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We clarified the phase relations of MgSiO3-Al2O3-H2O system under the uppermost lower-mantle 
conditions and the partitioning of aluminum and hydrogen between bridgmanite and hydrous minerals 
of hydrous phase δ-H solid solution and aluminous hydrous phase D. Bridgmanite coexists with hydrous 
phase D and δ-H at 25-28 GPa and 1000-1100 ◦C. Hydrous phase D becomes unstable above 1200 ◦C, 
while hydrous phase δ-H remains up to 1400 ◦C in the pressure range. Aluminum is strongly partitioned 
to both aluminous phases D and δ-H resulting in alumina depletion in bridgmanite. Fourier transform 
infrared spectroscopy indicates that bridgmanite contains undetectable water when coexisting with these 
hydrous phases, showing strong hydrogen partitioning into hydrous phases, such as phases D and δ-H. 
The depletion of alumina in bridgmanite modified the phase relations significantly in hydrated slabs 
descending into the lower mantle, i.e., the pressures of the garnet-bridgmanite and post-perovskite 
transformations are lowered under the wet conditions where these hydrous phases coexist. The dry 
nature of bridgmanite coexisting with hydrous phases suggests that the major water carriers in the lower 
mantle are hydrous phases. Bridgmanite cannot be the water reservoir at least in the upper part of the 
lower mantle and could provide dry rheology of the wet slabs in the lower mantle.

© 2022 Elsevier B.V. All rights reserved.
1. Introduction

Water can be transported into the deep upper mantle by slab 
subduction. It has been clarified that the mantle transition zone is 
considered to be a major water reservoir in the Earth (e.g., Utada 
et al., 2009; Karato, 2011; Yoshino and Katsura, 2013; Fei et al., 
2017; Freitas et al., 2017; Wang et al., 2018). Recent discoveries 
of hydrous minerals in diamond such as phase egg and hydrous 
phase B together with hydrous ringwoodite also support existence 
of the wet mantle transition zone (Wirth et al., 2007; Pearson et 
al., 2014; Tschauner et al., 2018).

On the other hand, water transport and its distribution in the 
lower mantle is poorly known. Subducting slabs are descending 
into the lower mantle in subduction zones beneath North, Cen-
tral, and South America, whereas stagnant slabs have been ob-
served around the 660-km discontinuity beneath Japan and north-
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east China. Subduction of slabs into the lower mantle together 
with the collapse of the stagnant slabs further transports water 
into the lower mantle (Ohtani, 2005; Fukao and Obayashi, 2013). 
Recent seismological studies indicated that the top of the lower 
mantle is a region of low velocity and low Q anomalies (Lawrence 
and Wysession, 2006). Dehydration or existence of hydrous phases 
might cause such anomalies (Schmandt et al., 2014).

Experimental studies showed that hydrous δ-AlOOH is stable 
down to the bottom of the lower mantle and can affect physical 
properties of lower mantle rocks such as elasticity and thermal 
conductivity (Sano et al., 2008; Duan et al., 2018; Hsieh et al., 
2020; Satta et al., 2021). On the other hand, dense hydrous mag-
nesium silicates, such as superhydrous phase B (Mg12Si3O12(OH)4) 
and hydrous phase D (nominally MgSi2O4(OH)12), are the major 
hydrous phases in the uppermost lower mantle. Recently discov-
ered hydrous phase H, MgSiO4H2, is stable to 60 GPa and temper-
atures below 1300 ◦C (e.g. Nishi et al., 2014; Ohtani et al., 2014). 
This phase has an orthorhombic symmetry with the space group 
Pnnm, which is the same as that of δ-AlOOH at pressures above 
10 GPa (Bindi et al., 2014; Sano-Furukawa et al., 2018), resulting 
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Fig. 1. The details of the cell assembly for this work. En, MgSiO3 enstatite; Gb, Al(OH)3 gibbsite.
Table 1
The starting compositions (mol.%) used for phase relation experiments in this study.

MgSiO3 Al(OH)3 MgO Al2O3 SiO2 H2O Total

A 90 10 45 2.5 45 7.5 100
B 80 20 40 5 40 15 100
C 70 30 35 7.5 35 22.5 100

in formation of hydrous phase AlOOH-MgSiO4H2 solid solution (δ-
H) under the deep mantle conditions and its wide stability in the 
lower mantle (Suzuki et al., 2000; Ohira et al., 2014). Thus, a major 
water carrier in the lower mantle may be hydrous δ-H.

On the other hand, this phase coexists with MgSiO3 bridgman-
ite, which is the major nominally anhydrous mineral of the lower 
mantle. Thus, the chemical reaction between bridgmanite and hy-
drous δ-H is an important topic to clarify the water carrier and 
water reservoir under lower mantle conditions. Our preliminary 
experiments on partitioning of aluminum between bridgmanite, its 
high-pressure polymorph of post-bridgmanite and hydrous phase 
δ-H by using the laser heated diamond anvil cell (LH-DAC) suggest 
its strong partitioning into hydrous phase δ-H, resulting in alumina 
depletion in bridgmanite and post-bridgmanite under deep lower 
mantle conditions (Ohira et al., 2014). However, precise partition 
coefficients of aluminum and also hydrogen between them have 
not yet been determined due to their limited grain sizes.

In this work we studied the phase relations of the MgSiO3-
Al2O3-H2O system at high pressure and temperature by using 
a Kawai-type multi-anvil apparatus. Partition coefficients of alu-
minum and hydrogen between bridgmanite and hydrous phase δ-H 
at the top of the lower mantle were determined. We also deter-
mined aluminum and hydrogen partitioning between bridgmanite 
and hydrous phase D coexisting with hydrous phase δ-H.

2. Experimental procedure

2.1. Preparations of starting materials and the sample capsule

Starting materials are mixtures of MgSiO3 enstatite and Al(OH)3
gibbsite with molar ratios of MgSiO3:Al(OH)3 = 9:1, 8:2, and 7:3 
(Table 1), each of which was prepared by mixing these compounds 
for 1 h. A layered starting material of MgSiO3 and Al(OH)3 was 
also employed in some runs. We used synthetic enstatite pow-
der, which was prepared by Ishii et al. (2018a, 2019a) by the 
sol-gel method. Mg metal was dissolved in a solution of HNO3
plus pure water, which was mixed with tetraethylorthosilicate 
[(CH3CH2O)4Si] at Mg/Si = 1. This solution was mixed with ammo-
nia and stirred until it becomes gel, which was heated to 1400 ◦C 
to crystallize enstatite. A reagent grade Al(OH)3 powder was dried 
at 150 ◦C before weighing. The oxide mixture and the layered sam-
ples of MgSiO3 and Al(OH)3 were placed in a platinum capsule 
with four sample rooms. The inner diameter of the sample room 
was 0.3 mm and the outer diameter of the capsule was 1.0 mm 
(Figs. 1 and 2a). The experiments of D046 and I917 adopted a sin-
gle Pt-tube capsule, which was welded shut.
2

2.2. High pressure-temperature experiment

Phase relation experiments were conducted at 25 GPa and 
28 GPa and 1000-1600 ◦C for 2-10 h using Kawai-type multi-
anvil presses installed at the Bayerisches Geoinstitut, University of 
Bayreuth, Germany. Experiments at 25 GPa were performed using 
the 10-MN Kawai-type multi-anvil press. The pressure calibration 
is reported in Keppler and Frost (2005). The 15-MN Kawai-type 
multi-anvil press with an Osugi (DIA) guide block (IRIS-15) (Ishii 
et al., 2016, 2019b) was used to carry out experiments at 28 GPa. 
Pressures were calibrated using alumina content in bridgmanite 
(Liu et al., 2017a) in separate runs. Some preliminary experiments 
and an experiment at 28 GPa were also conducted with using the 
15-MN multi-anvil press with an Osugi guide block (Discoverer-
1500) installed at the Sobolev Institute of Geology and Mineralogy 
(Shatskiy et al., 2019). Fig. 1 shows a schematic drawing of a 
cell assembly used in this study. Tungsten carbide anvils with a 
truncated edge length of 3.0 mm was combined with a Cr-doped 
magnesia pressure medium with an edge length of 7 mm. A Re 
foil tube was used as a heater. A ZrO2 sleeve was located around 
the heater for thermal insulation. Mo electrodes were put at both 
ends of the heater. A W-3%Re/W-25%Re thermocouple set on the 
surface of the central part of the heater was used for measuring 
sample temperature.

We increased a press load to the desired sample pressure and 
then temperature was increased to a target temperature. After 
heating for a desired duration, the sample capsule was quenched 
by shutting off the electric supply to the heater. Generated pres-
sure was decreased to the atmospheric pressure in 12 hours at 
room temperature.

2.3. Analyses of run products

Recovered samples were mounted in epoxy resin and were 
polished for phase identification and textual observation by X-
ray powder diffraction (XRD) and scanning electron microscopy, 
respectively. A LEO1530 scanning electron microscope with an 
energy-dispersive X-ray spectrometer was operated at an accelera-
tion voltage of 10-15 kV and a beam current of 10 nA. Composition 
analysis of phases in quench run products were performed using 
a JEOL JXA-8200 electron probe microanalyzer (EPMA) operating 
at an acceleration voltage of 10 kV and a beam current of 5 nA 
with a standard of pyrope for Mg, Si, and Al. XRD measurements 
of run products were conducted using a micro-focus X-ray diffrac-
tometer (Bruker, D8 DISCOVER) equipped with a two-dimensional 
solid-state detector (VÅNTEC500) and a micro-focus source (IμS) 
with Co-Kα radiation operated at 40 kV and 500 μA.

Water contents of phases in two layered samples (I682 and 
I691) were determined by the Fourier transformation infrared 
spectroscopy (FTIR) using a Bruker IFS 120 high-resolution spec-
trometer coupled with a Bruker IR microscope. Before the mea-
surement, both sides of the recovered samples were polished to a 
thickness of 50 μm. An aperture size of 20 μm was adopted for the 
measurements.
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Fig. 2. Representative BSE images of the recovered samples at 28 GPa. (a) The example of polished capsule at 1400 ◦C. (b), (c) and (d) En:Gb=8:2 at 1000 ◦C, 1300 ◦C, and (d) 
1600 ◦C, respectively. Brg, bridgmanite; δ-H, hydrous phase δ-H; D, hydrous phase D; St, stishovite.

Table 2
Experimental conditions and run products.

Run S.M.† P T D Run products DAl(δ/Brg)
No. (GPa) (◦C) (h)

S7167 B 25 1000 10 Brg+δ-H+D+St 180(50)
S7169 B 25 1200 4 Brg+δ-H+St+L 54(14)
S7149 B 25 1400 3 Brg+St+Cor+L –
I685 A 28 1000 10 Brg+D+δ-H+St 119(35)

B 28 1000 10 Brg+D+δ-H+St 143(80)
C 28 1000 10 Brg+D+δ-H+St 153(98)
En-Gb layer 28 1000 10 Brg/D/δ-H –

D046¶ En-Gb layer 28 1100 3 Brg/D/δ-H –
I682 A 28 1100 6 Brg+D+δ-H+St 68(35)

B 28 1100 6 Brg+D+δ-H+St 75(35)
C 28 1100 6 Brg+D+δ-H+St 82(42)
En-Gb layer 28 1100 6 Brg/D/δ-H –

I1034 A 28 1300 6 Brg+δ-H+St+L 43(8)
B 28 1300 6 Brg+δ-H+St+L 42(9)
C 28 1300 6 Brg+δ-H+St+L 50(6)

I691 A 28 1400 3 Brg+δ-H(tr)+Cor(tr)+St+L –
B 28 1400 3 Brg+δ-H(tr)+Cor+St+L –
C 28 1400 3 Brg+δ-H(tr)+Cor+St+L –
En-Gb layer 28 1400 3 Brg/δ-H/Cor –

I917 B 28 1500* 4 Brg+St+Cor+L –
I694 A 28 1600 2 Brg+St+L –

B 28 1600 2 Brg+St+Cor+L –
C 28 1600 2 Brg+St+Cor+L -
En-Gb layer 28 1600 2 Brg+St+Cor+L –

Brg, bridgmanite; δ-H, hydrous phase δ-H; D, hydrous phase D; St, stishovite; Cor, corundum, L, 
liquid; S.M., starting material; tr, trace.
† See Table 1.
∗Temperature was kept around 1500-1520 ◦C.
¶This experiment was performed with Discoverer-1500 (see text).
3. Results and discussion

3.1. Phase relations of MgSiO3-Al2O3-H2O system at the top of the 
lower mantle

The experimental conditions and run products are summarized 
in Table 2. Representative back-scattered electron (BSE) images of 
polished samples are given in Fig. 2. BSE images of the layered 
samples recovered from 1100 ◦C and 1400 ◦C at 28 GPa (I682 and 
I691, respectively) are shown in Fig. 3a and b, respectively. Fig. 4
3

shows a compositional profile in the layered sample synthesized at 
28 GPa and 1100 ◦C (D046). Compositions of the recovered phases 
are summarized in Table S1. Typical XRD patterns of the run prod-
ucts are given in Fig. 5, which indicates coexistence of bridgmanite 
and hydrous phase δ-H at 1100 ◦C and disappearance of phase δ-H 
at 1600 ◦C at 28 GPa.

The phase relations of MgSiO3-Al2O3-H2O system are shown 
in Fig. 6. Although we used different bulk compositions with dif-
ferent ratios of MgSiO3 and Al(OH)3 (Table 1), the phase assem-
blages in the run products at the same pressure and temperature 
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Fig. 3. The BSE images of the layered samples of (a) bridgmanite and hydrous phase δ recovered from 28 GPa and 1400 ◦C (I691), (b) bridgmanite and hydrous phases D and 
δ recovered from 28 GPa and 1100 ◦C (I682). Brg, bridgmanite; δ-H, hydrous phase δ-H; D, hydrous phase D; Cor, corundum.
Fig. 4. The compositional profile across the sample recovered from 28 GPa and 
1100 ◦C (D046) from bridgmanite to hydrous phase δ-H solid solution through hy-
drous phase D. Brg, bridgmanite; δ-H, phase δ-H; D, phase D; Cor, corundum. Cou-
pled changes of Mg, Si in δ-H phase indicate the substitution of 2Al3+ = Mg2+ +
Si4+ . Decoupled relations between Mg and Si contents in phase D suggest that the 
main substitution mechanism might be H+ + Al3+ = Si4+ . Brg, bridgmanite; δ-H, 
hydrous phase δ-H; D, hydrous phase D; Cor, corundum.

were the same (Table 2). Hydrous phases D and δ-H are stable 
below 1100 ◦C and up to 1400 ◦C, respectively, coexisting with 
4

Fig. 5. Representative X-ray diffraction patterns of the run products recovered from 
28 GPa and 1100, 1300, and 1600 ◦C. Brg, bridgmanite; δ-H, hydrous phase δ-H; D, 
hydrous phase D; Cor, corundum.

Al-poor bridgmanite, at 25-28 GPa. At higher temperatures, no 
hydrous phases are stable and Al-rich bridgmanite ± corundum 
appears instead. Note that hydrous phase D was not distinguished 
by BSE images in run products from the mixture starting sam-
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Fig. 6. Phase relations in MgSiO3-Al(OH)3 system determined in this study. Purple 
squares are bridgmanite (Brg) + hydrous phase δ-H (δ-H) + hydrous phase D (D) +
stishovite. Red diamonds are Brg + δ-H + stishovite + liquid. Green diamonds are 
Brg ± corundum + stishovite + liquid. Thin solid lines are disappearance bound-
aries of D and δ-H (D out and δ-H out, respectively). The bold dashed line is a 
boundary between bridgmanites with MgAlO2.5 oxygen vacancy (OV) and Al2O3

charge-coupling (CC), which is defined by alumina content in bridgmanite reported 
in previous studies (Kojitani et al., 2007; Liu et al. 2017b; see the text). The thin 
dashed lines are phase boundaries in MgSiO3 system (Ishii et al., 2011). Mj, MgSiO3

majorite; Ak, MgSiO3 akimotoite. (For interpretation of the colors in the figure(s), 
the reader is referred to the web version of this article.)

ples but was identified by XRD profiles (Fig. 5). Small amounts 
of stishovite appeared in all runs above 1000 ◦C. The composition 
of phase δ-H at 25 GPa and 1000 ◦C is 99 mol.%Al2O2(OH)2 −1 
mol.%MgSiO2(OH)2, whereas those at 25 GPa and 1200 ◦C and 28 
GPa and 1000 ◦C are 73 mol.%Al2O2(OH)2 −27 mol.%MgSiO2(OH)2
and 75∼77 mol.%Al2O2(OH)2 −23∼25 mol.%MgSiO2(OH)2, respec-
tively. An LH-DAC study by Ohira et al. (2014) reported the 
composition of hydrous phase δ-H is 57 mol.%Al2O2(OH)2 −43 
mol.%MgSiO2(OH)2 at 68 GPa and 1700 ◦C. These results imply 
strong temperature and pressure dependence on solubility of the 
phase H component. At 28 GPa and 1300 ◦C, an excess SiO2 com-
ponent was observed showing 61∼62mol%Al2O2(OH)2 −26∼28 
mol%MgSiO2(OH)2 −11∼12 mol%SiO2. At the temperatures above 
dehydration of hydrous phase D, Mg-rich hydrous liquid was iden-
tified by the compositional measurements based on loss of the 
analysis total (∼50 wt.%), although its composition was not pre-
cise enough due to the small size and small fraction of the quench 
hydrous liquid. The present phase relations indicate that hydrous 
phase D is stable along the cold slab geotherm (e.g. Thompson, 
1992), whereas hydrous phase δ-H is stable up to higher temper-
atures but lower than the average mantle geotherm (Akaogi et al., 
1989).

3.2. Partitioning of aluminum between bridgmanite and hydrous phase 
δ-H, and bridgmanite and hydrous phase D

At 25-28 GPa, the alumina contents of bridgmanite increase 
with increasing temperature (Table S1 and Fig. 7). When bridg-
manite coexists with hydrous phase δ-H ± D, alumina contents 
in bridgmanite are 0.41-3.82 wt.% at 1000-1400 ◦C. Alumina con-
tents in bridgmanite without hydrous phases at higher tempera-
tures are higher than 5 wt.%. Thus, bridgmanite coexisting with 
the hydrous phases δ-H ± D is significantly depleted in alumina. 
The partition coefficient of aluminum DAl(δ-H/Brg), which was cal-
culated using Al2O3 content in wt.%, between hydrous phase δ-H 
and bridgmanite is very large around 42∼180 at the top of the 
lower mantle at 25-28 GPa, which decreases with increasing tem-
perature (Fig. 7). Ohira et al. (2014) determined that DAl(δ-H/Brg) 
is 13 at 68 GPa and 1700 ◦C, whereas DAl(δ-H/post-bridgmanite) 
is 8 at 128 GPa and 1600 ◦C, by transmission electron microscopic 
5

Fig. 7. Aluminum partition coefficient between hydrous phase δ-H and bridgman-
ite and alumina content in bridgmanite coexisting with hydrous phase δ-H at 25 
and 28 GPa and various temperatures. A blue line and markers (circles for 28 GPa 
and diamonds for 25 GPa) indicate the temperature change in alumina contents in 
bridgmanite, and a red line and markers (circles for 28 GPa and diamonds for 25 
GPa) are the temperature change of the aluminum partition coefficients.

analysis in combination with energy-dispersive X-ray spectroscopy 
of the recovered samples from the LH-DAC experiments. Thus, 
DAl may significantly decrease with increasing temperature also at 
higher pressures, although there is a possibility that the difference 
is due to analytical errors in DAC samples. In the samples recov-
ered from the DAC experiments, the grain sizes of bridgmanite and 
hydrous phase δ-H were very small (<100 nm). Therefore, it is 
likely that overlapping of the two grains produced relatively high 
alumina content in bridgmanite, resulting in the smaller partition 
coefficients. Further study by multi-anvil experiments at higher 
pressures is needed to clarify DAl under deep lower mantle condi-
tions.

We also examined aluminum partitioning between bridgman-
ite and hydrous phase D using the layered sample (D046) because 
hydrous phase D grains of the mixture samples could not be ana-
lyzed by EPMA due to undistinguishable BSE images of phase D as 
mentioned above (section 3.1). Alumina is also enriched in hydrous 
phase D and depleted in bridgmanite (<1 wt.%). The DAl(D/Brg) us-
ing grains near the bridgmanite-hydrous phase D grain boundary is 
∼10, which is smaller than that between hydrous phase δ-H solid 
solution and bridgmanite (Fig. 4).

Litasov and Ohtani (2003) reported Al partitioning between 
bridgmanite and superhydrous phase B, showing Al depletion in 
bridgmanite (0.76-1.32 wt.%) when coexisting with superhydrous 
phase B (up to 4.72 wt.%), in hydrous peridotite of the MgO-SiO2-
Al2O3-CaO-H2O system. Thus, major hydrous phases in the lower 
mantle generally have a capability of reducing alumina in bridg-
manite.

3.3. Partitioning of hydrogen between bridgmanite and hydrous phases

Water contents in bridgmanite coexisting with hydrous phases 
δ-H and D were analyzed by using micro-FTIR measurement. We 
measured FTIR spectra for the polycrystalline bridgmanites with 
layered configurations of bridgmanite/phase δ-H and bridgman-
ite/phase D/phase δ-H, in which the grain sizes of bridgmanite 
were around 1-3 μm (Fig. 8). The water contents of the both-
side polished samples were measured at regions very close to the 
boundary with hydrous phase δ-H or phase D (as close as 20 μm) 
and the center of the bridgmanite layer (about 60 μm apart from 



T. Ishii, E. Ohtani and A. Shatskiy Earth and Planetary Science Letters 583 (2022) 117441

Fig. 8. Representative FTIR spectra from bridgmanite polycrystals coexisting with hydrous phases D and δ-H measured near the boundaries between bridgmanite and hydrous 
phase D or δ-H. The circles are measured areas within ∼20 and ∼60 μm apart from the boundary of hydrous phase D and δ-H layers. The colors of the circles correspond to 
those of FTIR spectra.
the boundary). FTIR spectra from bridgmanite grains show no de-
tectable peaks corresponding to the OH vibration. The water con-
tent in bridgmanite is thus negligible less than 1 ppm, i.e., water 
is stored in hydrous phase δ-H or D, and coexisting bridgmanite is 
essentially dry at least at the top of the lower mantle. The strong 
hydrogen partitioning into the hydrous phase A was also shown 
in those of olivine and wadsleyite (Ishii and Ohtani, 2021), imply-
ing that such strong hydrogen partitioning into hydrous phases is 
a common phenomenon. Bridgmanite containing Al2O3 less than 5 
wt.% has the oxygen vacancy component of MgAlO2.5, whereas that 
containing higher Al2O3 has only the charge-coupled component of 
Al2O3 (Kojitani et al., 2007; Liu et al., 2017b). The present results 
on bridgmanite compositions are consistent with this observation, 
i.e., bridgmanites coexisting with the hydrous phases δ-H and D 
have low Al2O3 contents less than 5 wt.% having the oxygen va-
cancy component of MgAlO2.5, whereas bridgmanite has only the 
charge-coupled component of Al2O3 out of the stability field of hy-
drous phases δ-H and D (Fig. 6). Navrotsky (1999) suggested that 
oxygen vacancies may incorporate water into bridgmanite (Vo+O2
+ H2O = 2OH−). Our results clearly indicate that this hypothe-
sis is not applicable at least when the hydrous phases coexist with 
bridgmanite due to strong hydrogen partitioning to hydrous phases 
δ-H and D.

3.4. Geochemical implications

Our results show strong aluminum and hydrogen partitioning 
into hydrous phases δ-H and D. Phase δ-H exists at the lower man-
tle pressure and low temperatures in hydrous peridotite and basalt 
systems (Ohira et al., 2016; Ohira, 2018). Fluids dehydrated at the 
top of the lower mantle may react with aluminous bridgmanite 
along the geotherms of the slabs to create alumina-depleted bridg-
manite coexisting with hydrous phase δ-H ± phase D. Alumina 
contents of bridgmanite in dry MORB and peridotite are ∼15 wt.% 
and ∼5 wt.% (Litasov and Ohtani, 2005; Litasov et al., 2005; Ishii et 
al., 2011, 2018b, 2019c), respectively. Based on DAl(δ-H/Brg) deter-
mined in this study, their alumina contents decrease significantly 
to less than ∼6 wt.% and ∼1 wt.%, respectively, by the reaction 
with water and the subsequent formation of hydrous phase δ-H. 
6

Depletion of alumina in bridgmanite under the wet conditions co-
existing with hydrous phase δ-H provides significant effects on 
mantle dynamics due to modification of the phase relations, i.e., 
the alumina depletion may cause slab subduction further into the 
deep lower mantle since the garnet–bridgmanite phase boundary 
becomes shallower and the wet slab thus becomes denser than 
the dry surrounding mantle at low temperature coexisting with 
hydrous phases. The depletion of alumina also lowers the post-
bridgmanite transition pressure and sharpens the phase transition 
at the base of the lower mantle (Tateno et al., 2005; Hirose et al., 
2006). The post-bridgmanite phase boundary under the wet con-
dition coexisting with hydrous phase δ-H is consistent with the 
D” layer pressure reported in seismology. Grocholski et al. (2012)
reported that the phase boundary of the dry post-bridgmanite 
transition in peridotite locates at a depth greater than that of 
the D” layer, i.e., the post-bridgmanite transition pressure is not 
consistent with the D” discontinuity pressure, although the phase 
transition pressures for the alumina-free forsterite and San Carlos 
olivine composition are consistent with the D” discontinuity pres-
sure. On the other hand, the post-bridgmanite phase transition un-
der the wet conditions coexisting with hydrous phase δ-H provides 
sharp and shallower phase boundary based on the phase relations 
of MgO-Al2O3-SiO2-H2O and MgO-Fe2O3-Al2O3-SiO2-H2O systems 
(Ohira et al., 2014; Yuan et al., 2019; Ohtani, 2021). The results in 
these previous studies are in good agreement with our observa-
tions of bridgmanite chemistry coexisting with the hydrous phases 
under the wet conditions.

The present study shows that the water content in bridgman-
ite coexisting with hydrous phase δ-H and/or hydrous phase D is 
very low, less than 1 ppm (Fig. 8). This extremely dry composition 
of bridgmanite is consistent with the water content in bridgman-
ite coexisting with superhydrous phase B (Bolfan-Casanova et al., 
2003). These results indicate that the water carriers in MORB and 
peridotite layers of the slabs are hydrous phase δ-H, phase D, or 
superhydrous phase B, and bridgmanite is not the water carrier at 
least in the uppermost lower mantle. Dry bridgmanite coexisting 
with hydrous phases under lower mantle conditions could provide 
the dry deformation and rheology of the wet slabs in the lower 
mantle.
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4. Conclusion

Our phase relation experiments in MgSiO3-Al2O3-H2O system 
revealed that both of hydrous phases D and δ-H coexist with bridg-
manite at 25-28 GPa and 1000-1100 ◦C, whereas only hydrous 
phase δ-H coexists above 1200 ◦C at the same pressure range. 
Aluminum strongly partitions to hydrous phase δ-H, resulting in 
strong depletion in alumina in bridgmanite. The depletion of alu-
mina in bridgmanite modifies the phase relations significantly in 
the lower mantle, i.e., both the pressures of the garnet-bridgmanite 
and post-bridgmanite transformations are reduced under the wet 
conditions. The pressure decrease of the garnet-bridgmanite tran-
sition in MORB and peridotite under wet conditions facilitates 
subduction of wet slabs into the deep lower mantle. The post-
bridgmanite phase boundary under the wet condition is consistent 
with the D” layer pressure reported in seismology when bridgman-
ite has a very low alumina content around one percent or less. We 
confirmed by FTIR measurement that bridgmanite coexisting with 
hydrous phase δ-H, and/or phase D is dry. Bridgmanite coexist-
ing with superhydrous phase B is also dry (Bolfan-Casanova et al., 
2003). Thus, the dry nature of bridgmanite coexisting with hydrous 
phases indicate that the major water carriers in the lower mantle 
are high-pressure hydrous phases such as phase δ-H, phase D, and 
superhydrous phase B. Bridgmanite is not a water reservoir at least 
at the top of the lower mantle, and provides dry deformation and 
rheology of the wet slabs in the lower mantle.
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