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Water in mantle minerals plays very important roles in 
mantle dynamics; that is, water in nominally anhydrous 
minerals such as olivine enhances the diffusion of atoms, 

deformation of minerals due to hydrolytic weakening1,2 and trans-
formation kinetics3. Subducting slabs transport water into the deep 
mantle by nominally anhydrous and hydrous minerals. Therefore, 
the amount of water in nominally anhydrous minerals together with 
the stability of hydrous minerals is one of the most important fac-
tors to control the dynamics of slab subduction.

Olivine, which is the most abundant mineral in Earth’s upper 
mantle, transforms to high-pressure polymorphs of wadsleyite 
and ringwoodite at depths of 410 km and 520 km, respectively, 
in the mantle transition zone. However, the transformations of 
olivine in the cold interiors of subducting slabs occur at deeper 
regions than its equilibrium phase boundary due to relatively low 
slab temperature and therefore sluggish kinetics of transforma-
tions4,5. Thus, metastable olivine can exist even at the bottom of 
the transition zone.

In some slabs, metastable olivine has been observed by seismo-
logical studies as low-velocity regions in the interior of slabs, for 
example, beneath the Sea of Japan and the Mariana Trough down 
to 580–630 km deep6,7. These regions have been called metastable 
olivine wedges. The phase transformation of olivine in the meta-
stable olivine wedge might cause deep-focus earthquakes8–10. 
These observations have been interpreted to be a signature of dry 
slabs11,12 because even small amounts of water (several hundred 
ppm) enhance the transformation kinetics of olivine3,13,14, leading 
to the absence of a metastable olivine wedge. However, we expect 
that slabs generally contain water as hydrous minerals such as chlo-
rite, serpentine and hydrous phase A15–17. The intermediate-depth 
earthquakes are triggered by dehydration of hydrous minerals, and 
the double seismic zone is observed in the slab exceeding 50 km 
inward from its surface, which indicates the region of dehydra-
tion. The aseismic zone with the thickness of ~40 km between the 

upper and lower seismic zones would be a cold hydrated core, which 
transports water into the deep upper mantle16,18,19. A water content 
in slabs in the deep upper mantle has been estimated to be at least 
1,600–3,500 ppm on average on the basis of mineral physics data 
and seismological observations16,18,19. The variation of the estimation 
depends on the thermal structures of hot and cold slabs. Hydration 
mechanisms of slabs before subduction such as fractures in slabs 
produced by slab bending and water supply into slabs by upwelling 
plumes20–24 also support the cold hydrated core of the slab. If this is 
the case, the existence of a metastable olivine wedge in the wet slabs 
is a paradox due to the fast transformation kinetics of wet olivine. It 
is thus crucial for understanding the dynamics of slab subduction to 
clarify whether the existence of metastable olivine wedges is a real 
signature of dry slabs.

To solve the paradox, the water solubilities of olivine and its 
high-pressure polymorphs coexisting with hydrous minerals are 
essential. Most of the previous studies on water solubility in these 
minerals have focused on the solubility limit at temperatures out-
side the metastable olivine wedges, which are above the stability 
fields of hydrous minerals (>1,000 °C)25,26, under water-saturated 
conditions (the ‘water storage capacity’)27–29. Therefore, in this work 
we have conducted water-partitioning experiments between olivine 
or wadsleyite and coexisting hydrous phase A (whose compositions 
fall along the forsterite–brucite and forsterite–water joins) below 
1,000 °C under water-undersaturated conditions.

We measured water contents of forsterite and wadsleyite coexist-
ing with hydrous phase A under pressure and temperature condi-
tions corresponding to cold regions of subducting slabs in the deep 
upper mantle (8–12 GPa and 700–900 °C)26 (Extended Data Table 1).  
The water contents were measured with single crystals of forsterite 
and wadsleyite using Fourier transform infrared (FTIR) spectros-
copy. To measure precise water contents in the crystals, we set a 
pre-synthesized 200–400 μm single crystal of forsterite or wadsley-
ite enclosed in a magnesium silicate powdered mixture containing 
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brucite as a water source (Extended Data Fig. 1). We prepared two 
powdered mixtures with Mg/Si ratios of 2.25 and 2.00 (8Fo + 2Br 
and 8Fo + 2[2Br + Qz], respectively) (Methods). In all run products, 
we clearly observed single crystals of forsterite or wadsleyite sur-
rounded by the polycrystalline mixture (Fig. 1). Recovered poly-
crystalline mixtures were identified to be forsterite or wadsleyite 
plus hydrous phase A in 8Fo + 2Br and forsterite or wadsleyite plus 
hydrous phase A with an additional nominally anhydrous mineral 
of clinoenstatite in 8Fo + 2[2Br + Qz] (Extended Data Table 1 and 
Extended Data Fig. 2).

Micro-FTIR spectra of the starting materials and recovered 
samples of forsterite and wadsleyite single crystals were measured 
at ambient conditions (Extended Data Tables 1 and 2 and Fig. 2). 
Before the experiments, we prepared two kinds of forsterite single 
crystals: one is synthetic forsterite with less than 1 ppm water pro-
duced at one atmosphere and high temperature and the other is 
forsterite with 29 ± 9 ppm water synthesized at high pressure and 
high temperature (Methods). We also prepared the starting crystal 
of wadsleyite with 342 ± 103 ppm water synthesized at high pressure 
and high temperature. Effects of crystal orientation on their FTIR 
spectra seem not to be notable because different crystal orientations 
of forsterite and wadsleyite provided similar FTIR spectra (Fig. 2, 

Extended Data Tables 1 and 2 and Supplementary Figs. 1–3). No 
difference in the water contents was observed in a run duration of 
12–72 h at 700–800 °C even though we measured the water contents 
close to the hydrous silicate matrix with the distance of 20–50 μm 
using FTIR (Fig. 1). However, hydrogen diffusion in wadsleyite is 
by one to two orders of magnitude faster than that in forsterite30, 
indicating that the run duration of 13–14 h is sufficient. Water con-
tents of the recovered single crystals of forsterite and wadsleyite 
were determined to be less than 1 ppm and 187–370 ppm with 30% 
errors, respectively, which show that the water contents seem to be 
less than those of the starting materials within the uncertainty of the 
measurements. Results of reversal experiments using hydrous fors-
terite or wadsleyite show that hydrogen in forsterite or wadsleyite 
migrates into an aggregate of dry forsterite or wadsleyite + hydrous 
phase A ± clinoenstatite on the basis of the following reaction: 
5Mg2SiO4 (forsterite/wadsleyite) + 3H2O → Mg7Si2O8(OH)6 (Phase 
A) + 3MgSiO3 (clinoenstatite)25. Formation of hydrous phase A is 
thus preferred rather than hydration of forsterite or wadsleyite at 
pressure–temperature conditions in which hydrous phase A is sta-
ble. These results indicate that forsterite and wadsleyite coexisting 
with hydrous phase A in water-undersaturated conditions are very 
dry in both excess-Mg and excess-Si systems. One may consider the 
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Fig. 1 | representative photographs of cross sections of recovered samples. a, 10 GPa and 800 °C (H5150). b, 10 GPa and 800 °C (H5150). c, 10 GPa 
and 800 °C (S7423). d, 12 GPa and 900 °C (H5073). Syn. Fo SC, starting forsterite single crystal with <1 ppm water; HP-HT Fo SC, starting Fo SC with 
29 ± 9 ppm water; HP-HT Wd SC, starting wadsleyite SC with 342 ± 103 ppm water. Powdered mixtures recovered are Fo or Wd + hydrous phase A (PhA) 
or Fo or Wd + PhA + clinoenstatite (Cen). Red circles are locations for the FTIR measurements.
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effect of Fe on hydrogen diffusion. Previous studies, however, dem-
onstrated that the effect is negligible for olivine and wadsleyite31–33, 
implying that our Fe-free results can be applied to natural pro-
cesses. In the mantle, olivine and its polymorphs coexist with other 
anhydrous minerals such as pyroxene and garnet. Water might be 
partitioned into these minerals. However, these minerals will be  
also essentially dry when we consider water partitioning between 
dry olivine/its polymorphs and these minerals34. It would be impor-
tant to investigate water contents in these minerals coexisting  
with olivine and hydrous minerals in the future for a better  
understanding of the water transport into the deep mantle by our 
experimental strategy.

Dry olivine and wadsleyite coexisting with hydrous  
phase a
Water contents in recovered forsterite and wadsleyite single crys-
tals are plotted in Fig. 3a,b together with their previous reports 
under water-saturated conditions29. Olivine and wadsleyite contain 
very small amounts of water, less than 1 ppm and 300 ppm below 
1,000 °C, respectively, under water-undersaturated conditions. 
However, we clearly see a drastic increase of water contents in both 
olivine and wadsleyite associated with dehydration of hydrous min-
erals around 1,000 °C due to a rapid increase in water fugacity of 
the system. This increase of the water contents implies that, once  
wet slabs are heated to dehydration temperatures of hydrous min-
erals around 1,000 °C, olivine and wadsleyite incorporate a large 
amount of water. The increase of the water contents in olivine and 

wadsleyite by water release from hydrous minerals would enhance 
the transformation kinetics of olivine and rheology of olivine and 
its polymorphs2,3,13,14, resulting in a large deformation of the slabs as 
discussed in the following.

Dry transformation kinetics in wet descending slab
Our results of dry forsterite and wadsleyite coexisting with hydrous 
phase A can explain the paradoxical existence of the metastable 
olivine wedge in wet subducting slabs on the basis of their trans-
formation kinetics. It has been reported that the kinetics of the 
olivine–wadsleyite transformation strongly depend on the water 
content in these minerals13,35. These experiments showed that meta-
stable olivine containing 500 ppm water can survive up to the base 
of the mantle transition zone at low temperatures of around 600 °C,  
which have been considered to be within the internal slab tem-
perature range (500–700 °C (ref. 26)). In addition, the ringwoodite 
growth rate from olivine with more than 75 ppm water is enhanced 
by hydrolytic weakening, suggesting the metastable olivine wedge 
should be produced by olivine with less than 75 ppm water14. Our 
study indicates that the metastable olivine wedge can exist under 
wet but water-undersaturated conditions; that is, the existence of 
the metastable olivine wedge is not the signature of dry descending 
slabs, but it would be the signature of water-undersaturated condi-
tions coexisting with hydrous minerals.

It has been considered that deep-focus earthquakes are gen-
erated by the phase transformation of metastable olivine4,8–10.  
The results of the present study revealed that this mechanism  
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Fig. 2 | representative unpolarized FTIr spectra of forsterite and wadsleyite single crystals coexisting with hydrous phase a. a, 10 GPa and 800 °C 
(S7423). b, 10 GPa and 800 °C (H5150). c, 12 GPa and 900 °C (H5073). d, 12 GPa and 800 °C (H5085). The bottom spectra are those of starting single 
crystals of forsterite or wadsleyite.
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works even in water-undersaturated wet slabs. Deep-focus earth-
quakes may also be triggered by dehydration of hydrous minerals as 
proposed for intermediate-depth earthquakes36. On the basis of the 
kinetics of the olivine–wadsleyite transformation3, a thermochemi-
cal study found a ‘blocking temperature’ of the olivine–wadsleyite 
transformation to be 725 °C and applied it to the metastable oliv-
ine wedge in the Marianas slab37. However, a numerical study ana-
lysed the kinetics of this phase transformation and demonstrated 
that the temperature for completion of 10–90% transformation is 
700 °C for 200 ppm water38. Thus, the blocking temperature could 
be much higher for olivine with water content less than 1 ppm as 
demonstrated in this study and could rise to the dehydration tem-
perature of hydrous phase A13. We also emphasize that the break-
down temperatures of hydrous phases have not been determined 
under water-undersaturated conditions, where the breakdown  
temperatures might be lower due to the low water fugacity. 
Therefore, the present results might support the argument that 
dehydration may continue to play an important seismogenic role 
for deep-focus earthquakes39.

slab deformation in wet descending slab
The present results showed that olivine and wadsleyite coex-
isting with hydrous phase A are essentially dry, and water is 
stored in hydrous phase A. Therefore, the rheological property 
for the phase transformation under the dry condition40 can be 
applied to the water-undersaturated slab. An exothermic phase 
transformation-induced grain-size reduction in the slabs could 
cause slab softening while the slabs are warming41–43, with large 
deformation of the slabs contributing to the formation of stagnant 
slabs44. The drastic change in water contents of olivine and wadsley-
ite associated with the dehydration of hydrous phase A may provide 
notable effects on the rheology of slabs. The slab weakening might 
be linked to the rapid phase transformation kinetics3,13 and hydro-
lytic weakening45 of wet olivine induced by fluids from dehydration 
of hydrous phase A46 when the blocking temperature of the olivine–
wadsleyite transformation is comparable to or higher than the dehy-
dration temperature of hydrous phase A as shown in the preceding. 
Processes in the water-undersaturated slab are shown in Fig. 4.

In mantle transition zone conditions, other hydrous minerals 
rather than hydrous phase A, such as hydrous phase E and super-
hydrous phase B, could be stable and coexist with wadsleyite or 
ringwoodite. However, it is likely that water will be strongly par-
titioned into other hydrous phases, according to our results. The 
reason for strong water partitioning into hydrous phase A would be 
closely related to a stable O–H geometry and stronger O–H bond-
ing nature in their crystal structures, compared with those in fors-
terite and its polymorphs47,48. The stable O–H geometry and strong 
O–H bonding nature would be common in other hydrous miner-
als as demonstrated in hydrous phase E49 and superhydrous phase 
B50. The water partitioning between nominally anhydrous minerals 
and other high-pressure hydrous phases stable in the mantle transi-
tion zone and the effect of iron on the water partitioning should be  
studied in the future to further strengthen our hypothesis.
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Fig. 3 | The water content in forsterite at 8–12 GPa and wadsleyite 
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water content are observed in forsterite (a) and wadsleyite (b) due to 
dehydration of hydrous phase A. Red and black solid circles are data 
reported by this study and previous studies28,29, respectively. Note that 
previous studies conducted experiments under water-saturated conditions, 
resulting in high water contents in wadsleyite under coexistence with 
hydrous phase A. The arrows indicate the increase of the water content in 
olivine and wadsleyite due to dehydration of hydrous phase A.
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Fig. 4 | slab deformation and formation of a stagnant slab in a wet 
descending slab and their possible linkage with dehydration of hydrous 
phases. The presence of hydrous phases (<1,000 °C) and dry metastable 
olivine (Ol) core (<700~1,000 °C) along the isotherms shaded as yellow. 
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Methods
Preparation of starting materials. Two single crystals of Mg2SiO4 forsterite with a 
size of 200–400 μm were used for the water-partition experiments between olivine 
and hydrous phase A: synthetic forsterite (Oxide Corporation) containing less than 
1 ppm water and that containing 29 ppm water synthesized at 8 GPa and 1,800 °C 
for 5 h using the synthetic forsterite powder. Two kinds of experiments using 
these two crystals were conducted to check both normal and reverse reactions on 
water partitioning between forsterite and hydrous phase A. In the runs (S7420 and 
H5150), we used oriented synthetic forsterite crystals with dimensions of 200 μm 
(a axis) × 400 μm (b axis) × 400 μm (c axis) (Fig. 1). We also prepared hydrous 
silicate powdered mixtures of Mg2SiO4 forsterite and Mg(OH)2 brucite with 8/2 
mole ratio including water content of ~2.9 wt% (8Fo + 2Br) and of forsterite and 
brucite + SiO2 quartz in a Mg/Si ratio of 2 with 8/2 mole ratio including water 
content of ~4.9 wt% (8Fo + 2[2Br + Qz]) to examine the dependence of water 
contents in forsterite and wadsleyite on hydration mechanisms in Mg-excess and 
Si-excess conditions51,52 (Extended Data Fig. 1). Two forsterite single crystals were 
surrounded by these mixtures in gold capsules. The gold capsules were welded shut 
to avoid water escaping during experiments.

Wadsleyite single crystals used for the partition experiments were synthesized 
at 18 GPa and 1,800 °C for 3 h using the synthetic forsterite powder. Two pieces 
of wadsleyite single crystals with the grain size of ~200 μm were surrounded 
by the powdered mixture of 8Fo + 2Br and 8Fo + 2[2Br + Qz] in gold capsules, 
respectively (Extended Data Fig. 1). The experimental conditions and results are 
given in Extended Data Tables 1 and 2.

High-pressure and high-temperature experiments. We used 1,000 ton and 
1,200 ton Kawai-type multi-anvil presses at the Bayerisches Geoinstitut, University 
of Bayreuth. Single crystals of forsterite and wadsleyite were synthesized with 
18 mm and 10 mm Cr-doped MgO pressure media in combination with tungsten 
carbide (WC) anvils with 11 mm and 4 mm truncated edge lengths, respectively. The 
pressure media with 10 mm and 18 mm edges were used for the water-partitioning 
experiments using WC anvils with 5 mm and 11 mm truncated edge lengths, 
respectively (Extended Data Fig. 1). A LaCrO3 cylindrical heater with a ZrO2 
thermal insulator was used in all experiments. Mo electrodes were located at both 
ends of the heater. The sample was electrically insulated from the heater using 
a MgO capsule. Single crystals of forsterite and wadsleyite synthesized at high 
pressure and high temperature were made from the synthetic forsterite power in a 
Re foil capsule. In experiments for the water partitioning into forsterite, the samples 
were heated at 8 GPa and 700 °C and at 10 GPa and 800 °C for 12–72 h, in which 
time dependence on water content in forsterite was examined because hydrogen 
diffusion in forsterite might not be sufficient to achieve hydrogen equilibrium 
throughout the crystal (for example, 20–75 μm at 800 °C for 5–72 h and 20 μm at 
700 °C for 12 h)53–55. In the same manner, the samples of wadsleyite single crystals 
surrounded by the hydrous silicate mixtures were heated at 12 GPa and 800–900 °C 
for 13–14 h. The sample temperature was measured at the surface of the gold capsule 
using a W97%Re3%–W75%Re25% thermocouple. We made no pressure correction 
to the electromotive force of the thermocouple. The ceramic parts of the cell 
assemblies were fired at 1,273 K just before assembling them. The samples were first 
compressed to a desired press load at room temperature and then heated to a target 
temperature at a rate of ~100 °C min–1. After maintaining the target temperature for 
the desired duration, the samples were rapidly quenched by shutting off the electric 
power supply of the heater and were recovered by slowly releasing the pressure.  
The cooling rate during quenching was estimated to be about 100 °C s–1.

Analysis of the run products. The recovered sample capsules were polished, 
and the phases in the run products were identified using a DILOR XY Raman 
spectrometer and a micro-focused X-ray diffractometer equipped with a 
micro-focus source (IμS) of Co-Kα (Bruker, D8 Discover) with a two-dimensional 
solid-state detector (VÅNTEC-500). Crystal orientations of some recovered 
crystals after double polishing were identified using a Zeiss LEO 1530 Gemini 
field emission scanning electron microscope coupled with the HKL Nordlys 
electron back-scattered diffraction detector. Crystallographic orientation maps of 
the samples were analysed using Oxford Instruments HKL CHANNEL5 software. 

We measured the water contents in the starting materials and recovered samples 
of forsterite and wadsleyite single crystals using FTIR spectroscopy with a Bruker 
IFS 120 high-resolution spectrometer coupled with a Bruker IR microscope. The 
recovered single crystals were double polished to ~50–100 μm thickness for the 
FTIR measurement. The water contents close to the hydrous silicate matrix with 
the distance of 20–50 μm were measured using FTIR. Water contents in forsterite 
and wadsleyite were calculated by integrating peaks using calibrations in refs. 54,55, 
respectively (Extended Data Table 2).

Data availability
All data used in this paper are available on Zenodo (https://doi.org/10.5281/zenodo. 
3936232). Any other data can be requested by emailing the corresponding author.
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Extended Data Fig. 1 | schematic drawings of cell assemblies. Water-partitioning experiments between a, forsterite and hydrous phase A and  
b, wadsleyite and hydrous phase A. In the experiments for forsterite, oriented crystals with 200 μm a axis × 400 μm b axis × 400 μm c axis were  
put in the capsules as shown in the right capsule in Extended Data Fig. 1a.
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Extended Data Fig. 2 | representative X-ray diffraction patterns of the recovered samples at the surrounding part of the single crystals.  a, 10 GPa and 
800 °C (S7423). b, 12 GPa and 900 °C (H5073). Fo, forsterite; Wd, wadsleyite; Cen, clinoenstatite; PhA, hydrous phase A.
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Extended Data Table 1 | Experimental summary. Experimental conditions and results of phase identification and water contents in single crystals.
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Extended Data Table 2 | Water contents of forsterite and wadsleyite. Details of FTIR measurements of forsterite and wadsleyite single crystals.
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