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Stability anddistribution of densehydrous
magnesium silicates in the mantle
transition zone under low water activity
conditions
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Water plays a central role in controlling the physical and chemical properties of Earth’s deep interior. It
remains uncertain how water is stored in subducting slabs within the mantle transition zone, between
depths of about 410and660kilometers, andwhether densehydrousmagnesiumsilicates act asmajor
water carriers to greater depths. Here we report high-pressure and high-temperature laboratory
experiments on the Mg-Si-H system at pressures of 16 and 21.5 GPa and a temperature of 1400 K to
evaluate hydrous phase stability under transition zone conditions. We find that when bulk water
content is below 1.22 wt%, H2O is predominantly incorporated intowadsleyite and ringwoodite rather
than forming dense hydrous magnesium silicates. Because estimated water contents in subducted
oceanic slabs are typically lower than one weight percent, formation of these silicates is unlikely,
suggesting that the mantle transition zone may restrict large scale water transport into the lower
mantle.

Water plays a pivotal role in shaping the physicochemical properties,
structure, and dynamics of the Earth’s deep interior, as documented by
previous studies1–5. Consequently, numerous investigations have been car-
ried out to examine the distribution of water within the deep mantle,
including phase equilibrium experiments and theoretical calculations. It is
widely accepted that dense hydrous magnesium silicates (DHMSs) in the
cold slab play a crucial role in transporting water into the Earth’s interior.
Water is transported by phase A following the serpentine breakdown at
7 GPa, and subsequently by other high-pressure DHMSs6–8. The currently
reported highest-pressure formof theseDHMSs, phaseH, is stable at depths
far deeper than 1250 km. The stability of phase Hmay be further expanded
to the core-mantle boundary on the dissolution of the δ-AlOOH compo-
nent in the structure, even at the normal mantle geotherm9–11. However,
most previous experimental studies on the stability of DHMSs have been
conducted under water-saturated conditions, while water activity plays an
indispensable role in the stability of hydrous minerals.

The subducting oceanic slab typically comprises three petrological
layers (sediment, basalt, and depleted peridotite). According to the phase

equilibrium experiments in sediment and mid-ocean ridge basalt (MORB)
compositions, the bulkwater content in the sediment retains less than 0.5 wt
% H2O at pressures higher than 12 GPa, and the MORB almost dries out
after the breakdown of lawsonite at pressures higher than 10 GPa12. Recent
experiments suggest that Al-bearing stishovite can incorporate >1 wt%
H₂O, but their water content is highly temperature-dependent13,14. Under
the low temperature characteristic of subduction zones, theCaCl₂-type SiO₂
cannot form. For the peridotite layer, although complete serpentinization of
peridotite could theoretically introduce up to ~13 wt% H₂O into the slab6,
antigorite breakdown to enstatite, phase A and H2O at ~7 GPa, via the
reaction 5Antigorite = Phase A+ 8Enstatite+ 7H₂O, yields the maximum
bulkwater content retained in the slab is 4.3 wt%.However, hydration levels
may be much lower in nature system. Seismic studies15 indicate serpenti-
nization of only 19 vol% in the peridotite layer, which has a thickness of
24 ± 5 km; this corresponds to a bulk water content of 2 wt%. After further
breakdown of serpentine to phase A, the water content that can be retained
in the slab drops to only 0.82 wt%. Furthermore, studies have shown that
with 20% serpentinization, the resulting density contrast is insufficient to
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overcome slab negative buoyancy and initiate convective overturn16. In
addition, our previous results have demonstrated that water activity is a key
parameter controlling the stability of hydrous minerals. Brucite17 and
superhydrous phase B18 have shown that the onset temperatures of partial
dehydration under low water activity conditions are 50–200 K lower than
those under water-saturated conditions. This suggests that the stability of
hydrous minerals is not only controlled by temperature and pressure but is
also related to water activity. In subducted slabs with low bulk water con-
tents (e.g., <1 wt%), the transformation of olivine to wadsleyite (Wd) and
ringwoodite (Rw) provides an efficientmechanism for redistributing water.
Wd andRware known to accommodatemore than 2 wt%ofH₂O, although
reported solubilities vary widely depending on pressure, temperature,
composition19–23. Ongoing debates remain regarding the maximum H₂O
contents achievable under natural mantle conditions.

If water preferentially enters Wd and Rw, DHMSs become negligible
and cannot serve as major water carriers in the mantle transition zone.
Although there are a large number of phase equilibrium studies in theMgO-
SiO2-H2O (MSH) system with pyrolite composition at transition zone
depths, experiments with initial H₂O content <2 wt% have seldom been
explored except for speculation24. It is essential to determine the phase
relations of the peridotitewith lowwater contents for a better understanding
of water distribution in the mantle transition zone (MTZ). Here we inves-
tigate the phase relations in the MSH system with various water contents
(from 0.1 to 5 wt%) at pressures of 16 and 21.5 GPa and 1400 K to examine
whether DHMSs can or not serve as the water carriers in the MTZ with
various bulk water contents.

Results and discussion
High-pressure experiments
Experimental assembly design andmethods of analysis are described in the
Method. At 16 GPa and 1400 K, the run products with 0.1 wt% bulk water
content includeWd and high-pressure clinoenstatite (En).With increasing
bulk water content to 1.6 wt%, phase E appears, and its volume fraction
increaseswith initial bulkwater content in the startingmaterials (Fig. 1).The
electron backscatter diffraction (EBSD) technique reveals that each phase is
homogeneously distributed despite some grains being lost during the pol-
ishing process (Fig. 2a, b). At 21.5 GPa and 1400K, the run products with
1 wt% bulk water content are akimotoite and Rw. When the bulk water
contents increase to 1.6, 3, and 5 wt%, the phase assemblages changes from
Rw+ akimotoite (Ak)+ superhydrous phaseB (SuB), throughAk+ SuB+
stishovite (St) to SuB+ St (Fig. 2c, d), which are consistent with results from
previous experimental studies with 3–5 wt% water content (Fig.1b). At

higherMg/Si = 2, the runproduct containsmoreRw.On the contrary,when
Mg/Si is close to 1, there will be excess phase D at higher bulk water
contents7,25,26. In addition, the water contents of Rw and Wd in the experi-
mental products were directly determined by secondary ion mass spectro-
metry (NanoSIMS). We used synthetic hydrous Rw as the reference
standard, and itswater contentwas calibratedbyFourier-transform infrared
spectroscopy. Detailed experimental conditions and results are listed in
Table 1 and Supplementary Table 1.

Mass balance calculations
Themass balance calculation is an essential method that has been frequently
used to evaluate the stability regionof thehydrousphaseas a functionofwater
content24,27 and is therefore ideal for evaluating the validity of the present
experimental results. We constructed the phase proportion diagram for the
MSH system with Mg/Si = 1.4 as a function of total H2O content at 16 and
21.5 GPa and 1400 K (Fig. 1). Our results unequivocally demonstrate that
water preferentially partitions into Wd and Rw instead of DHMSs. In this
case, we adopt themaximumwater solubility of 2.42 wt% forWd and2.57 wt
% forRw,whichwedirectlymeasured theH₂Ocontents ofWdandRwusing
Nano-SIMS, and the corresponding values are reported in Supplementary
Table 1. We set these values as the upper limits of water contents inWd and
Rw. The partition coefficients of H2O between Wd and En are 3.8, and
between Rw and akimotoite are 2127 to estimate thewater contents of En and
Ak, respectively.We neglect the water content of St because the system is Al-
free. In Al-free systems, the water content in St is lower than 300 ppm, which
is negligible compared to SuB (>7wt%)28, allowing us to reasonably disregard
its contribution to the overall water content in the system. The detailed
methodology of mass balance calculation is in Supplementary Discussion.

At 16 GPa, within theWd stability field, the system consists ofWd and
En at the lowest bulk H₂O content (Fig. 1a).WithMg/Si = 1.4, their volume
fractions are 43.8% and 56.2%. ThemaximumH₂Ocontent in this system is
1.22 wt%; exceeding this threshold leads to the appearance of phase E. As
H₂O content increases, volume fraction of phase E increases while Wd
decreases, disappearing entirely at 5.0 wt% H₂O. At 21.5 GPa, in the Rw
stability field, the sample shows an assemblage of Rw and akimotoite at low
bulkH₂Ocontent (Fig. 1b).To satisfyMg/Si = 1.4, their volume fractions are
47.7 vol% and 52.3 vol%, with a maximum total H₂O content of 1.30 wt%.
Exceeding this value results in the formation of SuB, reducing Rw content.
The equilibriumassemblage consists ofRw, akimotoite, andSuB.WhenSuB
reaches 32.3 vol%, Rw disappears, and total H₂O content reaches 2.14%.
Beyond 2.14 wt% H₂O, stishovite appears, and akimotoite reduces. At
4.76 wt% H₂O, stishovite reaches 23.4 vol%, and akimotoite disappears. If

Fig. 1 | The mass balance calculation of the phase volumes in low water content
conditions. The red dots represent experimental results. a 16 GPa, phE:
Mg2.3Si1.25H2.4O6, density and max water content of each phase. Wd, wadsleyite
(3.5 g/cm3, 2.5 wt% H2O), En, clinoenstatite (3.28 g/cm

3, 0.12 wt% H2O), phase E
(2.92 g/cm3). The partition coefficient DWd/En = 3.8 (Detail calculation setting and

data source in Supplementary Discussion). b 21.5 GPa, superhydrous phase B:
Mg10Si3H4O18, ringwoodite (3.9 g/cm

3, 2.8 wt% H2O), akimotoite (3.81 g/cm3,
0.133 wt% H2O), superhydrous phase B (3.3 g/cm3), stishovite (4.35 g/cm, 0 wt%
H2O). The partition coefficient DRw/Ak = 21 (Detailed calculation setting data source
in Supplementary Discussion).
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Fig. 2 | Representative BSE and EBSD images of
the sample. a KW0092, 16 GPa, 1.6 wt% H2O.
b KW0121, 16 GPa, 3 wt%. c KW0092, 21.5 GPa,
1.6 wt%H2O. dKW0079, 21.5 GPa, 3 wt%H2O.Wd
wadsleyite, En clinoenstatite, phE phase E, Rw
ringwoodite, Ak akimotoite; SuB superhydrous
phase B.

Table 1 | Experimental results and mass balance calculation results (16 and 21.5 GPa)

Run no. Starting material P (GPa) T (K) Duration (hour) Run products Statistics (volume%) Calculated (volume%)

KW0098 MSH (0.1 wt% H2O)
Mg/Si = 1.4

16 1400 6 Wd+En Wd (50)
En (50)

Wd (43.8)
En (56.2)

KW0092 MSH (1.6 wt% H2O)
Mg/Si = 1.4

16 1400 6 Wd+En+phE Wd (47)
En (52)
phE (1)

Wd (39.6)
En (55.1)
phE (5.3)

KW0121 MSH (3 wt% H2O)
Mg/Si = 1.4

16 1400 6 Wd+En+phE Wd (30)
En (55)
phE (15)

Wd (23.9)
En (51.1)
phE (25.0)

KW0135 MSH (5 wt% H2O)
Mg/Si = 1.4

16 1400 6 Wd+En+phE Wd (15)
En (45)
phE (40)

Wd (1.1)
En (45.3)
phE (53.6)

S1376a MSH (3.6 wt% H2O)
Mg/Si = 1.4

15.5 1273 Wd+phE+St

S1377a MSH (12.2 wt% H2O)
Mg/Si = 1.4

14 1373 En+phE+L

5k3212 MSH (1 wt% H2O)
Mg/Si = 1.4

21.5 1400 24 Ak+Rw Rw (50)
Ak (50)

Rw (47.7)
Ak (52.3)

KW0052 MSH (1.6 wt% H2O)
Mg/Si = 1.4

21.5 1400 6 Rw+Ak+SuB Rw (35)
Ak (60)
SuB (5)

Rw (29.8)
Ak (57.8)
SuB (12.4)

KW0079 MSH (3 wt% H2O)
Mg/Si = 1.4

21.5 1400 6 SuB+Ak+St SuB(44)
Ak (46)
St (10)

SuB(44.9)
Ak (47.4)
St (7.7)

1k2868 MSH (5 wt% H2O)
Mg/Si = 1.4

21.5 1400 12 SuB+St SuB (80)
St (20)

SuB (76.6)
St (23.4)

S1387b MSH (3.6 wt% H2O)
Mg/Si = 1.4

20.5 1373 SuB+Rw+St

E15H04c MSH (15 wt% H2O)
Mg/Si = 1

21.5 1373 SuB+
phase D+L

F5H22c MSH (5 wt% H2O)
Mg/Si = 2

21.5 1273 SuB+St+(Rw)

En clinoenstatite,Wd wadsleyite, phE hydrous phase E, Ak akimotoite, Rw ringwoodite, St stishovite, SuB superhydrous phase B, Lmelt.
aData from Komabayashi et al.8.
bData from Komabayashi and Omori7.
cData from Ohtani et al.25.
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H₂O content exceeds 4.76 wt%, the equilibrium assemblage stabilizes as
stishovite and SuB, with respective volume fractions of 23.4 vol% and
76.6 vol%.

The phase assemblage identification in our experimental results and
phase volume fractions alignwithmass balance calculations, confirming the
reliability of the calibration assumptions. When Wd and Rw approach the
maximum water solubility, the bulk MSH system in equilibrium contains
1.22 and1.30 wt%H2O,respectively, andphaseEand superhydrousphaseB
occur. Therefore, if the water content of the MSH system is lower than
1.22 wt%, all the water will be stored in Wd and Rw. If the water content
exceeds 1.22 wt%,DHMSswill eventually occur.This stronglydemonstrates
that water preferentially entersWdor Rw, and that DHMSs only form once
Wd and Rw become water saturated.

Influences of water activity on the stability of hydrous minerals
Some previous studies have demonstrated that water activity is a critical
factor controlling the dehydration reactions of hydrous minerals. For
instance, studies on the electrical conductivity of brucite17 and SuB18 in open
systems reveal that partial dehydration occurs at temperatures 50–200 °C
lower under low H2O activity (aH2O

) conditions compared to water-
saturated systems. aH2O

also governs the hydration/dehydration ofminerals
under high pressures and high temperatures. Taking Rw as an example,
water preferentially incorporates into its crystal structure through 2Hþ $
Mg2þ substitution reaction:

Mg2SiO4 sð Þ þ xH2O lð Þ $ Mg2�xH2xSiO4 sð Þ þ xMgO sð Þ x ≤ 0:224ð Þ
ð1Þ

The equilibrium constant of this reaction (K1) is inversely related to
aH2O

:

K1 ¼
aMg2�xH2xSiO4

� axMgO

aMg2SiO4
� axH2O

/ 1
axH2O

ð2Þ

This relationship highlights that water incorporation into Rw is con-
trolled by an internal solubility equilibrium. A formation of SuB occurs
when hydrous Rw approaches its maximum water solubility, following the
complex multicomponent reaction:

7Mg2SiO4ðhy; sÞ þ 2H2O lð Þ $ Mg10Si3H4O18 sð Þ þ 4MgSiO3 sð Þ ð3Þ

The corresponding equilibrium constant (K2) is expressed as:

K2 ¼
aMg10Si3H4O18

� a4MgSiO3

a7Mg2SiO4
� a2H2O; eq

/ 1
a2H2O; eq

ð4Þ

and is related to the standard Gibbs free energy change:

ΔG0 T; Pð Þ ¼ �RTlnK2 ð5Þ

The instantaneous direction of this reaction is governed by the reaction
quotient (Q2), defined identically toK2 but basedon instantaneous activities:

Q2 ¼
aMg10Si3H4O18

� a4MgSiO3

a7Mg2SiO4
� a2H2O

� 1
a2H2O

ð6Þ

The instantaneous Gibbs free energy change is then:

ΔG T; Pð Þ ¼ RTln
Q2

K2
ð7Þ

Elevated aH2O
leads to 1

a2H2O
< 1

a2H2O;eq
. Consequently,

Q2 <K2 andΔG < 0, promoting the forward reaction (SuB formation).
When aH2O

decreases, Q2 increases such that Q2 >K2. This shifts the

reaction toward the reverse direction, suppressing the formation of SuB.
This contrast highlights fundamental differences in how distinct hydrous
phases respond dynamically to water activity.

It is noteworthy that the minimum bulk water content of approxi-
mately 1.22 wt% required for DHMS formation, as determined by our
calculations, is based on water activity conditions in a pure H₂O system,
whereas inMTZ conditions, the water activity in amixedH₂O–CO₂ fluid is
lower than in a pure H₂O system29,30. Experimental and theoretical studies
have demonstrated that CO₂ acts as a diluent, decreasing the chemical
potential and activity of H₂O31. This reduction in aH2O

directly limits the
formation of DHMSs. In peridotite-buffered experiments, highly non-ideal
mixing between H₂O and CO₂ further amplifies the reduction in water
activity32,33. Moreover, under high pressure, when melt and water are
immiscible, the aH2O

in the hydrousmelt is greatly reduced. Therefore, if the
effect of CO2 on aH2O

is considered, the stability and water storage capacity
of hydrous minerals in the mantle would be considerably overestimated.
The effective bulkH₂Othreshold is expected to be higher in natural systems.

It should be noted that the lower limit bulk H₂O threshold for DHMS
formation derived here is not itself a thermodynamic variable but instead
reflects a saturation-controlled constraint. Its numerical value is sensitive to
themaximumH₂O storage capacities ofWd and Rw under the investigated
pressure and temperature conditions. When the system’s composition
becomesmore complex, the volume fractions ofWd andRw remain largely
unaffected. The presence or absence of other phases has no substantial effect
on our results. Furthermore, if Wd and Rw contain certain amounts of
elements like iron and aluminum, the impact on their maximum water
storage capacities is limited. Therefore, this bulk water content threshold
remainshighly applicable to the compositionof real slabs22,23.We emphasize
that this critical point is not expected to be invariant. In regions char-
acterized by localized thermal anomalies or in subducting slabs with highly
heterogeneous bulk compositions, temperature-dependent variations in the
maximum water capacities of Wd and Rw may lead to shifts in the critical
threshold for DHMS formation.

The threshold and phase-equilibrium results obtained in our study
provide quantitative constraints on the bulk water contents under which
subducting slabs are able to transport water to greater depths in the mantle
in the form of stable DHMSs. Specifically, when the bulk water content is
below the critical threshold, water is predominantly incorporated as
hydrogen defects19 in nominally anhydrous minerals rather than phase-
controlled water storage. In this regime, the storage capacity is limited and
highly sensitive to temperature andwater activity,makingwatermoreprone
to redistribution or release within the shallow mantle to transition-zone
depths. In contrast, once the bulk water content exceeds the threshold and
hydrous phases such as DHMSs become stable, aH₂O rises, and the system
reaches conditions where water storage shifts from a defect-controlled
mechanism to phase-controlled storage, substantially enhancing the effi-
ciency of solid-state water retention and the potential for deep transport
under high-pressure conditions. Therefore, this threshold should be viewed
not only as the minimum bulk water content required for DHMSs’
appearance in the experimental system, but also as a petrologically mean-
ingful boundary that determines whether subducted lithologies can effec-
tively deliver water into the deeper mantle.

While previous studies34,35 reported the coexistence of nominally
anhydrousphases suchasWdandRwwithhydrousphases likePhaseAand
SuB, several experimental and mechanistic considerations suggest that this
interpretation warrants cautious evaluation. First, the use of high surface-
area starting materials (e.g., powders) in their experiments is likely to
accelerate reaction kinetics, potentially leading to the rapid and complete
consumption of free water through mineral reactions. This setup contrasts
with natural systems, in which water incorporation into single-crystal
structures is typically governed by slower, diffusion-limited processes.
Despite considerable variations in initial H₂O contents among large olivine,
Wd, and Rw single crystals, post-experiment analyses revealed a con-
vergence toward similar final water concentrations. Hydrogen incorpora-
tion for metal vacancy diffusion in olivine results in an effective diffusion

https://doi.org/10.1038/s43247-026-03379-1 Article

Communications Earth & Environment |           (2026) 7:265 4

www.nature.com/commsenv


distance of only less than 0.2 μm, even after heating at 1173 K for 72 h36

suggesting that after the experiment, the nominally anhydrous minerals are
expected to remain almost the same as the initial amount of water.
Considering the very slow kinetics at the temperature at which they
carried out their experiments (1073 K), it is likely that wadsleyite remains
as a non-equilibrium phase. In contrast, the matrix containing DHMSs
surrounding the single crystals contains water far exceeding the threshold
value, making it easy for hydrous minerals to form. This observation
strongly supports the interpretation that H₂O distribution in these
crystals is governed by hydrogen diffusion and equilibration with
external aH2O

, rather than by their initial hydration states or by chemical
reactions. The tendency of both initially dry and wet olivine to approach
a common H content indicates that the ambient aH2O

, not mineral-
bound capacity, dictates the final hydrogen inventory in olivine under the
given experimental conditions37. Furthermore, even if phase transfor-
mations occurred, phase diagrams established in prior studies8,25,38 indi-
cate that the coexistence of SuB, Rw, and St, or of Phase A and En, is
thermodynamically inconsistent with the known phase relations at the
reported pressure–temperature conditions. Perhaps most critically, we
can see from their results, particularly at 21 GPa, that the total water
content of the matrix was 2.5 wt%. However, the water-bearing phase
observed in the products is only SuB (grain size <1 μm) residing in the
interstices of Rw crystals, and they assume Rw to be dry. Such a minute
volume of SuB cannot possibly store up to 2.5 wt% water from the
starting material, which falls far short of satisfying mass balance.
Therefore, it is likely that the capsule was not completely sealed or that
equilibrium was not achieved. In contrast, as shown in Fig. 1, our
experiments demonstrate excellent agreement between observed results
and calculated phase equilibria while water preferentially partitions into
Wd and Rw rather than forming hydrous mineral phases, and they are

consistent with previous studies conducted at high water contents. This
convergence provides strong support for the achievement of equilibrium.

Water distribution in the subducted oceanic slab
It is widely accepted that hydrous minerals, e.g., serpentine, talc, and
amphibole, are the principal water carriers for the subducted oceanic slab at
the shallower uppermantle39. The extent towhich these hydrous phases can
transport water into the Earth’s interior during subduction depends largely
on pressure–temperature conditions. Most hydrous minerals will gradually
dehydrate when the oceanic plate is subducted into about 660 km depth
(Fig. 3). In the case of the hot slab, most hydrous minerals will dehydrate
before they are subducted into the MTZ. The dehydrated water will be lost
by upward migration due to its low density and wetting character (θ < 60°)
of both peridotite-water and basalt-water systems17,40–44. As for the cold slab,
lower temperatures can stabilize hydrous minerals, such as serpentine,
down to approximately 200 km depth, at which phase A serves as the main
water carrier6.

Upon reaching theMTZ, the ability of DHMSs to act as effective water
carriers or not depends critically on thebulkwater content of the subducting
slab. Even in archetypal cold and water-rich systems such as the Mariana
subduction zone, seismic observations indicate only limited slab hydration
for a (24 ± 5) km thick, partially serpentinized slab mantle layer containing
~2 wt% water15. Once serpentine transforms into phase A at ~7 GPa, the
mineral water content decreases from ~2 to ~0.8 wt%. Even under such
deliberately chosen end-member scenarios representing extremely cold and
hydrous subduction, the resultingbulkwater contents remainwell below the
threshold required for the stabilization of DHMSs. Therefore, for the vast
majority of subducting slabs, the bulk water content does not reach the level
to stabilize DHMSs such as phase E, phase D, or superhydrous phase B.
Furthermore, to stabilize these DHMSs phases to any notable degree, the

Fig. 3 | Modeled stability of hydrous phases in the
descending slabs with H₂O content less than the
critical point (1.22 wt%). Almost all minerals are
completely dewatered at 300 km. Phase A could be
the main water carrier to a depth of 400 km, with
locally water-rich areas that may contain small
amounts of phase E. In the mantle transition zone,
water is mainly stored in hydrous wadsleyite and
ringwoodite. At 660 km, ringwoodite decomposes,
releasing water and forming hydrous melt layers.
Only highly thermally stable phases, such as Al-rich
phase D, phase H, and hydrous stishovite, could
transport limited water into the lower mantle. Zo
zoisite, Amp amphibole, Chl chlorite, Srp serpen-
tine, Hy-Wd hydrous wadsleyite, Hy-Rw hydrous
ringwoodite, Sti hydrous stishovite, Al-D Al-rich
phase D, H phase H.
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coexisting phase with olivine stoichiometry would have to be water-satu-
rated, which is unlikely possible due to the lack of evidence for high Vp/Vs

ratios45 around active subduction zones within the MTZ46,47.
In regions where the slab is locally enriched in water, the stability of

DHMS may still be limited due to hydrogen chemical potential gradients
between hydrous phases and adjacent, less hydrated assemblages. Whether
the released water can be maintained in the subducted slab depends on the
wetting behavior of the peridotite-water system and the overlying basalt-
water system. According to the wetting behavior studies17,42,44,48,49, the
dihedral angles for fluid-Ol-Ol, fluid-Grt-Grt, fluid-Grt-Cpx, and fluid-
Cpx-Cpx are all smaller than 60° at the 410 km boundary, indicating free
water can migrate upwards freely driven by the density difference. This
geometry facilitates efficient migration and loss of excess water through the
oceanic crust, thereby preventing a large amount of water accumulation in
the underlying peridotite. By reducing water activity through effective
drainage, the water content in the peridotitic layer beneath the oceanic crust
is expected to be well below that required for stabilization of DHMSs. This
interpretation is supported by experimental observations, which demon-
strate that hydrogen out-diffusion under relatively dry conditions can
promote partial breakdown of DHMSs, even within nominally hydrous
bulk environments17,18. Consequently, the amount of water transported into
the MTZ by the subducted oceanic lithosphere is constrained to levels
approaching the saturation of olivine, yielding undersaturatedWd and Rw.
This conclusion is widely supported by studies, e.g., electrical conductivity2,
viscosity3, rheology5, mantle wedge dynamics1, seismic activity4.

As the slab subducts beyond the 660 kmseismicdiscontinuity, hydrous
Rw decomposes to bridgmanite, ferropericlase, and water. Due to the
extremely low water solubility of bridgmanite and ferropericlase50,51, the
released water induces melt production at the 660 km discontinuity52,53.
Hydrous melts are typically less dense than the surrounding mantle
minerals and therefore tend to migrate upward54,55. However, under con-
ditions of low-degree partial melting, the resulting melts can become enri-
ched in Fe56. In this case, melts stabilize at the basement of the MTZ or
migrate upward (depending on the melt composition and therefore the
density difference).As a result,DHMSs cannot extensively form in the lower
mantle to transport water deeper. However, in water-rich regions of sub-
ducting slabs, highly thermally stable hydrous phases such as phase H, Al-
rich phase D, and Al-bearing post-stishovite may enable limited water
transport into the lower mantle10,13,57.

Conclusions
This study provides a deeper understanding of how water is stored and
transported in the Earth’s mantle, specifically within the MTZ. Our
experiments revealed that the bulk water content of the subducted litho-
sphere strongly influences the stability ofDHMSs.DHMSsonly occurwhen
the bulk water content exceeds a critical threshold of at least 1.22 wt% in the
MTZ. Although there has been the traditional view that DHMSs are the
main carriers of water into the deepmantle, the present study demonstrates
that Wd and Rw are the principal water carriers in the MTZ rather than
DHMSs, preventing substantial water transport into the lower mantle.
Therefore, the large-scale water recycling may be restricted to depths
shallower than around 660 km.

Methods
Starting materials and experimental details
The starting materials were mixtures of powders of synthetic forsterite
(Mg₂SiO₄) and enstatite (MgSiO₃), and a regent ofMg(OH)₂. Forsterite was
synthesized by solid-state reactions from stoichiometric mixtures of MgO
and SiO₂ powders withmolar ratios of 2:1. Themixtures were ground in an
agate mortar, pelletized, and sintered at 1400 °C for 24 h. Enstatite was
synthesized from MgO and SiO₂ powders mixed in a 1:1 molar ratio after
calcination at 1273K for 1 h. Themixturewas ground to~1 μm, loaded into
a 0.02mm thick Mo capsule, and held at 2 GPa and 1473 K for 20 h58. The
ratios of these powders were set so that the bulk Mg/Si molar ratio was 1.4
according to the pyrolite model59, and the H2O contents were 0.1, 1, 1.6, 3,

and 5 wt%. The powders weremixed and ground in an agatemortar for 2 h.
Themixed powders were kept in an oven at 120 °C before being loaded into
the gold capsule. The high-pressure experiments were carried out using a
KAWAI-type multi-anvil apparatus installed at the Key Laboratory for
High-Temperature and High-Pressure Study of the Earth’s Interior, Insti-
tute of Geochemistry, Chinese Academy of Sciences, and 1000- and 5000-
ton KAWAI-type multi-anvil presses installed with the Institute for Pla-
netaryMaterials, OkayamaUniversity. The pressure mediumwas a Cr2O3-
dopedMgOoctahedronwith edge lengths of 14.0 and 8.0mm, respectively,
compressed by carbide anvils with truncated edge lengths of 6.0 and 3.0 mm
to generate pressures of 16 (1) and 21.5 (10) GPa. The configurations of
these high-pressure cell assemblies are shown schematically in Supple-
mentary Fig. 1. A straight LaCrO3 sleeve was used as the heater. Tem-
perature was measured using a W97Re3–W75Re25 thermocouple. The
samplewas loaded into a gold capsulewith anouter diameter of 1.0mmand
a length of 1.0–1.2 mm and sealed by welding. One and two capsules,
respectively, were placed in the heater with MgO electrical insulation for
runs at 21.5 and 16GPa. The sample was compressed to the desired pres-
sures and heated to 1400 K, followed by annealing at this temperature for 6,
12, or 24 h. The sample was then quenched by turning off the electrical
power and recovered after 15 h of decompression.

Sample characterization
After recovery, microstructures and chemical compositions were analyzed
using a field-emission scanning electron microscope (SEM) equipped with
energy-dispersive X-ray spectroscopy (EDS) (Supplementary Fig. 2). For
wadsleyite and phase E (phE), whereMg/Si ratios are close, it can indeed be
challenging to distinguish between the two phases in a backscattered elec-
tron image under an SEM. This difficulty arises because Mg and Si have
relatively close atomic numbers, leading to similar gray levels in BSE images,
making phase differentiation challenging. Therefore, when BSE imaging
fails to differentiate between phases with similar Mg/Si ratios, using EBSD
can provide the necessary additional information to accurately distinguish
these phases (Supplementary Fig. 3). The identification of phases was also
accomplished through the utilization of a micro-focused X-ray dif-
fractometer (Supplementary Figs. 4 and 5). The quantification of phase
volume fractions within the recovered samples was conducted using the
Image J software (Table 1).

A JSM-7800F Thermal Field Emission SEM, equipped with an EDS
system, was employed for the semi-quantitative analysis of minerals. This
study was conducted at the Key Laboratory for High-Temperature and
High-Pressure Studies of the Earth’s Interior, Institute of Geochemistry,
Chinese Academy of Sciences. During the X-ray acquisition, a beam
acceleration voltage of 15 kV with a 2 nA beam current was utilized. Beam
size is less than 1 μm. For each phase identification of the run products,
microfocus X-ray diffraction patterns were collected using a Brucker AXS
D8 at Bayerisches Geoinstitut, University of Bayreuth. Discover a micro-
focused XRD diffractometer, operating at 40 kV and 500 μA with CoKα
radiation. Diffraction patterns were acquired over an exposure time of 3 h
from an area of approximately ∼100 μm2. Phase identification was carried
out using the PDindexer program60. EBSD was carried out by using a Zeiss
Sigma 300VP FESEM and an Oxford Instruments Aztec Symmetry EBSD
detector at the SEM-EBSD laboratory, School of Earth Sciences, China
University of Geoscience, Wuhan. Working conditions were as follows:
20 kV accelerating voltage, 0.5μmspot size, working distance of 15mm, 70°
sample tilt angle, and low-vacuummode of 20 Pa. Diffraction patterns were
collected and indexedwith an automaticmappingmode using theAztec 6.1
software from Oxford Instruments. To assure data quality, only those
measurements with mean angular deviation values below 1 degree were
accepted for analyses.

The chemical compositions of the phases were analyzed using a JEOL
JXA8200 electron probe microanalyzer, set at 15 kV and 5 nA to reduce
electron beam damage to sensitive hydrous phases. The electron beam,
approximately 1 μm in diameter, with peak counting times of 20 s, allowed
for precise analysis. Si and Mg concentrations were determined using
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diopside as standards. The detection limits for analysis are approximately
0.1 wt% formost elements. And the composition analysis uncertainty is less
than 1 wt%.

Water content measurement
Secondary ion mass spectrometry (Nano-SIMS) analyses were performed
using aCAMECANanoSIMS50L instrument at the StateKeyLaboratory of
Ore Deposit Geochemistry, Chinese Academy of Sciences, Guiyang, China.
Sampleswere polished and coatedwith a carbon layer approximately 40 nm
thick to ensure conductivity under high voltage conditions. A mass reso-
lution of about 7000 (M/ΔMmeasured at 10%peak height) was achievedby
adjusting the width of the entrance slit (30mm), exit slit (90mm), and
aperture slit (350mm). This resolution was sufficient to eliminate isobaric
interferences, including ¹⁷O on ¹⁶O¹H⁻, ²⁹Si¹H⁻ on ³⁰Si⁻, and ⁴⁰Ca− on
²⁴Mg¹⁶O⁻. The ions ¹⁶O⁻, ¹⁶O¹H⁻, ³⁰Si⁻, and ²⁴Mg¹⁶O⁻ were detected simul-
taneously. The ¹⁶O⁻ ion was measured using a Faraday cup detector, while
the other ions (¹⁶O¹H⁻, ³⁰Si⁻, and ²⁴Mg¹⁶O⁻) were detected by electron
multiplier detectors.

Prior to each analysis61, the sample surface was pre-sputtered for 50 s
with a 50 pA primary beam over a 6 × 6 μm² area to remove the carbon
coating and to implant sufficient Cs⁺ into the surface, thereby stabilizing
secondary ion yields. During analysis, a primary Cs⁺ ion beam of 50 pAwas
used, and the sampling area was 5 × 5 μm².

To overcome matrix effects in Nano-SIMS analyses, a hydrous ring-
woodite standardwas synthesized.High-purityMg(OH)₂ andSiO₂powders
(>99.9%) were used as starting materials. Prior to weighing, SiO₂ and
Mg(OH)₂ powders were dried at 1370 and 400 K, respectively. The powders
were mixed in ethanol to obtain a bulk composition corresponding to
Mg₂SiO₄ plus 22 wt% H₂O. After drying in a vacuum furnace at 400 K to
remove residual ethanol and moisture, the mixtures were sealed in Pt
capsules (inner diameter 0.8 mm, outer diameter 1.0 mm) by arc welding.
The capsule lengths were carefully controlled to ~1.2mm after welding to
minimize temperature gradients and uncertainties during high-pressure
experiments. Each capsulewas loaded into anMgOsleeve andplacedwithin
a LaCrO₃ furnace. A Cr₂O₃-dopedMgO octahedron with an edge length of
7mm served as the pressure medium. Temperature was monitored using a
D-type thermocouple (W97Re3–W75Re25). The assemblieswere compressed
to 20 GPaat ambient temperature using aKawai-typemulti-anvil apparatus
and subsequently heated to 1800 K at a rate of ~100 K/min. The samples
were annealed at the target temperature for 240min before quenching. The
samples recovered were cut into two halves. One half was double-sided
polished to a thickness of 50 μm for FTIR analysis to determine the H₂O
content, while the other half was used as a NanoSIMS standard. FTIR
spectra are shown in Supplementary Fig. 6, and the baseline correction and
the method for calculating water content followed the procedure described
by Fei and Katsura (2020). The hydrous ringwoodite standard sample
contains 2.11(2) wt% H₂O.

Data availability
The data supporting the findings of this study are provided in the Supple-
mentary Information.These data are also available viaZenodoathttps://doi.
org/10.5281/zenodo.18765147 (ref. 62).
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