Earth Planet. Sci. Lett. 658 (2025) 119310

Contents lists available at ScienceDirect

Earth and Planetary Science Letters

journal homepage: www.elsevier.com/locate/epsl|

ELSEVIER

Check for

Limited water contents of wadsleyite and ringwoodite coexisting with | e
hydrous minerals in cold subducting slabs

Takayuki Ishii ™" ®, Jintao Zhu*“®, Eiji Ohtani

2 Institute for Planetary Materials, Okayama University, Misasa 682-0193, Japan

b Bayerisches Geoinstitut, University of Bayreuth, UniversittsstraBe 30 95447 Bayreuth, Germany

¢ Center of High Pressure Science and Technology Advanced Research (HPSTAR), Beijing 100094, China

4 School of Earth and Space Sciences, Peking University, Beijing 100871, China

€ Department of Earth Sciences, Graduate School of Science, Tohoku University, Sendai, Miyagi 980-8578, Japan

ARTICLE INFO ABSTRACT

Key words: How water is distributed in a subducting slab is essential to understand water transport into the deep mantle and
Subducting slab mechanisms of deep-focus earthquakes and slab deformation around the 660-km discontinuity. A recent
Water experimental study demonstrated that water contents of olivine and wadsleyite coexisting with hydrous phase A
Olivine s 1 . e

Ringwoodite is limited at upper mantle pressures, suggesting strong water partitioning to the hydrous phase. However, water
Hydrous phase distribution between nominally anhydrous and hydrous minerals at the deeper mantle is not investigated in
Earthquake detail. We determined water contents in wadsleyite and ringwoodite coexisting with hydrous phases down to

transition-zone depths along cold slab temperatures. Wadsleyite coexisting with hydrous phase A has ~200 ppm
water at 14-16 GPa and 800 °C. At 21 GPa, ringwoodite coexisting with superhydrous phase B has 8-13 ppm
water at 800 °C and 46 ppm at 900 °C. Thus, olivine and its high-pressure polymorphs are kinetically dry along
cold slab core conditions even in a wet subducting slab. Slab deformation and stagnation around 660 km depth
can be caused by grain-size reduction due to phase transitions of dry olivine and the presence of rheologically
weak hydrous phases. The deepest earthquakes below 660 km depth can be caused by dehydration of hydrous

phases.

1. Introduction

Water, transported into the mantle by nominally anhydrous (NAMs)
and hydrous minerals in subducting slabs, plays important roles in
chemical evolution and dynamics of the mantle. For example, water in
olivine enhances its deformation due to hydrolytic weakening (Karato
and Jung, 2003; Mei and Kohlstedt, 2000) and transformation kinetics
(Kubo et al., 1998). Such effects can control dynamic processes during
slab subduction.

Olivine, the most abundant mineral in the Earth’s upper mantle,
transforms to high-pressure polymorphs of wadsleyite and ringwoodite
at depths of 410 km and 520 km, respectively, consisting of the mantle
transition zone (e.g. Irifune, 1994; Irifune and Isshiki, 1998; Ishii et al.
2018a). On the other hand, the olivine transformations are delayed in
the cold interiors of subducting slabs because slab temperature is not
enough to activate the phase transitions (Perrillat et al. 2016; Sung and
Burns, 1976). In fact, the presence of such metastable olivine has been
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seismologically observed as low-velocity anomalies in cold cores of
some slabs down to 580-630 km deep (lidaka and Suetsugu, 1992; Jiang
et al., 2008), which have been called metastable olivine wedges. The
phase transformation of olivine in the metastable olivine wedge is
generally considered to be the cause of deep-focus earthquakes (Green
and Houston, 1995; Kirby et al., 1991).

Water contents of olivine and its high-pressure polymorphs are key
to understand hydration state of subducting slabs. Olivine, wadsleyite,
and ringwoodite can store up to 0.9, 3.1, and 2.7 wt.% of water,
respectively, under water-saturated conditions (e.g. Inoue et al. 1995;
Kohlstedt et al., 1996; Smyth et al., 2006). Most studies focused on
solubility of water in these minerals along temperatures where hydrous
melt coexists (e.g. >1200 °C). However, the inner part of subducting
slabs is under much lower temperatures (e.g. Kirby et al. 1996) and
therefore hydrous minerals can appear in the region. Our recent
experimental study demonstrated that olivine and wadsleyite coexisting
with hydrous phase A contain limited water in their crystal structures at
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pressures of 8-12 GPa corresponding to upper mantle depths and tem-
peratures of 700-900 °C (Ishii and Ohtani, 2021; Ohtani and Ishii,
2024). Their study thus showed strong water partitioning to hydrous
phase A in cold subducting slabs, requiring reconsideration of the hy-
dration state of subducting slabs. To understand the hydration state in
more detail, water contents of wadsleyite and ringwoodite coexisting
with hydrous phases are required in deep mantle conditions.

In this study, we determined water contents of wadsleyite and
ringwoodite coexisting with hydrous phases wunder water-
undersaturated conditions (no additional hydrous fluid/melt) up to 21
GPa using a multi-anvil press. We also conducted phase-equilibrium
experiments using hydrous wadsleyite and ringwoodite to robustly
confirm stability of hydrous phases and constrain water contents of
wadsleyite and ringwoodite in the pressure-temperature range. Based on
the water content of these phases, we discuss the hydration state of the
subducting slab, origin of deep-focus earthquakes, and slab dynamics.

2. Experimental method

2.1. Starting materials and capsule configuration for water partitioning
experiments

Water partitioning between olivine polymorphs and hydrous min-
erals was examined by the method used in Ishii and Ohtani (2021).
Wadsleyite single crystals or ringwoodite polycrystal aggregates were
packed in a welded-gold capsule together with a hydrous silicate
powdered mixture which becomes wadsleyite + hydrous phase A +
clinoenstatite and ringwoodite + superhydrous phase B + stishovite
after experiments, respectively. The detailed information of sample
syntheses and capsule configurations for these experiments are
described below.

Two kinds of single crystals of Mg,SiO4 wadsleyite with slightly
different water contents (121 and 361 ppm) were prepared at 18 GPa
and 1800 °C for 3 h (Table 1). The wadsleyite crystals with the lower
water content were synthesized using an Mg,SiO4 forsterite (Fo) powder
synthesized by Ishii et al. (2018b; 2019a) that was kept in a vacuuming
furnace at 80 °C for >1 day just before packing in a rhenium capsule.
This sample capsule was immediately assembled and compressed to the
desired pressure to minimize absorption of water from the air. On the
other hand, wadsleyite with the higher water content was prepared with
the Fo powder that was kept in the air for >1 day just before packing in
the rhenium capsule to obtain the slightly higher water content in
wadsleyite. Hydrous silicate powdered mixtures were prepared as Fo:
[2Mg(OH); brucite (Br) + SiOy quartz (Qz)] = 8:2 (mole) including a
water content of ~4.9 wt.% (8Fo+2[2Br+Qz]). The synthesized single
crystals with ~200 um were picked up and packed in the center of a gold
capsule. The sample capsule was filled out by the hydrous powdered
mixture. The gold capsule was welded shut to avoid escaping water
during high-pressure experiment.

Two kinds of ringwoodite polycrystal aggregates with ~1 ppm and
231 ppm were also prepared at 21 GPa and 1700 °C and 1400 °C,
respectively (Table 1). In the same manner as the wadsleyite syntheses
mentioned above, we used the Fo powder for >1 day kept in the vac-
uuming furnace at 80 °C and in the air before packing into rhenium
capsules. The recovered ringwoodite is polycrystalline based on X-ray
diffraction (XRD) study but transparent. The aggregate was cut into
several fragments with dimensions of ~200 um. The aggregate was put
in the center of a gold capsule. The space inside the capsule was filled
out by a hydrous powdered mixture of Fo: [2Br + Qz] = 9:1(mole)
including a water content of ~2.5 wt.% (9Fo+1[2Br+Qz]). The gold
capsules were also welded shut.

2.2. Starting materials for experiments using highly hydrated olivine
polymorphs

To confirm stable phases, we also conducted experiments using
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Table 1
Experimental conditions and results.
Run # Starting P T D Phase Water
material content
GPa °C h ppm wt*
1k3856 Fo 18 1800 3 d-wd 121(12)
H842 Fo 18 1800 3 h-wd 361(13)
H894 Fo-+5 wt%H,0 15 1300 2 hh-Wd+Melt 20,008
(4156)
S7475 Fo 23 1700 3 d-Rw <1
1k3857 Fo 21 1400 3 h-Rw 231(32)
5k4025 Fo+5 wt%H,0 20 1400 2 hh-Rw+Melt 16,361
(2000)
H879 h-Wd/8Fo+2 14 800 26 Wd-+PhA-+Cen 222(13)
[Br+Qz]'
1k3860 #1:h-Wd/ 16 800 24 Wd-+PhA-+Cen 213(20)
8Fo+2
[Br+Qz]'
#2:d-Wd/ 16 800 24 Wd-+PhA-+Cen 244(28)
8Fo+2
[Br+Qz]'
1k3921 #1:d-Rw/ 21 800 28 Rw+sPhB+St 8(9)
9Fo+1
[Br+Qz]'
#2:h-Rw/ 21 800 28 Rw+sPhB+St 13(6)
9Fo+1
[Br+Qz]'
1k3726 d-Rw/9Fo+1 21 900 26 Rw+sPhB+St 46(18)
[Br+Qz]'
H934 hh-wd 12 800 24 Wd-+PhA-+Cen -
5k4053 hh-Rw 20 800 20 Rw+sPhB+St -

Annotations: Fo, forsterite; Wd, wadsleyite; Rw, ringwoodite; Cen, clinoen-
statite; PhA, hydrous phase A; sPhB, superhydrous phase B; St, stishovite Br,
brucite; Qz, quartz; d-Wd, nearly dry wadsleyite; h-Wd, slightly hydrated wad-
sleyite; hh-Wd, highly hydrated wadsleyite; d-Rw, dry ringwoodite; h-Rw,
slightly hydrated ringwoodite; hh-Rw, highly hydrated ringwoodite.

“ Average water contents determined with the calibration of Bolfan-Casanova
et al. (2018). Each estimated value is shown in Table S1 and S2.

T Starting materials of wadsleyite or ringwoodite single phase / hydrous
powered mixture part.

¥ Phases recovered of hydrous powered mixture parts.

 OH peaks were not detected.

highly hydrated olivine polymorphs. We call these experiments phase-
equilibrium experiments hereafter. Hydrous wadsleyite and ring-
woodite with 2.0 and 1.6 wt.% water, respectively, were first synthe-
sized at 15 GPa and 1300 °C and 20 GPa and 1400 °C for 2 h. The starting
material was a mixture of reagent-grade Mg(OH),, MgO, and SiO2 in
proportions identical to MgySiO4 + 5 wt.%H20. Several synthesized
single crystals were put in a welded gold capsule for the phase-
equilibrium experiments.

2.3. High pressure-temperature experiment

We used several multi-anvil presses: the 1000-ton Kawai-type multi-
anvil press installed at the Bayerisches Geoinstitut, University of Bayr-
euth (BGI), and the 6-axis multi-anvil press and 1000-ton and 5000-ton
Kawai-type multi-anvil presses at the Institute for Planetary Materials,
Okayama University (IPM). Except for the synthesis of dry ringwoodite
with ~1 ppm water, which was conducted at BGI, all experiments were
conducted using multi-anvil presses at IPM. High-pressure experiments
were conducted using Cr-doped MgO pressure media with a 10-mm edge
length in combination with tungsten carbide (WC) anvils with a 4-mm
truncated edge length. Concepts of the cell assembly used in this study
are the same as Ishii and Ohtani (2021). A cylindrical LaCrOs heater was
adopted as a heater. A cylindrical ZrO; was used for thermal insulator.
Mo electrodes were put at both ends of the heater to connect with anvils
electrically. The sample capsule was electrically insulated from the
heater using a MgO sleeve and two lids at both ends of the sleeve. All
ceramics of the cell assemblies were heated at 1000 °C for >3 h just
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before assembling them. Sample temperatures were monitored at the
surface of the metal capsules using a W97%Re3%-W75%Re25% ther-
mocouple without its pressure correction to the emf. Pressure calibra-
tion at a high temperature of 1600 °C was conducted using the
forsterite-wadsleyite (Morishima et al. 1994) and
wadsleyite-ringwoodite (Inoue et al. 2006) transitions in Mg,SiO4 and
the akimotoite-bridgmanite transition (Chanyshev et al., 2022). We
assumed that pressure values at the target temperatures (800-900 °C)
were the same as those calibrated at 1600 °C although sample pressure
may be changed by degrees of thermal pressure and material softening
around the samples, which may change with temperatures (Ishii et al.
2022a). Our previous studies examined pressure generation at high
temperatures in the quench method, in which pressures at 1400-1800 °C
are consistent but change by 0.5-1 GPa at 2000-2200 °C (Ishii et al.
2011; 2012; 2019b). If such a pressure change also happens at lower
temperatures, sample pressures in this study might also change by 0.5-1
GPa.

In the water partitioning experiments for wadsleyite and ring-
woodite, the samples were annealed at 14-16 GPa and 800 °C and 21
GPa and 800-900 °C, respectively, for 24-28 h. The phase-equilibrium
experiments using hydrous wadsleyite and ringwoodite were conduct-
ed at 12 GPa and 800 °C for 24 h and 20 GPa and 800 °C for 20 h,
respectively. A cell assembly was first compressed to a desired press load
at room temperature for 3-4 h and then gradually heated to a target
temperature at a rate of 100 °C/min. The target temperature was kept
for the desired duration, and then the assembly was immediately
quenched by shutting off the electric power supply of the heater. The
quenched assembly was recovered slowly to the ambient pressure for
12-15 h.

2.4. Analyses of run products

All analyses below were performed with analytical tools installed at
IPM. Sample capsules recovered from high-pressure experiments were
mounted in epoxy resin and were polished for phase identification by
XRD. XRD analysis was performed using a micro-focus X-ray diffrac-
tometer (Rigaku RAPID II) with an imaging plate using CuKa radiation
operated at 40 kV and 30 mA. Textures of recovered samples were
observed using a field-emission scanning electron microscope (JEOL
JSM7001F) equipped with a back-scattered detector.

Water contents of the starting materials and recovered samples of
wadsleyite and ringwoodite were measured by unpolarized Fourier

AWd single crystal B

e

Wd + PhA + Cen matrix
200 um
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transformation infrared spectroscopy (FTIR) using a Jasco FTIR-6200
equipped with an IRT-7000 infrared microscope. The samples were
double-polished to 28-206 pm thick for the FTIR measurement. The
water contents after the partitioning experiment were measured at lo-
cations close to the hydrous silicate matrix with the distance of 20-50
pm (Fig. 1). Water contents in these samples were estimated by inte-
grating OH-related peaks after baseline subtraction (see examples in
Figures S1 and S2) as below:

Cizo = 10° x / A0 Mo 4,
etp

where Cyoo is the HoO content in ppm wt., and A(v) is the infrared
absorption at wavenumber v (crn'l). The molar mass of water (My20) is
18.02 g'mol’l. e, T, and p are infrared absorption coefficient (69,000
+5000 L-mol*-cm™2 for wadsleyite and 118,50047000 L-mol'-cm™2 for
ringwoodite (Bolfan-Casanova et al., 2018)), sample thickness (cm) and
density (3450 g-L! for wadsleyite (Jacobsen et al., 2005) and 3650 g-L™!
for ringwoodite (Jacobsen et al., 2004)), respectively. Note that Deon
et al. (2010) and Koch-Miiller and Rhede (2010) reported ¢ of 73,000
and 100,000 L-mol'-cm™2 for wadsleyite and ringwoodite, respectively,
providing by 5 % and 16 % systematically lower and higher water
contents.

3. Results and discussion

Tables 1, S1 and S2 summarize conditions of high-pressure experi-
ments and their results. Figs. 2 and 3 show micro-FTIR spectra of the
starting and recovered wadsleyite single crystals and ringwoodite ag-
gregates, respectively, at ambient conditions. XRD patterns of recovered
samples were shown in Figures S3 and S4.

3.1. Water partitioning experiments of wadsleyite

We conducted three experiments at 14 and 16 GPa at 800 °C
(Table 1). XRD patterns of recovered matrix parts identified wadsleyite,
clinoenstatite, and hydrous phase A (Figure S3). Three peaks of 3206,
3323, and 3352 cm ™! were observed in most FTIR spectra (Fig. 2). Po-
sitions of these peaks showed no significant change in their profiles
before/after experiments, but their intensities were slightly changed,
suggesting changes in their water contents. The water content of wad-
sleyite after annealing was estimated to be 222(13) ppm at 14 GPa and
214(28) ppm at 16 GPa in experiments using the starting wadsleyite

Rw polycrystal
/

g
i

L

14

5
= 2

IR

.

Rw + sPhB + St matrix
200 pm

Fig. 1. Representative photographs of cross-sections of recovered samples. (a) Wadsleyite (Wd) in Wd + clinoenstatite (Cen) + hydrous phase A (PhA) matrix
synthesized at 16 GPa and 800 °C using nearly dry Wd (1k3860). (b) Ringwoodite (Rw) in Rw + stishovite (St) + superhydrous phase B (sPhB) matrix synthesized at
21 GPa and 800 °C using dry Rw (1k3921). Red squares and numbers are regions (25 x 25 pm) for the FTIR measurements and estimated water content in ppm wt.

(Table S1).
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Fig. 2. Representative unpolarized FTIR spectra of wadsleyite (Wd) single crystals coexisting with hydrous phase A (PhA) and clinoenstatite (Cen) synthesized at 16

GPa and 800 °C. d-Wd, nearly dry wadsleyite; h-Wd, slightly hydrated wadsleyite.

15
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Fig. 3. Representative unpolarized FTIR spectra of ringwoodite (Rw) polycrystal aggregates coexisting with superhydrous phase B and stishovite (St) synthesized at
21 GPa and 800-900 °C. d-Rw, dry ringwoodite; h-Rw, slightly hydrated ringwoodite.

with 361(13) ppm water (Table 1, Fig. 4), showing decreases in the
water content >100 ppm from the starting content. We also conducted
an experiment at 16 GPa using the starting wadsleyite with 121(12) ppm
water. The recovered wadsleyite had 244(28) ppm water, showing an
increase in water >100 ppm from the starting content (Table 1, Fig. 4).
As a result, water contents of wadsleyite were converged to ~200 ppm,
suggesting equilibrium in hydrogen between the wadsleyite single
crystals and hydrous matrix part during our experiments. These results
are consistent with those of Ishii and Ohtani (2021) at a lower pressure
of 12 GPa and temperatures of 800-900 °C. Note that Ishii and Ohtani
(2021) confirmed only decrease in water content from that of the
starting wadsleyite. Our study confirmed validity of their data by

observing both of the increase and decrease in water content using
wadsleyite starting materials with different water contents. Demouchy
et al. (2005) conducted an experiment at 15 GPa and 900 °C, showing a
mineral assemblage of wadsleyite + melt + fluid and 2.23 wt.% water in
wadsleyite. They observed not hydrous phase but silicate melt + excess
fluid instead, indicating that the system is oversaturated in water. This
would be the reason of the high-water content in wadsleyite at their
condition. Additionally, the sample temperatures of these two studies
may be different due to some uncertainty of temperature measurements
by thermocouple. Thus, there seems no pressure dependence on water
content of wadsleyite coexisting with hydrous phase A.

Water content of coexisting clinoenstatite could be lower than the
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Fig. 4. Change of water contents of wadsleyite (Wd) and ringwoodite (Rw) coexisting with hydrous phase A (PhA) plus clinopyroxene (Cpx) and superhydrous phase
B (sPhB) plus stishovite (St) before/after annealing. Arrows indicate the changes from water contents in starting materials (solid squares) to those after annealing

(solid circles).

coexisting wadsleyite. Bolfan-Casanova et al. (2000) investigated water
partitioning between Mg,SiO4 wadsleyite and MgSiOs clinoenstatite,
showing a partitioning coefficient between wadsleyite and clinoenstatite
coexisting with hydrous melt is ~3.8 at 15 GPa and 1300 °C. When we
apply this value to the present conditions, water contents of clinoen-
statite in this study were estimated to be 56-64 ppm. Considered
coexistence of hydrous phase A in the present conditions, water content
can be even lower.

3.2. Water partitioning experiments of ringwoodite

Experiments at 21 GPa and 800-900 °C were carried out to examine
water content of ringwoodite (Table 1). XRD patterns of the recovered
matrix parts (9Fo+1[2Br+Qz]) showed a mineral assemblage of ring-
woodite, stishovite, and superhydrous phase B (Figure S3). Several OH-
bands at ~2550, 3074, and 3621 cm~! were observed in the starting
material of slightly hydrated ringwoodite and ringwoodite after
annealing (Fig. 3). The starting polycrystalline ringwoodite with water
<1 ppm was hydrated to 8(9) ppm at 800 °C and to 46(18) ppm at 900
°C, showing a slight positive temperature dependence (Table 1). When
we used ringwoodite aggregate with 231(32) ppm for the experiment at
21 GPa and 800 °C, significant intensity decrease was observed in FTIR
spectra of the ringwoodite aggregate, resulting in 13(6) ppm water in
ringwoodite after annealing (Table 1, Fig. 4). These results suggest that
the experiments at 800 °C were equilibrium in hydrogen between
ringwoodite aggregate and hydrous matrix part. Although no reversal
experiment was conducted at 900 °C, a higher temperature should reach
equilibrium more rapidly.

Water content of coexisting stishovite could be nearly dry when
considering temperature dependence of water solubility of stishovite.
Recent studies showed water contents in stishovite with hydrous melt
linearly decrease with decreasing temperature from 1700 °C to 1200 °C,
resulting in nearly dry stishovite at 1200 °C (Bolfan-Casanova et al.,
2000; Pawley et al., 1993; Purevjav et al. 2024). Considering the lower
temperature in this study (800-900 °C) and coexistence with super-
hydrous phase B, stishovite in this study could also be nearly dry.

3.3. Phase-equilibrium experiments with hydrous wadsleyite and
ringwoodite

We conducted one experiment using hydrous wadsleyite with 2 wt.%
water at 12 GPa and 800 °C. The recovered sample consisted of wad-
sleyite with fine grains (<1 um) of clinoenstatite and hydrous phase A,
implying hydrous wadsleyite is not stable and decomposed to hydrous
phase A and clinoenstatite (Fig. 5a and b, Figure S4). We also conducted
one experiment using hydrous ringwoodite with 1.6 wt.% water at 20
GPa and 800 °C. The recovered sample consisted of ringwoodite with
fine grains of stishovite and superhydrous phase B (Fig. 5c and d, Figure
S4). This experiment also suggests hydrous ringwoodite is not stable and
decomposed to superhydrous phase B and stishovite. This study
confirmed stability of hydrous phase A and superhydrous phase B
coexisting with wadsleyite and ringwoodite, respectively, based on
formation of hydrous minerals by the decompositions of highly hydrated
wadsleyite and ringwoodite. These results further support limited water
contents of wadsleyite and ringwoodite coexisting with hydrous phase A
and superhydrous phase B, respectively. We note that these starting
wadsleyite and ringwoodite had no additional phases before annealing
(Figure S5), clearly showing appearance of the hydrous phases by de-
compositions of wadsleyite and ringwoodite.

Previous studies indicate water-content dependence on the stability
of hydrous phases in the MgO-SiO,-H20 systems. When comparing re-
sults at an Mg/Si ratio of 2.0, the present study in the system of MgO-
Si02-H20 (2.5 wt.% water) found that superhydrous phase B is stable at
20-21 GPa and 800-900 °C. On the other hand, hydrous phase D co-
exists in the system with higher water contents of 11 wt.%H50 (Ohtani
et al. 2000). This suggests that the stability of hydrous minerals largely
depends on the water content in the system.

We also compare the stability of hydrous minerals at different Mg/Si
ratios. Irifune et al. (1998) reported that hydrous phase A is stable up to
17 GPa and 800 °C in the serpentine system (Mg/Si=1.5 and 13 wt.%
water), in which no forsterite and its high-pressure polymorphs coexist.
At 16-17 GPa, hydrous phase D coexists with hydrous phase A, although
in the system of MgO-SiO-H20 (Mg/Si=2.0-2.2 and 2-4.9 wt.% water)
the present study and Ishii and Ohtani (2021) showed no hydrous phase
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Fig. 5. Back-scattered electron images of recovered samples using highly-hydrated wadsleyite (Wd) and ringwoodite (Rw) as starting materials. (a,b) 12 GPa and 800
°C. (c,d) 20 GPa and 800 °C. PhA: hydrous phase A, sPhB: superhydrous phase B, Cen: clinoenstatite, St: stishovite.

D at 12-16 GPa and 800-900 °C. Thermodynamic models of
phase-relations based on high-pressure experiments (Mg/Si=1.4-2.0
and Hy0 content=3.66-15 wt.%) and thermodynamic data can be used
to predict phase relations in the MgO-SiOy-H20 system under a
water-undersaturated condition at the pressure-temperature conditions
of this study (Komabayashi et al. 2005; Komabayashi and Omori, 2006).
These models predict that hydrous phase E or superhydrous phase B are
mainly stable at 14-16 GPa and 800-900 °C and hydrous phase A is
stable below 800 °C. The subtle differences from the present study may
be due to extrapolation of phase stability data from higher temperature
(>1000 °C). Because Mg/Si ratios in the above studies are not consistent
(1.4-2.0), slightly different mineral assemblages were formed. This
might also change the stability of hydrous minerals. Nevertheless, these
observations imply that the stability of hydrous minerals largely de-
pends on water content in the system. Results in the present study and
previous studies indicate that hydrous phase A and superhydrous phase
B could be primary water carriers in the transition zone under water
undersaturated conditions. Note that this study provided only limited
data of phase-relations, and future studies conducting at detailed
pressure-temperature-composition conditions, especially in
water-undersaturated systems, are necessary to examine the stability of
hydrous phases.

3.4. Water contents of wadsleyite and ringwoodite with increasing
temperature

Fig. 6a shows water contents of ringwoodite with increasing tem-
perature using our results together with the previous data above 1200 °C
under water-saturated conditions. There seems to be a small tempera-
ture dependence up to 900 °C. This suggests the slight reaction of
superhydrous phase B + stishovite to hydrous ringwoodite with tem-
perature. Based on the phase rule, the stability region of ringwoodite +
superhydrous phase B + stishovite is divariant in the MgO-SiO2-H20
system, indicating continuous compositional change with temperature

at a constant pressure in the stability field. Therefore, the water content
of ringwoodite can increase rapidly and continuously up to the tem-
perature where the hydrous phase disappears (Fig. 6b). The phase
relation of the above reaction is given in Fig. 6¢. In fact, Komabayashi
and Omori (2006) reported high-water contents of ringwoodite
(0.94-1.31 wt.%) coexisting with superhydrous phase B and stishovite
synthesized at 20.5-21.5 GPa and 1100-1200 °C (Mg/Si=1.4 and 3.66
wt%H20) based on mass deficit determined by electron microprobe
analysis (EPMA) (Fig. 6a). On the other hand, Ohtani et al. (2000)
showed water contents of ringwoodite are 1.2-2.2 wt.% at 20-23 GPa
and 880 °C also by EPMA mass deficit. This discrepancy with the present
study confirms that a more precise analysis as shown in this study is
essential to precisely discuss water contents of NAMs as reported in
previous studies (e.g. Bolfan-Casanova et al. 2018; Fei and Katsura,
2020). Note that the degree of hydration of ringwoodite depends on bulk
water content.

A similar feature should be able to be seen in wadsleyite coexisting
with hydrous phase A. Water content in wadsleyite coexisting with hy-
drous phase A seems no change up to 900 °C at 12-16 GPa (this study;
Ishii and Ohtani, 2021). Thus, the rapid increase of water content of
wadsleyite can happen by the reaction of hydrous phase A + clinoen-
statite to hydrous wadsleyite up to the disappearance temperature of
hydrous phase A. Note that hydrous phase A changes to other hydrous
phases at a higher temperature depending on pressure (e.g. hydrous
phase E at 15.5 GPa and 1000 °C and superhydrous phase B at 18.5 GPa
and 1100 °C, Komabayashi and Omori, 2006). Komabayashi and Omori
(2006) reported water contents of 1.78-2.71 wt.% at 15.5-18.5 GPa and
1000-1100 °C in wadsleyite coexisting with hydrous phase E or super-
hydrous phase B + stishovite based on Mg/Si ratio determined by EPMA.

3.5. Water content of forsterite and its high-pressure polymorphs, and
bridgmanite with increasing pressure

Fig. 7 summarizes water contents of forsterite, wadsleyite,
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ringwoodite, and bridgmanite coexisting with hydrous phases under
cold slab temperatures and water-undersaturated conditions determined
in this study and previous studies (Bolfan-Casanova et al., 2003; Ishii
and Ohtani, 2021; Ishii et al. 2022b). Combined the present results and
those by Ishii and Ohtani (2021), there seems no pressure dependence in
water partitioning in forsterite/wadsleyite and hydrous phase A.
Although the data of ringwoodite is limited only at 21 GPa, it is likely
that there is limited pressure dependence based on the results of for-
sterite and wadsleyite. Bridgmanite is also nearly dry when coexisting
with superhydrous phase B/hydrous phase D and/or hydrous phase 3-H
solid solution at least up to 28 GPa (Bolfan-Casanova et al. 2003; Ishii
et al. 2022b). Our recent study also demonstrated that stishovite is
nearly dry when coexisting with hydrous phase & (Ishii et al. 2024).
These results suggest that the strong water partitioning to hydrous
phases is a common phenomenon among mantle minerals.

3.6. Implications for structure and dynamics of subducting slab

Here we discuss a detailed structure of a wet subducting slab (Fig. 8).
Our results suggest that olivine and its high-pressure polymorphs are dry
or nearly dry when they coexist with hydrous minerals along cold slab
core temperatures (500-900 °C) (Kirby et al. 1996). This implies that the
dry transformation of olivine can be applied even in wet subducting

slabs, resulting in the metastable olivine wedge (Jiang et al., 2008;
Kawakatsu and Yoshioka, 2011) and the deep-focus earthquakes (Kirby
et al., 1991). Slab deformation observed around the 660-km disconti-
nuity requires to lower viscosity of the slab core. Thus, grain size
reduction in the slab core due to the dry olivine transformation to
ringwoodite is a plausible explanation for slab large deformation to
create slab stagnation around the 660-km discontinuity (Mohiuddin
et al. 2020). When hydrous minerals experience near or at disappear-
ance temperatures of the hydrous minerals outside the slab core, hy-
drolytic weakening of olivine polymorphs occurs and can help cause slab
deformation and stagnation together with grain-size reduction at the
slab core. Thus, there may be a rheological boundary near the disap-
pearance temperature of the hydrous phases in the slabs. Relatively low
thermal conductivities of hydrated NAMs and hydrous minerals can
efficiently preserve the mineralogical structure (nearly dry NAMs and
hydrous minerals) in the slab core, supporting slab dynamics and
deep-focus earthquakes controlled by dry olivine transformations (Hsieh
et al. 2020, 2022; Marzotto et al. 2020; ).

Rheological properties of hydrous minerals are not clear yet. Rosa
et al. (2013) determined strength of hydrous phase D, suggesting that
hydrous phase D has relatively low strength compared with phases in
peridotite at the top lower mantle. If this is also the case for other hy-
drous minerals such as superhydrous phase B, such a low strength
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property of hydrous minerals can affect slab dynamics. To consider
rheology of a hydrous phase-bearing slab, texture of such weak phases is
an important issue: homogeneous distribution or localization of the
phases (Rosa et al. 2013; 2015). Hydrous phases near the Earth’s surface
are likely formed by reactions between anhydrous minerals and sea
water preserved along fluid pathways such as bending fault making
band texture of hydrous minerals (Peacock, 2001; Cai et al. 2018). Water

supply into slabs before subduction by upwelling plumes including Petit
spot volcanism may also form a largely-hydrated region in the slabs
(Seno and Yamanaka, 1996; Hirano et al. 2006). Hydrous phases such as
serpentine formed by these processes can transform to dense hydrous
phases such as hydrous phase A, superhydrous phase B, and hydrous
phase D with keeping such a band texture. If this is the main case, such a
texture favors strain localization along shear band that contains
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rheologically weak hydrous phases (Hilairet et al., 2007; Rosa et al.,
2013; Seaman et al., 2013). This process may enhance slab deformation
to produce stagnant slabs (Fukao and Obayashi, 2013).

It has been considered that water is first incorporated into NAMs
such as olivine and its high-pressure polymorphs and the remained
water forms hydrous minerals (e.g. Faccenda, 2014). However, our re-
sults revealed that hydrous minerals are formed to accommodate water
at relatively low temperatures corresponding to a cold slab core,
remaining NAMs dry. Thus, most water is trapped in dense hydrous
phases and the major constituents such as olivine, wadsleyite, and
ringwoodite in wet slabs are dry. Dense hydrous phases can be the main
water carrier also in the lower mantle after ringwoodite transforms to
bridgmanite assemblage because lower-mantle minerals such as bridg-
manite and ferropericlase can accommodate very limited water (Keppler
and Bolfan-Casanova, 2006; Fu et al. 2019). Due to temperature increase
of harzburgitic/peridotitic layer of the slabs by the high-temperature
lower mantle, dense hydrous magnesium silicates will finally release
water because of their limited thermal stability below the average
mantle temperature (e.g. Ghosh and Schmidt, 2014; Nishi et al. 2015).
The released water will be captured by a basaltic layer, which is a
silica-enriched rock consisting of silica polymorphs such as stishovite
and CaCly-type phase, bridgmanite, davemaoite, Al-rich phases of cal-
cium ferrite-phase and hexagonal phase (Hirose et al. 2005; Ishii et al.
2019b, 2022c¢). Reactions of the basaltic layer with water could make
hydrous aluminous silica phases (Ishii et al. 2022d; Lin et al. 2020; 2022;
Litasov et al. 2007; Tsutsumi et al. 2024) and the main water carrier is
changed to them in the basaltic layer.

Deep-focus earthquakes have been observed down to ~700 km depth
(e.g. Zhan, 2020). The metastable olivine transformation is one of the
possible mechanisms and can partly explain deep-focus earthquakes
(Kirby et al. 1996). It is generally considered that dehydration of hy-
drous minerals causes embrittlement of rocks, which is an origin of
intermediate-depth earthquakes. Dehydration of hydrous minerals
(Omori et al. 2004; Shirey et al. 2021) has also been invoked as a
possible mechanism to trigger deep-forcus earthquakes. Note that at
temperatures below the dehydration of hydrous minerals to wadsleyite
or ringwoodite (~1200 °C), the water content of the subducting slab
mantle must be more than water solubility of NAMs when considering
dehydration embrittlement, because as we show here in the water
under-saturated slabs, dehydrated water is absorbed to the NAMs and
dehydration embrittlement is less likely to occur in slabs subducting in
the transition zone. At higher pressures, water solubilities of bridg-
manite and ferropericlase are relatively low <0.1 wt.% (e.g. Bolfan--
Casanova et al. 2003; Fu et al. 2019). Therefore, dehydration of hydrous
minerals such as superhydrous phase B and hydrous phase D in the
stability field of bridgmanite may provide a reasonable explanation for
the deepest earthquakes around 700 km depth (Komabayashi et al.
2004; Omori et al. 2004; Shirey et al., 2021; Zahradnik et al., 2017)
(Fig. 8).

4. Conclusion

We have conducted water partitioning experiments between wad-
sleyite or ringwoodite and hydrous phases down to transition zone
conditions. We found that nearly dry wadsleyite and ringwoodite coexist
with hydrous phase A and superhydrous phase B at 14-16 GPa and 21
GPa at least up to 900 °C, respectively. These results suggest main water
carriers in a cold slab core down to the transition zone could be these
dense hydrous magnesium silicates. These results indicate that dry
olivine coexisting with hydrous phase A transforms to nearly dry wad-
sleyite or ringwoodite and hydrous phase A or superhydrous phase B,
respectively. Thus, grain-size reduction by dry olivine transformations
in a cold slab core could control rheology of a subducting slab and form
slab stagnation and deep-focus earthquakes around 450-660 km depths.
Combined with previous studies of water partitioning between NAMs
and hydrous phases (Bolfan-Casanova et al., 2003; Ishii and Ohtani,

Earth and Planetary Science Letters 658 (2025) 119310

2021; Ishii et al. 2022b), main water carriers at least down to uppermost
lower mantle depths are hydrous phases. Dehydration of hydrous phases
could cause the deepest earthquakes happened around 700 km depths
due to limited water solubility of major lower mantle minerals of
bridgmanite and ferropericlase. The present phase relations of hydrous
phases coexisting with NAMs at systems with relatively low water
contents (1.6-2.5 wt.%) are significantly different from those with high
water contents (11 wt.%) (e.g., Ohtani et al. 2001). Future study of the
detailed phase relations at such water undersaturated conditions will
provide more detailed view of water distribution and water circulation
in the mantle.
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