-
firmed for this experiment.

Figure 1 shows the P/T diagram of DHMS, after
Rashchenko et al. (2016), in comparison to our results.
According to our results, the invariant point where the
10 Å phase, 3.65 Å phase, enstatite, stishovite and hydrous
fluid coexist at 10 GPa is at about 40 ◦C higher temperatures.

4 Discussion

The size distribution of the Cen crystals in the hydration and
dehydration experiments is similar – they range in size from
less than 1 to up to 50 µm, but they have a different ori-
gin. In the dehydration experiments, the sub-micron-sized
Cen are newly formed (Fig. 5), whereas in the hydration
experiments the sub-micron-sized Cen represent the break-
down products of the starting material Cen (Figs. 3 and S2).
One could argue that the fractured sub-micron-sized Cen in
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Figure 2. (a) Raman spectra in the range from 100 to 1100 cm−1

from selected phases of the experimental runs of MA-527 and MA-
535. The numbers 244, 369 and 431 are the wavenumbers indicative
of a quenched pyroxene coming either from the HP or LP clinopy-
roxene stability field (Ulmer and Stalder, 2001). (b) Raman spectra
in the range of the OH stretching vibrations from selected phases of
the experimental runs of MA-527 and MA-535. In panels (a) and
(b), MA-535 OH-rich enstatite is in the orthoenstatite space group
(Pbca).

the hydration experiments are formed during decompression
when high-pressure clinoenstatite (HCen) transformed back
to low-pressure clinoenstatite (LCen). However, this is not
the case because it was not observed in other experiments in
which HCen was involved and reacted back to LCen (Chris-
tian Lathe, personal communication, 2021). In both types of

experiments, hydration and dehydration, we observe larger
(up to 50 µm) Cen crystals. We interpret these as remnants
of the starting material (Fig. S1), most probably because
the starting materials were ground together, instead of being
ground separately, so some larger crystals were left.

In the hydration experiment MA-527, most of the Cen
show brittle fractures, indicating that Cen breaks down and
can be observed as cracked sub-micron-sized crystals. Cen
is then dissolved and transforms into an amorphous pre-
cursor phase (Fig. 3b). Remnants of dissolved Cen can be
found in this phase. This precursor phase transforms into the
3.65 Å phase; however, even after 96 h, there are still large
amounts of the starting Cen. Our suggested reaction scenario
is as follows: clinoenstatite breaks down under the conditions
indicated by the small grains full of cracks. The amorphous
precursor phase is formed from the crashed pyroxenes and
transforms into the 3.65 Å phase. This precursor phase is
suggested to be composed of subunits of the 3.65 Å phase
which assemble later to form a kind of mosaic crystals of the
3.65 Å phase. The formation of mosaic crystals from precur-
sor phases is well known from calcite and bassanite (Raz et
al., 2000; Stawski et al., 2020). As mentioned before, amor-
phous precursor phases in dehydration reactions have also
been found in other studies; however, the formation mecha-
nism is not well understood.

In dehydration experiment MA-535, large crystals are sur-
rounded by newly formed sub-micron-sized pyroxenes, with
the still-existing educt Cen as a large crystal and the prod-
uct Cen as fine-grained reaction products. Figure S1 shows
the size distribution of the starting material, and although we
have grounded the mixture, there is some larger Cen left over.
Our suggested reaction scenario is as follows: we assume that
the 3.65 Å phase is unstable under the P and T conditions of
run MA-535 and transforms into a water-rich orthoenstatite-
like metastable phase, which, with increasing reaction time,
transforms to stable, nominally dry clinoenstatite. It seems
that the high water content of this metastable phase favours
the crystallization in the orthorhombic structure. We suggest
that the 3.65 Å phase disintegrates in numerous subunits of
a precursor phase, which is not a classical nucleation of a
new phase (grain size < 1 nm), and these precursors recom-
bine during continuing dehydration to the observed less hy-
drous phase, forming mosaic crystals. This might be a similar
process to the formation of calcite in water where precur-
sors assemble to larger structures and, finally, mosaic crys-
tals (Raz et al., 2000). The formation of mosaic crystals of
zircon from nanometre-sized subunits of zircon has been re-
cently observed and described with zircon from the Vrede-
fort impact structure (Kovaleva et al., 2021). The important
point here is that it is not classical nucleation and growth but
nanometre or sub-nanometre-sized precursors that assemble
to crystals due to surface charging. Such a mechanism would
explain the observed fine lamellae of Cen and the observed
broad diffuse diffraction spots (see the diffraction pattern in
Fig. 4c). It is a characteristic feature of crystals that have been
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Figure 3. Images of the run products of the dehydration experiments. (a, c) Backscattered electron (BSE) images showing parts of the
experimental charges after the runs of MA-527 and MA-585, respectively. Light grey colour – Cen; dark grey colour – 3.65 Å phase;
middle grey – see text. The light circles (see arrows) in the dark grey phase (c) show that it is not stable under the electron beam of the
microprobe. (b) BSE image showing a more detailed part of the experimental charge after the run of MA-527. (d) Overview of a FIB foil
taken from the run product of MA-527. The foil is approximately 15 µm wide. The light stripe is a Pt marker, and the grey parts are the
run products. (e, f) Bright field images taken from the amorphous dark part of the foil shown in Fig. 3d. However, diffraction contrast (dark
patches in the image) indicates that the phase is partly crystalline and contains remnants of pyroxene. (g) High-resolution TEM lattice fringe
image (HRTEM) image of Cen from experiment MA-527. The inset shows the (100) zone axis diffraction pattern indexed as low-pressure
clinopyroxene (see also Table S2 for the d spacings and angles).

assembled from precursors that they form a kind of mosaic
crystal because the individual units are slightly misoriented.
The formation of that intermediate phase through the assem-
blage of precursor phases to finally form Cen is a new mech-
anism not reported before in such a context.

We observed an intermediate reaction with the precursor
phases in each of the hydration and dehydration experiments,
which we would have missed in in situ X-ray experiments
because the precursor phase in the hydration experiments
is amorphous, and the one in the dehydration experiments
could not be detected by X-ray diffraction. The reactions are

not only complex with intermediate phases, but the reaction
rates are quite slow.

Similar textures are described for other mantle-phase
transformations (e.g. Rubie and Ross, 1994; Kirby et al.,
1996; Incel et al., 2017). Due to high nucleation rates and low
growth rates at the onset of transformation, very fine-grained
reaction products will be formed. Hydration and dehydration
experiments strongly differ in the generated porosity, which
is due to volume difference between the educt and product
phases and the huge amount of water expelled during dehy-
dration of the 3.65 Å phase.
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Figure 4. Images of the run products of the dehydration experiments MA-535 and MA-586. (a) BSE image of a cross section of the Pt
capsule after the run of MA-535. The white part at the bottom is part of the Pt capsule. The dark parts at the top show a water-rich enstatite-
like phase, and the other grey phase is Cen. On top, small needles of a Ca–Mg-bearing phase are present, which must be an impurity either
already in the capsule during the experiment or caused during polishing. (b) Details of the cross section of the Pt capsule (Fig. 4a). The
sample consists of Cen (remnants of the starting materials) and very fine-grained newly formed Cen as products of the dehydration reaction.
The dark grey phase is a water-rich metastable orthoenstatite-like phase. Black contrast indicates the high porosity due to the dehydration.
(c) HRTEM lattice fringe image of the dark phase, while the inset FFT of the HRTEM is indexed based on orthopyroxene (see also Table S2
for the d spacing and angles between adjacent planes). (d) BSE image of a part of a cross section of the Pt capsule after the run of MA-586,
where only Cen could be observed with a similar size distribution for Cen as in (b).

In contrast to the dehydration breakdown of serpentine
minerals, which is extremely fast, the breakdown of the
3.65 Å phase is astonishingly sluggish. Chollet et al. (2011)
measured the kinetics of serpentine dehydration in situ and
concluded that it is fast enough to induce mechanical insta-
bilities that may trigger seismicity in the down-going slab.
The two-step dehydration reaction of serpentine was com-
pleted in only 3 h. The experimental results of Rashchenko et
al. (2016), and especially the short time to complete the de-
hydration of the 3.65 Å phase, would suggest that this DHMS
could also lead to fluid-triggered seismicity but deeper in the
slab, as suggested by, e.g., Shirey et al. (2021). However,
in this study, we show that hydrous metastable breakdown
phases were still present after 72 h and such slowly released
fluids may not play a role in generating deep earthquakes.

On the other hand, according to Ferrand et al. (2017), it
is not only the released fluid which may cause seismicity.
They showed that the dehydration of antigorite not only re-

leases fluids but also forms nanocrystalline reaction products
during its breakdown, which can lead to extreme weaken-
ing, transfer of stress to the surrounding rocks and, finally,
cause intermediate earthquakes. Similar observations were
reported by Incel et al. (2017) for the dehydration of glauco-
phane. Shirey et al. (2021) found a correlation between slabs
that are capable of transporting water into the deep mantle
in DHMS with slabs that produce seismicity below 300 km
depth. They propose that the dehydration of DHMS may play
the same role for deep earthquakes as antigorite does for in-
termediate ones, namely that they become extremely weak
through the formation of nanocrystalline reaction products.
Our study proves, for the first time, that this is indeed the case
for the dehydration of the 3.65 Å phase. In a forthcoming
study (Christian Lathe, personal communication, 2021), we
will show that, during the dehydration reaction, clinoenstatite
+ phase A to forsterite+ water, nanocrystalline products are
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Figure 5. Bright field images (plus electron diffraction pattern FFT) taken from the run product of experiment MA-535 showing, in each
centre, a newly formed idiomorphic Cen within a pore. Cen was identified by dhkl spacing and angles between adjacent lattice planes. The
indexing to Cen is, however, not unambiguous in this orientation – it could also be indexed as Oen. However, as the most of our final reaction
products of the dehydration experiments were assigned to Cen (also by XRD), we are in favour of the assignment to Cen. See also Table S2
for the d spacing and angles between adjacent lattice planes.

also produced even though the temperature was (> 700 ◦C)
considerably higher.

5 Conclusions

Our experiments show that neither the mechanism, the kinet-
ics, nor the exact P and T conditions of the apparently simple
reaction 3.65 Å phase⇔ Cen+water were well constrained,
and that the data presented in Rashchenko et al. (2016) are
not constraining the P/T coordinates of the reaction cor-
rectly. Our study is a step forward in understanding the re-
action mechanism. It further indicates that nanoscale investi-
gations are essential for the understanding of hydration and
dehydration processes in the mantle, which may show unpre-
dicted, surprising findings. It is now widely discussed (e.g.
Shirey et al., 2021) that the fluid release from the breakdown
of DHMS may trigger deep earthquakes. The result of the
sluggishness of the dehydration of the 3.65 Å phase, as ob-
tained in this study, indicates that this is most likely not the
case.

However, the extreme reduction in grain size observed
in the dehydration experiments due to the formation of
nanocrystalline clinoenstatite, rather than the slowly released
fluids, might cause instabilities in the Earth’s mantle and, fi-
nally, induce earthquakes.
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