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Abstract
The behavior of chrysotile  Mg3(Si2O5)(OH)4 in water medium at simultaneously high pressure and high temperature was 
studied by in situ synchrotron X-ray diffraction using a diamond anvil cell. In contrast to previous ‘dry’ experiments, chryso-
tile in water-saturated conditions undergoes two-phase transitions and exhibits higher thermal stability. At 260 °C / 3.7 GPa 
the initial chrysotile (phase I) transforms to the ‘chrysotile-like’ phase II, followed by the appearance of the ‘chrysotile-like’ 
phase III at 405 °C / 5.25 GPa. Phase III is characterized by enlarged interlayer distances, presumably resulting from the 
 H2O intercalation into the interlayer space. During further compression, the ‘chrysotile-like’ phase III is decomposed to the 
10 Å phase  Mg3(Si4O10)(OH)2·xH2O, the 3.65 Å phase MgSi(OH)6, phase D, forsterite, enstatite and coesite or stishovite. 
The 3.65 Å phase appears at 8.8 GPa / 500 °C. The series of transformations leads to a water deficiency in the system, 
restricting the complete transformation from the 10 Å phase to the 3.65 Å phase. These data emphasize the crucial role 
of excess water in the stabilization of the high-pressure hydrous phases. The present study is the first in situ observation 
of sequential transformations of hydrous phases: serpentine → 10 Å phase → 3.65 Å phase, important as a potential water 
transport mechanism to the deep mantle.
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Introduction

Serpentine-group minerals, including antigorite, lizardite, 
and chrysotile, are the common products of hydrothermal 
alteration of ultramafic rocks. They are the major hydrous 
phases in the oceanic lithosphere and contribute to the dehy-
dration processes in subduction zones (Schmidt and Poli 
1998; Dobson et al. 2002; Fumagalli and Poli 2005; Ohtani 
et al. 2018; Gasc et al. 2011, 2017). At serpentine dehy-
dration, the released hydrated fluid triggers partial melting 
in the volume forming the magma capsules at arc regions 
that are accompanied by seismic activity (Proctor and Hirth 
2016).

Serpentine-group minerals are trioctahedral phyllosili-
cates that are constructed from 1:1 layers of alternate octa-
hedral and tetrahedral sheets (Wicks and O’Hanley 1988). 
This stacking varies from the planar structure in lizardite to 
cylindrically rolled layers in chrysotile and periodic rever-
sals of the polarity of each layer in antigorite. Among the 
serpentine-group minerals, antigorite is the most stable 
at high-pressure (HP) and high-temperature (HT) condi-
tions (Ulmer and Trommsdorff 1995, 1999; Wunder and 
Schreyer 1997; Bromileyand Pawley 2003; Nestola et al. 

2010). Interestingly, kinetics studies of antigorite decom-
position revealed an intermediate assemblage of the ‘talc-
like’ phase + forsterite, which appears prior to the formation 
of the stable anhydrous products, forsterite and enstatite, 
above 650 °C at 4GPa (Perrillat et al. 2005; Chollet et al. 
2011). Note that hydrous phases resulting from serpentine 
decomposition at high pressure, such as dense hydrous mag-
nesium silicates (DHMS), are of particular interest because 
they contribute to the  H2O transport into the Earth interiors 
(Wunder 1998; Ohtani et al. 2004; Ohtani 2015; Koma-
bayashi and Omori 2006; Pamato et al. 2015; Wunder et al. 
2011; Welch and Wunder 2012; Mookherjee et al.2015). 
Among DHMS only the 10 Å phase and the phase A have 
been detected during antigorite dehydration (Ulmer and 
Trommsdorff 1995; Inoue et al. 2009).

The upper P–T stability of chrysotile in the  H2O-saturated 
system, determined by equilibrium quench experiments, is 
limited by the decomposition to forsterite + talc /10 Å phase at 
500–550 °C (14 GPa) (Ulmer and Trommsdorff 1999). Chrys-
otile is restricted to lower temperatures of 200–300 °C. Chrys-
otile is a metastable serpentine variety that can be transformed 
into antigorite (Evans 2004). The kinetics of this transforma-
tion is extremely sluggish. This explains the meta-stability 

Fig. 1  In situ transformations observed in the chrysotile–water sys-
tem plotted on the P–T plane. Initial chrysotile (phase I) is trans-
formed to the ‘chrysotile-like’ phases II and III. The 10  Å phase, 
the 3.65  Å phase, enstatite (En), forsterite (Fo), stishovite (St), and 
coesite (coe) are products of chrysotile decomposition. Geotherms are 
shown be dashed lines with arrows: Normal (red), Cold (blue), and 
Ultracold (violet), example of Tonga locality (Syracuse et al. 2010). 
Curves corresponding to the stability fields of the 10 Å and 3.65 Å 
phases are plotted (Pawley and Wood 1995; Chinnery et  al. 1999; 

Pawley et al. 2011; Peacock and Wang 1999) and corrected in accord-
ance to transformations observed in the present chrysotile–water sys-
tem at quasi-equilibrated conditions. The dashed broken line (navy 
color) with point numbers 1–4 exhibits the stability boundary of 
chrysolite determined by equilibrium quench experiments (Ulmer and 
Trommsdorff, 1999): at/above broken line (higher ~ 4 GPa / 500 °C) 
serpentine is decomposed by means: Chrysolite → forsterite + 10  Å 
phase + H2O. The set of phases (3.65 Å + 10 Å + En + Fo + St + D) is 
observed above ~ 9 GPa
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of chrysotile up to about 400 °C as reported from both field 
observations and experimental data (e.g.,Mellini et al. 1987; 
Chernosky et al. 1988). Therefore, chrysotile, a widespread 
alteration mineral of ultramafic rocks, deserves attention as a 
possible participant of metamorphic processes during the sub-
duction of hydrated peridotites. In this connection, we inves-
tigate the HP–HT behavior of chrysotile in the presence of 
water by in situ methods, which have not been studied so far. 
Here, we present the first in situ HP–HT synchrotron X-ray 
diffraction investigation of chrysotile and its decomposition 
products under  H2O-saturated conditions up to 22 GPa and 
620 °C (Fig. 1).

Experimental details

Sample investigated

A sample of chrysotile from Thetford Mines (Quebec, 
Canada) was used as the starting material in this study. 

X-ray fluorescence analysis of this sample yielded a for-
mula  Mg2.93Fe0.05Al0.06Si1.96O5(OH)4, which deviates from 
the ideal formula  Mg3(Si2O5)(OH)4 with minor amounts of 
 Al2O3 and FeO but is consistent with the average electron-
microprobe data of Thetford chrysotile in veins (Cogulu and 
Laurent 1984). The sample was ground to a powder with a 
particle size < 2 µm. X-ray diffraction (XRD) patterns of the 
Thetford sample in the DAC show that, apart from chryso-
tile, there is a small amount of quartz (Table 1), which is 
typical for chrysotile samples from Thetford. In addition, a 
small sphere (~ 2 μm in diameter) of corundum (ruby) was 
inserted in the DAC as an auxiliary pressure indicator.

In situ X‑ray diffraction

X-ray diffraction measurements were performed at the 
BL10XU beamline of the SPring-8 synchrotron radiation 
facility (Hyogo, Japan). The BL10XU beamline has an opti-
cal hutch and two experimental hutches. One experimental 

Table 1  P–T–t scheme of the experiments in the chrysotile–water system

Abbreviations and signs are: chrysotile (Ctl); plus, + phase is available; minus, – phase is absent; plus is given in parentheses, ( +) that phases 
are in minor or remnant amounts; ice VII (ice); coesite (coe) or stishovite (st) above 7 GPa. Note that minus sign marks the absence of the phase 
only in small volume, where X-ray diffraction signal was collected, whereas the DAC working volume is larger and, hence, may include this 
phase. Detected impurity phases (corundum, quartz, Re, and Au metals) are described in the text and shown in XRD pattern figures. Pressure 
was measured using the gold state equation (Sokolova et al. 2013). Accuracy of measurements is following: pressure ± 0.1 GPa and tempera-
ture  ± 1.5 °C. Superheated ice VII is observed at points 6 and 7

Observa-
tion No

Time (min) P (GPa) T (°C) Phase 
I
 = Ctl

Phase
II

Phase
III

10 Å phase 3.65 Å phase Ice Enstatite Forsterite Coe/st

1 0 3.19 27  + – – – –  + – – –
2 62 3.19 65  + – – – –  + – – –
3 234 3.76 110  + – – – –  + – – –
4 317 3.4 155  + – – – –  + – – –
5 355 3.78 215  + – – – – – – – –
6 418 3.67 260 –  + – – –  + – – –
7 470 5.04 365 –  + – – –  + – – –
8 505 5.25 405 – ( +)  + – – – – – –
9 542 5.08 458 – –  + – – – – – –
10 569 5.17 502 – –  + – – – – – –
11 617 5.84 505 – –  +  + – –  +  +  + 
12 645 6.61 503 – –  +  + – –  +  +  + 
13 672 5.58 500 – –  +  + – –  +  +  + 
14 703 7.3 505 – –  +  + – –  +  +  + 
15 731 8.84 503 – – ( +)  +  + –  +  +  + 
16 755 11.1 501 – – –  +  + –  +  +  + 
17 768 14.4 431 – – –  +  + –  +  +  + 
18 794 15.4 453 – – –  +  + –  +  +  + 
19 834 14.46 620 – – –  +  + –  +  +  + 
20 870 22.4 125 – – –  +  + –  +  +  + 
21 910 19 24 – – –  +  + –  +  +  + 
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hutch used is optimized for high-pressure and high-tem-
perature experiments using a laser or resistively heated 
membrane DAC (Hirao et al. 2020). An X-ray beam of 
wavelength λ = 0.41427 Å (energy 29.9 keV) was mono-
chromatized with a Si(111) double crystal and focused to 
the spot of about 20-µm in diameter using X-ray refractive 
lenses. The X-ray beam was focused to the center of the sam-
ple and the patterns (Bragg’s circles) were recorded with an 
image plate (IP) detector (Rigaku RAXIS-IV). The recorded 
diffraction patterns were integrated with the Fit2D software 
(Hammersley et al. 1996).

Analysis of XRD patterns was performed with the Riet-
veld method, using the Topas 4.2 software (Bruker AXS 
TOPAS V4 2008). Rietveld refinements of the initial phases 
were carried out, using an anisotropic preferred orientation 
model because some peaks were unusually strong. These 
peaks were probably due to the presence of microcrystals 
in the powder. The final refinement was stable and led to 
relatively low R-factors. The refined cell parameters and cell 
volume of the main phase (chrysotile) were found. Almost 
all peaks on the patterns were indexed by several phases, 
for instance, point 1 in Table 1: chrysotile (wt. ~ 60%), 
corundum (wt. ~ 15%), and quartz (wt. ~ 10%) and ice VII 
(wt.15%). Based on these XRD data and Rietveld refine-
ments and taking into account the ratio between the XRD 
measured volume and the working volume of the DAC, we 
estimated the total contents of corundum and quartz to be < 2 
wt% and < 1 wt%, respectively.

High‑pressure–high‑temperature 
devices, P‑calibrant and chronology 
of the experiments

HP–HT were generated by a resistively heated membrane 
(Bassett type) DAC (JASRI production, Hyogo, Japan) with 
a pair of 500 μm culet diamonds and a molybdenum resis-
tive heater (Bassett et al. 1993). The chrysotile sample was 
mixed with a small amount of distilled water. Small spheres 
of gold (diameter of ~ 5 μm) were used as the pressure cali-
brant at temperatures above 50 °C.

The sample temperature was controlled by a Pt/Rh 
90%/10%-Pt thermocouple mounted at each anvil nearby 
the gasket. The difference between the two thermocouples 
did not exceed ± 1 °C. The temperature deviation measured 
by the thermocouples in the resistively heated DAC was 
estimated to be ± 1.5 °C (Bassett et al. 1993). Pressure was 
measured using the equation of state of gold (Sokolova et al. 
2013) with an accuracy of ± 0.1 GPa (these data are given 
in Table 1 and Figures). Before XRD measurements at low 
temperature (20–50 °C), the pressure was estimated using 
the ruby luminescence method (Mao et al. 1986). The P–T 
parameters of the in situ experiment are given in Table 1 
and Figs. 1, 2, 3. The XRD pattern at each experimental 
point was recorded for about 20 min. The chronology of the 
experiments is presented in Table 1 and Fig. 2.

Fig. 2  P–T diagram of water 
and the P–T path of our experi-
ments in the chrysotile–water 
system (numbered crosses). 
Solid boundary lines are plotted 
according to the data (Fletcher, 
1970; Hernandez and Caracas, 
2018)
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Results

An overview of the XRD patterns collected from the chryso-
tile + water system at P = 0–22.4 GPa and T = 20–620 °C is 
given in Fig. 3. The XRD data reveal several transformations 
of chrysotile and the decomposition reactions plotted in a 
P–T diagram (Fig. 1). The characteristic peaks of chrysotile 
and its decomposed phases are identified to follow changes 
in the diffraction patterns (Figs. 3, 4, 5, 6, 7). Before describ-
ing the changes observed in chrysotile in detail, it is worthy 
to characterize the state of the  H2O medium throughout the 
P–T path of the experiments. For this purpose, we plotted 
the experimental P–T points on the  H2O phase diagram 
(Fletcher 1970; Hernandez and Caracas 2018; Fig. 2) and 
compared it with the diffraction data in Fig. 3. At low tem-
peratures below 215 °C (3.8 GPa) the XRD patterns contain 
weak peaks of ice VII, for instance, at 2θ = 10.13°, 14.93°, 
and 17.63° at 3.19 GPa / 27 °C, indicating the presence of 
excess water in the load. Additional three peaks at 10.38°, 
14.98° and 18.05° arise at 3.7 GPa / 260 °C and remain 
up to 5 GPa / 365 °C; these Bragg reflections belong to 

the high-pressure ice VII (Fig. 3). This superheated ice VII 
exhibits a similar shift in the X-ray reflections and appears 
within the stability field of liquid water near the ice VII—
liquid boundary (Fig. 2, points 6 and 7). The sudden appear-
ance of the ice VII at 3.7 GPa / 260 °C could be explained 
as the result of partial melting of the ice and water transport 
from the outer zones to the central zone of the DAC. We 
assume that the superheated ice VII is the result of solidifica-
tion of the  H2O–SiO2–MgO solution arising from the partial 
dissolution of chrysotile and the presence of a small amount 
of quartz impurity (Table 1). Within the P–T range of 3.6–5 
GPa / 260–360 °C, the water medium probably consists of a 
mixture of ice and liquid. Upon the further temperature rise 
to 400 °C, the system enters the stability field of the super-
critical fluid, which is manifested by the disappearance of 
the ice VII peaks (Fig. 3). Note that, on temperature release 
down to 125 °C at 22 GPa, the ice peaks did not reappear, 
which indicates the absence of excess water in the sample.

The XRD patterns (Fig. 3) show that the initial chryso-
tile (phase I, PhI) transforms to the first intermediate phase 
II (PhII) at T = 260 °C and P = 3.7 GPa. A new low-angle 

Fig. 3  In situ synchrotron X-ray diffraction patterns of the chryso-
tile–water system recorded at pressure up to 22.4 GPa and tempera-
ture up to 620 °C. Wavelength of synchrotron X-ray beam is equal to 
0.4143  Å. Peaks of chrysotile (Ctl), phases I–III (PhI–PhIII), forst-
erite (Fo), enstatite (En), 10 Å phase (10 Å), 3.65 Å phase (3.65 Å), 
phase D (D) corundum (•), ice VII (i), quartz (q), Re and Au metals 
are marked correspondently. Characteristic peaks of selected phases 

are framed. ‘Low’ frame highlights the XRD anomalies in the low-
angle range (see details in Fig. 4). Chrysotile (hkl)-peaks and corun-
dum peaks are marked on the first XRD pattern. The P–T points of 
subsequent phase formations are marked in the central part (at ~ 7°): 
phase II at 3.67 GPa / 260 °C; phase III at 5.25 GPa / 405 °C; 10 Å 
phase at 5.84 GPa / 505 °C and 3.65 Å phase at 8.84 GPa / 503 °C
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reflection characterizes this phase at 2θ = 1.793° (embed-
ded in the ‘low’ frame in Figs. 3 and 4), as well as by some 
changes in the positions and intensities of other reflection 
peaks (Table 1). The next ‘chrysotile-like’ phase III (PhIII) 
appears at 5.25 GPa / 405 °C and is stable up to 7.3 GPa / 
500 °C. Phase III is characterized by the appearance of the 
intense peak at 9.06° (Fig. 3) and appreciable shifts of the 
main peaks of phase II at 5.30° and 6.864° to lower angles 
at 5.20° and 6.607°, respectively (Fig. 5).

Figure 4 shows changes in the low-angle range of the 
XRD patterns. A major difference is the appearance of the 
low-angle peaks at 2θ = 1.7–2°, nearly coinciding in phases 
II and III. This low-angle peak of phase III decreases along 

with the appearance of the10 Å phase as a decomposition 
product, and it completely disappears before the onset of the 
3.65 Å phase formation. Secondly, the intensity of the phase 
I peak (002) at ~ 3.35° abruptly decreases upon the phase 
transition I → II and continuously attenuates at higher P–T 
conditions. It completely disappears when the 10 Å phase 
is formed. The corresponding frame labeled as ‘remnant 
PhII’ in Fig. 4 marks the P–T range, where phases II and 
III coexist.

Figure  5 shows the changes in the XRD patterns in 
selected middle-angle ranges during the two transitions 
between the ‘chrysotile-like’ phases I–II and II–III. Blue 
arrows indicate the shift to higher diffraction angles at the 
phase I → II transition. The diffraction pattern in the range 
of 6.5–7° is deconvoluted to show the relationship between 
the diffraction peaks in phases I (reflection (004)) and II. In 
the pattern recorded at 3.67 GPa / 260 °C, the Bragg dif-
fraction at ~ 6.8° is interpreted as the imposition of a narrow 
corundum peak and a broad peak of phase II. At 3.4–3.78 
GPa and 155–215 °C the reflection (004) of chrysotile phase 
I is 2.5 times wider compared to the neighbouring peak of 
corundum. Assuming this ratio is the same in phase II and 
using deconvolution, we can distinguish phase II and corun-
dum peaks.

Figure 8 summarizes the results of Rietveld refinements 
of the XRD patterns: the dependence of the chrysotile unit-
cell volume on temperature at P–T parameters shown in 
Table 1. Points –-4 measured at increasing temperature and 
relatively small deviations of pressure and represent the ther-
mal expansion of the chrysotile sample. At point 5 (Fig. 8), 
the volume decreases sharply despite increasing temperature 
up to 60 °C. The volume reduction could be associated with 
the beginning of the transition from phase I to II. These 
data further support the presence of the transition I–II with 
decreasing unit-cell volume.

The diffraction peaks shift noticeably to lower angles 
upon the II–III phase transition, marked by red arrows in 
Fig. 5. The number of strong and moderate Bragg reflec-
tions in phase III is more than in phase II. Frames in Fig. 3 
show only selected reflections of phase III, which are related 
to phases I and II and but do not overlap with the other 
phases (Figs. 3, 4, 5). Besides these correlated reflections, 
many unidentified reflections appeared at the phase transi-
tion II → III (Fig. 3, Table 1). The appearance of additional 
peaks in the diffraction pattern may indicate a reduced sym-
metry accompanying by the II → III phase transition. All 
characteristic and additional peaks of phase III are detected 
in a wide P–T range and disappear at 8.84 GPa / 503 °C, 
when the 3.65 Å phase is formed.

Another notable feature is the appearance of the silica 
phase, coesite, simultaneously with the phase III at 5.25 GPa 
/ 400 °C (Fig. 3; Table 1). As mentioned before, free silica 
was initially present in the sample as quartz impurity. At 

Fig. 4  In situ synchrotron X-ray diffraction patterns in the low-angle 
range of the chrysotile–water system recorded at pressure and tem-
perature up to 22.4 GPa / 620  °C. These patterns are corrected by 
subtraction of the background taken in the form of smoothed first pat-
terns in the range of 1.6–2.5°. Peaks of (002) chrysotile (Ctl), des-
ignated as phase I (PhI), and ‘chrysotile-like’ phases II and III (PhII 
and PhIII) are marked with label, black small arrow, and vertical 
straight line or the curves connecting the peak maximums. These two 
nearly vertical curves exhibit the shift of two low-angle peaks (one of 
the phase II and other of the phase III) at increasing P–T parameters. 
Formation of the HP phases PhII and PhIII, as well as the 10 Å and 
3.65 Å phases are labeled by the word ‘form.’ Large vertical arrow 
shows the chronological direction of the experimental P–T path
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3.6–5 GPa and 260–400 °C, it completely dissolves, appar-
ently due to the ice melting and the formation of a super-
critical aqueous fluid (Fig. 2). Since the temperature of this 
fluid becomes even higher in the subsequent experiments, 
the appearance of coesite cannot be explained by a sudden 
change of  SiO2 solubility in the fluid. Coesite remains up to 
about 7GPa, when it is replaced by stishovite; both of these 
silica phases have a dominant reflection at 2θ ~ 8° (Fig. 3).

Upon compression to 5.8 GPa at ~ 500 °C, the ‘chryso-
tile-like’ phase III begins to decompose, which is evident 
from the appearance of the characteristic peaks of three 
new phases: the 10 Å phase, enstatite and forsterite (Fig. 3, 
Table 1). Forsterite is a common decomposition product 
of serpentine (Ulmer and Trommsdorff 1995, 1999). The 
dashed broken line in Fig. 1 with breakpoints 1–4 shows the 
stability boundary of chrysotile determined with equilibrium 
experiments using ex situ products (Ulmer and Tromms-
dorff 1999). This broken boundary (Fig. 1) corresponds to 
the serpentine decomposition by following reactions: 1–2 
line, Chrysotile → Forsterite + talc +  H2O; 2–3 line, Chry-
sotile → Forsterite + 10 Å phase +  H2O; 3–4 line, Chryso-
tile → Phase A + 10 Å phase +  H2O. Forsterite was detected 

at P–T conditions corresponding to the data from a previous 
work (Ulmer and Trommsdorff 1999), while phase A was 
not observed in the present chrysotile–water experiments 
(Figs. 1 and 3). Analysis of experimental XRD patterns 
(Figs. 3, 5 and 7) shows an apparent distinction between 
phases III and A, compared with an earlier report (Holl et al. 
2006). The stability field of the ‘chrysotile-like’ phase III 
partially overlaps with that of phase A (see Fig. 1), different 
from Fig. 4 of Ulmer and Trommsdorff (Ulmer and Tromms-
dorff1999). The discrepancy in the products of serpentine 
decomposition may be explained by the different amounts 
of excess water in the chrysotile–water system, the different 
experimental conditions (in situ in the present experiments), 
and the possible meta-stability of the new phase III.

Comparison of XRD patterns demonstrates that the phase 
III is clearly different from known hydrous phases A, E, D, 
and wadsleyite (Kudoh and Inoue 1999) (Fig. 7). The phase 
III XRD pattern also differs from other known hydrous 
phases in the  SiO2–MgO–H2O and  SiO2–Al2O3–MgO–H2O 
systems: humite, chondrodite, superhydrous phase B, and 
δ-phase (Sclar et al. 1965; Liu et al. 2019). Thus, one can 
consider the phase III as a new hydrous phase. Probably, the 

Fig. 5  In situ synchrotron X-ray diffraction patterns in selected mid-
dle-angle ranges of the chrysotile–water system presented at the pres-
sure range of 3.4–5.25 GPa and the temperature range of 155–458 °C. 
Chrysotile (Ctl), corundum (•), and ice VII (i) and the phase mixture 
(M) are marked. These M peaks include the overlapped reflections of 
enstatite, forsterite, phase III, and unidentified phases. Blue arrows 

show step-wise changes of the peaks at transition from phase I to II. 
Red arrows exhibit step-wise changes of the peaks at transition from 
phase II to III. The peak deconvolution is used to distinguish wide 
chrysotile (004) peak in the phase II that is overlapped with a narrow 
corundum peak
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reason that this phase was absent was that DHMS (besides 
phase A) and other hydrous phases were grown at higher P–T 
conditions compared with phase III. For instance, phase E 
(Crichton and Ross 2000; Kanzaki 1991) and phase D (Yang 
et al. 1997; Frost and Fei 1998; Ghosh and Schmidt 2014; 
Liu et al. 2019), hydrous δ-phase AlOOH–MgSiO2(OH)2 
(Ohira et al. 2014) appeared at significantly higher P–T 
conditions.

Upon further pressure increase to ~ 8.8 GPa at 500 °C, 
phase III has completely decomposed, with the appearance 
of the diffraction peaks of the 3.65 Å phase (Figs. 3 and 
6) and the phase D (Fig. 7). Note that phase D is a typical 
product in mixture with the 3.65 Å phase from synthesis 
experiments proved by XRD data (Borodina et al. 2020). 

Note that content of D phase remains controversial because 
of overlapping main reflections with peaks of other phases: 
the most intensive peak at 2θ ~ 8° is covered by stishovite 
peak (Fig. 3).

The Bragg reflections of the 3.65 Å phase, highlighted in 
the frame in Fig. 3, are followed to the highest P–T condi-
tions. In addition, the characteristic reflections of the 3.65 Å 
phase from the chrysotile–water system (Fig. 6) are compat-
ible with the calculated pattern (Wunder et al. 2012) and the 
experimental pattern of this phase from the talc–water sys-
tem (Rashchenko et al. 2016a). In the range of P = 7–15 GPa 
and T = 500–620 °C, the relative quantities of the 3.65 Å 
and 10 Å phases remain nearly constant, whereas forsterite 

Fig. 6  Identification of the 3.65 Å phase in the X-ray diffraction pat-
terns plotted as intensity versus d-spacing: comparison of the cal-
culated pattern at 1 bar (Wunder et  al. 2012) (1) with experimental 
patterns recorded in the present chrysotile–water system at 8.84 
GPa / 503  °C (2) and in the talc-water system at 9.7 GPa / 500  °C 
(Rashchenko et  al. 2016a) (3). All representative diffraction (hkl)-
peaks of the 3.65 Å phase labeled in (1) are identified in the present 
experimental pattern (2). Peaks of the 3.65 Å phase in the pattern (3), 
including the resolved (222)-peak, are close to those of the pattern (2) 
marked by vertical dashed lines. Horizontal arrows indicate the shifts 
of the reflections at compression and heating. The peaks of enstatite 
(En) and forsterite (Fo) are also labeled in the pattern (2)

Fig. 7  Comparison of the present X-ray diffraction patterns plotted as 
intensity versus d-spacing of the phase III (5) and the 3.65 Å phase 
(6), where each phase is dominant in the chrysotile–water system 
(Figs.  1 and 2, Table  1), with the patterns of hydrous phases: wad-
sleyite (1), phases D (2), E (3) and A (4). X-ray diffraction patterns 
(1–4) are plotted, using the data for wadsleyite (Kudoh and Inoue 
1999), phase A (Holl et  al. 2006), phase D (Yang et  al. 1997) and 
phase E (Kanzaki 1991). Vertical dashed lines show main peaks of 
phase III in pattern (5). Strong doublet peak of dominant 3.65  Å 
phase and peaks of impurity phase D are labeled in pattern (6)
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gradually disappears. The enstatite content has increased 
notably due to the consumption of forsterite by the reac-
tion with excess  SiO2. However, the coesite/stishovite peak 
intensity remains constant or even slightly increased, which 
indicates an appreciable amount of excess  SiO2.

The set of phases (3.65 Å + 10 Å + En + Fo + St + D) is 
observed in wide P–T range, above ~ 9 GPa (Fig. 1). The 
presence of the 3.65 Å phase is evident by comparable 
analysis of XRD patterns in Figs. 3 and 6, its P–T range 
observed here is in accordance to the available data (Sclar 
and Morzenti 1971; Wunder et al. 2011; Welch and Wunder 
2012; Mookherjee et al. 2015). Interestingly, this assem-
blage of six minerals obviously violates the phase rule for 
the three-component  SiO2–MgO–H2O system. This appar-
ent violation may be explained by either kinetic processes 
(i.e., metastable crystallization) or the investigated system 
containing additional components such as  Al2O3 and FeO. 
Aluminum in our experiments comes from not only as a 
minor constituent in initial chrysotile but also the addition 
of ruby as a pressure calibrant at low temperatures, which 
was dissolved at ~ 400 °C / 5GPa (Fig. 3).

The water medium in different P–T ranges is revealed as 
liquid, critical (supercritical) fluid and ice VII (see Fig. 2). 
Based on the Rietveld analysis of XRD data, we estimated 
the ice VII content of ~ 15 wt.% in the mixture of chryso-
tile–corundum–quartz–ice at the first P–T point (Table 1). 
Ice was detected by XRD at low P–T (Table 1), but not found 
at high T–P (at P > 9 GPa). This result proves the absence of 
excess water in the system at the last conditions. Moreover, 
the 3.65 Å phase exhibits broadened reflections in many 
XRD patterns (Fig. 3), which can be explained from the 
non-hydrostatic conditions caused by the absence of a water 
medium.

In summary, in situ experiment reveals the HP–HT 
induced the transformation of chrysotile to two intermediate 
‘chrysotile-like’ phases II and III and subsequent decompo-
sition to the 10 Å and 3.65 Å DHMS phases. The observed 
transformations are plotted on the P–T graph (Fig. 1), along 
with equilibrium curves for the reactions involving chryso-
tile, 10 Å and 3.65 Å phases (Pawley and Wood.

1995; Pawley et  al. 2011; Rashchenko et  al. 2016a). 
Dashed curves mark the corresponding P–T regions of chry-
sotile phases II and III in Fig. 1. The upper P–T stability limit 
of chrysotile (phase III) is determined by the reaction ‘chry-
sotile → 10 Å phase + forsterite +  H2O’, which is detected 
to start from 500 °C / 5.8 GPa (Fig. 3). The 3.65 Å phase 
forms at 8.8 GPa / 500 °C, which also agrees with the avail-
able P–T data on the reaction’10 Å phase +  H2O → 3.65 Å 
phase + stishovite’ (Pawley et al. 2011; Rashchenko et al. 
2016a). Another notable feature is the occurrence of the 10 Å 
phase in a large pressure range of 9–22 GPa, corresponding 
to the stability field of the 3.65 Å phase (Fig. 1).

Discussion

The in situ experiments show the presence of chrysotile (and 
‘chrysotile-like’ phases) in  H2O-saturated conditions up to 
about 500 °C at high pressure. Another new finding of the 
present study is the complex evolution of chrysotile with the 
formation of two intermediate ‘chrysotile-like’ phases II and 
III. ‘Chrysotile-like’ phase II appeared between 3.7 GPa / 
260 °C and 5 GPa / 365 °C likely has a densified structure, 
as indicated by appreciable shifts of the diffraction peaks to 
higher diffraction angles 2θ (Figs. 3, 4, 5) and the decreased 
unit-cell volume (Fig. 8). The polymorphic character of the 
phase transition I–II observed in this study is consistent with 
the data of Hilairet et al. (2006), who reported a compression 
anomaly for chrysotile at 4.5–5 GPa (23 °C).

We also noted a broad low-angle reflection at 2θ < 2°, 
which appears in the chrysotile XRD pattern starting from 
3.8 GPa / 215 °C (Fig. 4) and becomes more pronounced 
in phases II and III. This feature indicates the presence of a 
super-structure and disordering. This observation is similar 
to that observed in antigorite at about 300 °C (Perrillat et al. 
2005). In particular, in situ HP–HT XRD patterns of antigorite 
contain a new peak at d = 12.2 Å (2θ = 2.8°) and the dimin-
ished basal peak (001). The chrysotile peak (002) degradation 
is evident in the phase III XRD pattern (Figs. 3 and 4). Perril-
lat et al. (2005) suggested this low-angle reflection and other 
changes in the XRD patterns due to the structural modula-
tion in antigorite described by a large supercell (Uehara and 
Kamata 1994; Groberty 2003). Interestingly, both chrysotile 
and antigorite exhibit apparently similar structural variations 
at moderate temperatures before decomposition. Comparing 
with chrysotile, antigorite are more stable and dehydrated at 

Fig. 8  The chrysotile unit-cell volume (Å3) versus temperature. 
Points (Table 1) are measured at P(GPa) − T (°C) conditions: 3.19 27; 
3.19 65; 3.76 110; 3.4 155; 3.78 215, that is, pressure is slightly vari-
able. Volume depends nearly linearly on temperature at points 1–4, 
then at point 5 it sharply drops that is related to the onset of the tran-
sition of chrysotile phase I to II. Bars show the uncertainty of volume 
determination
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mantle conditions (Bromiley and Pawley 2003; Proctor and 
Hirth 2016). Subduction seismic activity is often associated 
with serpentine dehydration (Hacker et al. 2003a, 2003b; 
Hilairet et al. 2007; Gasc et al. 2011, 2017).

Another new feature of the ‘chrysotile-like’ phase III is a 
pronounced increase of the interatomic / interlayer distances, 
compared to phase II, as characterized by a drastic shift of the 
diffraction peaks to lower angles (Figs. 3 and 5). Such increase 
in interlayer distances can be explained by over-hydration, anal-
ogous to that proceeding during the formation of the HP modi-
fication of talc, the 10 Å phase (Yamamoto and Akimoto 1977; 
Bauer and Sclar 1981; Wunder and Schreyer 1992), through 
the intercalation of  H2O molecules into the interlayer space 
(Chinnery et al. 1999; Fumagalli et al. 2001; Rashchenko et al. 
2016b). In this context, it is interesting to mention the crystalli-
zation of the small amount of coesite along with the appearance 
of phase III at 405 °C / 5.25 GPa (Fig. 3). As we noted above, 
this is unlikely an effect of  SiO2 solubility change. Therefore, it 
is reasonable to relate the formation of excess silica and phase 
III. Previous spectroscopic studies have shown that  H2O inter-
calation into phyllosilicate structures, such as the 10 Å phase, is 
commonly accompanied by the creation of Si vacancies in the 
tetrahedral layer (Welch et al. 2006; Rashchenko et al. 2016a). 
Silanol groups associated with these vacancies are regarded as 
promoters of bonding interlayer water to the tetrahedral sheet, 
which is initially hydrophobic (Yang et al. 2005). The crystal-
lization of both coesite and the phase III (Fig. 3) is consistent 
with the partial removal of Si from the chrysotile layer for  H2O 
incorporation into the latter.

The next step in the evolution of the ‘chrysotile + water’ 
system is the decomposition of the ‘chrysotile-like’ phase III 
to the 10 Å phase and forsterite starting at 500 °C / 5.8 GPa, 
in agreement with the data of long-term quench experiments 
(summarized in the review of Ulmer and Trommsdorff (1999) 
and presented in Fig. 1). In the presence of excess  SiO2 the 
formation of forsterite is immediately followed by its con-
sumption to form enstatite. Remarkably, we found that the 
10 Å phase and enstatite are competing product phases, and 
the amount of  SiO2 is sufficient to produce the 10 Å phase 
via reaction with forsterite. We suggest that the formation of 
enstatite is related to the lack of excess  H2O needed to form the 
10 Å phase. This  H2O deficiency is confirmed by the absence 
of any ice in the XRD patterns collected on the T released 
after the completion of the experiments (Fig. 3, Table 1). This 
observation is also consistent with the evolution of the main 
XRD peak of coesite / stishovite at 2θ ~ 8° (Fig. 3): its inten-
sity does not change upon temperature released down to 22 
GPa / 125 °C. This result implies the deficiency or a com-
plete absence of a liquid medium that could influence dissolu-
tion–precipitation of the  SiO2 phases.

Thus, there are several lines of evidence for the consumption 
of a significant part of excess  H2O in the course of the formation 
of the 10 Å phase, or probably even earlier during the formation 

of the ‘chrysotile-like’ phase III with extra  H2O in interlayers. 
Therefore, it is no surprise that when the P–T conditions become 
favourable for the ‘10 Å phase → 3.65 Å phase’ transforma-
tion at 8.8 GPa / 500 °C (Pawley et al. 2011; Rashchenko et al. 
2016a). This reaction remains incomplete due to the deficiency 
of water needed for the highly hydrous 3.65 Å phase. Conse-
quently, the 10 Å and 3.65 Å phases coexist in a wide pressure 
range of 8–15 GPa, within the stability field of the 3.65 Å phase. 
This observation apparently confirms or even extends the HP 
stability range of the 3.65 Å and 10 Å phases. One plausible 
explanation for the expanded stability of the 3.65 Å and 10 Å 
phases is the incorporation of Al (and Fe) in our experiments. 
In addition, the presence of enstatite in association with these 
hydrous phases in our experiments (Fig. 3, Table 1) is interest-
ing. Namely, it emphasizes a crucial role of the excess water on 
the stability of hydrous phases, especially the 3.65 Å phase with 
the largest water content (35 wt.%, Wunder et al. 2012).

Implications

The present study shows that chrysotile in water-saturated 
conditions exhibits higher thermal stability and undergoes 
more complicated phase transitions and dehydration pro-
cesses than those suggested by previous studies. This has 
important implications for better understanding serpentine 
behavior in subduction zones and its roles in the transport 
of water into Earth’s mantle. In particular, our experiments 
were mostly conducted under conditions corresponding to 
those of “cold” or “ultracold” subductions (Fig. 1; Peacock 
and Wang 1999; Syracuse et al. 2010).

The present study of the “chrysotile + water” system 
shows the formation of the ‘chrysotile-like’ phase III, repre-
senting a new example of  H2O intercalation into magnesium 
phyllosilicates under upper-mantle conditions. In addition, 
the present experiments are the first to demonstrate the in 
situ succession of the hydrous phases: serpentine → 10 Å 
phase → 3.65A phase. The 3.65 Å phase having the highest 
quantity of water among DHMS is particularly important 
for water transport to the deep mantle. The 3.65 Å phase 
was never synthesized from serpentines before the present 
study. Another interesting finding is the stabilization of the 
10 Å phase against the 3.65 Å phase in the  H2O-deficient 
environment, thereby making the 10 Å phase even more 
favourable as the water carrier in the deep-Earth conditions, 
encompassing a broader pressure range than it was previ-
ously thought.

Dehydration of serpentines has been suggested to have 
significant importance into seismic processes in subduction 
zones (Dobson et al. 2002). The present study demonstrates 
that the presence and participation of excess water signifi-
cantly complicate the serpentine dehydration process than 
suggested from previous studies, leading to an appearance 
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of known DHMS phases and possible other hydrous met-
astable phases, discussed here and in the literature, for 
instance, Mg-sursassite in peridotite (Bromiley and Pawley 
2002). The bulk  H2O contents in the  SiO2–MgO–H2O and 
 SiO2–Al2O3–MgO–H2O systems have marked controls on 
the HP–HT conditions for the formation of specific hydrous 
phases. For example, several weight percents of  H2O are suf-
ficient to form the 10 Å phase and phase A, but not the 3.65 Å 
phase (Ulmer and Trommsdorff 1995). According to Wunder 
(1998), the synthesis of magnesium silicates from gels at 
high P–T conditions leads to a large variety of DHMS phases, 
including the dominant phases of the humite group and phase 
A, whereas the 10 Å and 3.65 Å phases were not detected 
below 10.5 GPa at 500–1100 °C. However, the very large 
 H2O contents that are needed for the formation of the 3.65 Å 
phase (above ~ 15 wt.% in our experiment) are possible in 
shallow subduction zones but are rare in deep counterparts.
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