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abstract

To understand the stability of hydrous phases in mafic oceanic crust under deep subduction condi-
tions, high-pressure and high-temperature experiments were conducted on two hydrous basalts using 
a Kawai-type multi-anvil apparatus at 17–26 GPa and 800–1200 °C. In contrast to previous studies on 
hydrous basalt that reported no hydrous phases in this pressure range, we found one or two hydrous 
phases in all run products at or below 1000 °C. Three hydrous phases, including Fe-Ti oxyhydroxide, 
Al-rich phase D and Al-rich phase H, were present at the investigated P-T conditions. At T ≤ 1000 °C, 
Fe-Ti oxyhydroxide is stable at 17 GPa, Al-rich phase D is stable at 18–23 GPa, and Al-rich phase H 
is stable at 25–26 GPa. Our results, in combination with published data on the stability of hydrous 
phases at lower pressures, suggest that a continuous chain of hydrous phases may exist in subducting 
cold oceanic crust (≤1000 °C): lawsonite (0–8 GPa), Fe-Ti oxyhydroxide (8–17 GPa), Al-rich phase D 
(18–23 GPa), and Al-rich phase H (>23 GPa). Therefore, in cold subduction zones, mafic oceanic 
crust, in addition to peridotite, may also carry a substantial amount of water into the mantle transition 
zone and the lower mantle.

Keywords: Water, mantle transition zone, lower mantle, cold subduction, hydrous phases, basaltic crust

introduction

The distribution of water in the mantle and its effect on mantle 
dynamics are important for understanding the evolution of the 
Earth. It is widely believed that subducting plates transport water 
from the surface into the deep mantle via various hydrous phases 
in the subducting oceanic lithosphere (Hacker 2008; Nishi et al. 
2014; Ohira et al. 2014; Ohtani 2015; Pamato et al. 2015). The 
stability of hydrous phases, under conditions of plate subduction, 
has been studied extensively (e.g., Kawamoto 2006; Melekhova 
et al. 2007; Walter et al. 2015). Experiments in simple systems 
and in multicomponent peridotite-H2O systems demonstrated 
that phase D (MgSi2H2O6) is stable to pressures up to 44 GPa 
and temperatures up to 1800 °C, and this phase is proposed as 
a major water carrier into the lower mantle (Frost and Fei 1998; 
Ohtani et al. 2000; Litasov et al. 2007, 2008; Ballaran et al. 2010; 
Ghosh and Schmidt 2014; Nishi et al. 2014; Pamato et al. 2015; 
Walter et al. 2015). Furthermore, in basalt-H2O systems, early 
experimental investigations did not observe any hydrous phases 
that can be stable above 10 GPa (Okamoto and Maruyama 1999, 
2004; Litasov and Ohtani 2005); thus, the mafic oceanic crust was 
considered unimportant as a water carrier. Recently, Nishihara and 
Matsukage (2016) reported a new hydrous phase, Fe-Ti oxyhy-
droxide, which is stable in hydrous basalt at pressures >10 GPa. 
These authors pointed out that mafic oceanic crust is a potential 
water carrier in the deep mantle. Pamato et al. (2015) also men-

tioned that the relatively high Al contents of oceanic crust could 
expand the stability field of hydrous phases over that observed in 
peridotite systems, implying hydrous recycled oceanic crust could 
be a long-term water reservoir in the deep mantle. In this study, 
we performed high-pressure and high-temperature experiments 
with hydrous basalts at 17–26 GPa and 800–1200 °C. We found 
that three hydrous phases, including Fe-Ti oxyhydroxide, Al-rich 
phase D, (Mg,Fe)(Si1–x,Alx)2H2+2xO6 (x = 0.13–0.40), and Al-rich 
phase H, Mg0.11Fe0.03Si0.2Al0.63HO2, are stable under the experimen-
tal conditions. These results provide the possibility that water can 
be accommodated in these hydrous phases in subducting oceanic 
crusts. Therefore, the subducted oceanic crust may transport more 
water into the lower mantle than previously thought.

eXperiMentaL Methods
Two basaltic starting materials (Table 1), an olivine tholeiite JB-2* (hydrated JB-2) 

and an N-MORB, with 12.0 and 8.3 wt% MgO, respectively, were used in this work. 
The first was prepared from a mixed powder of JB-2—a natural basalt-standard rock 
and collected by the Geological Survey of Japan (Ando et al. 1989)—and brucite, in 
a mass ratio of 89:11. This mixture produced an H2O content of 3.5 wt%. The second 
was a hydrous N-MORB glass (~2.0 wt% H2O), synthesized at 0.4 GPa and 1200 °C 
using a gas-medium apparatus. Each starting material was ground in acetone over 
an hour to improve the chemical homogeneity and then placed in an oven at 110 °C 
to remove moisture. Au–Pt double capsules were used as sample containers. For the 
runs at P ≤ 20 GPa, the starting material in each run was loaded into an inner Au 
capsule (1.3 mm OD, 1.1 mm ID and 1.5 mm length), and the oxygen fugacity was 
controlled at the ~NNO buffer, with a NiO+Ni+Ni(OH)2 powder, which occupied the 
space between this inner Au capsule and an outer Pt capsule (1.6 mm OD, 1.4 mm 
ID and 2.5 mm length). Two thin Pt disks were placed between the buffer and the 
Au capsule to reduce possible reaction between them (see Fig. 1). For the runs at P 
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>20 GPa, it was difficult to employ the double-capsule technique due to the much 
smaller size of the furnace. Thus, a simple Au capsule without an oxygen fugacity 
buffer was used at P >20 GPa. For these experiments, the oxygen fugacity may be 
controlled by the starting material, which is close to DFMQ, based on the Fe3+/Fe2+ 
ratio of the starting material (see Table 1). All capsules were sealed by arc welding.

High-pressure and high-temperature experiments were conducted with the two 
hydrous basalts at 17–26 GPa and 800–1200 °C using a Kawai-type multi-anvil UHP-
2500 at the Magma Factory, Tokyo Institute of Technology. Tungsten carbide anvils 
with truncated edge lengths of 5 and 3 mm were used in combination with a Cr-doped 
MgO octahedral pressure medium, with 10 and 8 mm edge lengths in experiments at 
P ≤20 GPa and >20 GPa, respectively. Pyrophyllite gaskets were employed to sup-
port the anvil flanks. Cylindrical LaCrO3 was used as a heater, and the temperature 
was monitored by a 0.125 mm diameter W95Re5–W74Re26 C-type thermocouple. 
The cell-assembly for experiments conducted at P ≤ 20 GPa is shown in Figure 
1. These gold sample capsules were believed to have been located in the hotspots 
of the furnace. Pressure was calibrated based on the phase transitions of Bi (I–II), 
ZnS, GaAs, and GaP at room temperature, and based on SiO2 (coesite–stishovite), 
olivine (a-b and b-g), and MgSiO3 (ilmenite–perovskite) at 1600 °C (Zhang et al. 
1996; Matsuzaka et al. 2000; Katsura et al. 2004). The experiments were initially 
pressurized to each target pressure at room temperature and subsequently heated to 
the target temperature at a rate of 50 °C/min. Run durations ranged from 12 to 50 h, 
depending on the run temperature. All the experiments were quenched by switching 
off the electricity to the heater. The recovered sample capsules were mounted in 
epoxy resin and carefully polished.

anaLyticaL Methods
Run products were analyzed with on a JEOL-JXA8530F field emission 

electron probe microanalyzer housed at the ELSI, Tokyo Institute of Technology. 
Microanalysis was performed in WDS mode. A focused beam (1 mm) was used. 
The voltage was 15 kV, and the beam current was 10 nA for silicate minerals and 
1 nA for hydrous phases. The employed standards were wollastonite (Ca, Si), 
hematite (Fe), periclase (Mg), corundum (Al), albite (Na), aduralia (K), rutile 
(Ti), Cr2O3 (Cr), bunsenite (Ni), and tephroite (Mn). Counting times were 20 s for 
peak measurement and 10 s for background for all elements, except for Na and K, 
which had 10 s for peak and 5 s for the background.

X-ray diffraction (XRD) analyses were performed using a micro-focused X-ray 
diffractometer RIGAKU RINT RAPIDII installed at GRC Ehime University for 
phase identification. This diffractometer is equipped with a rotative anode (CuKa 
radiation), a two-dimensional imaging plate detector and a f100 mm collimator. 
The operating conditions were 40 kV, 30 mA, and exposure time in the XRD 
analyses was 300 s. Diffraction patterns were collected in the 2q range from 20 to 
155°. Phase identification was carried out using the software PDIndexer. Selected 
XRD patterns of run products are shown in Figure 2. We used XRD patterns only 
for phase identification because many diffraction peaks of coexisting phases were 
generally overlapped and precise determination of lattice parameters was difficult.

resuLts

Phase relations and chemical compositions
Fourteen experiments were conducted. Synthesized phase 

assemblages include majoritic garnet, Ca-perovskite, stisho-
vite, K-hollandite, ringwoodite, magnesiowustite, bridgmanite, 
hydrous phases, and fluids (Table 2). Except for two runs at a 
temperature of 1200 °C and pressures of 17 and 19 GPa, the 

hydrous phases were observed in all the run products. Chemical 
compositions and proportions of each phase are presented in 
Supplemental1 Table S1. The proportions are based on mass bal-
ance calculations. Backscattered electron images of representa-
tive run products are shown in Figure 3. The detailed description 
of the synthesized phases is as followed.

Majoritic garnet and bridgmanite
Majoritic garnet occurred as the major phase in experiments 

at pressures ≤23 GPa. In the garnets, Al2O3 content increases, but 
the CaO content decreases, with increasing pressure (see Supple-
mental1 Table S1). For example, at 17–23 GPa and 1000 °C, the 
Al2O3 content in garnet increases from 15.5 to 20.0 wt%, and the 
CaO content decreases from 9.5 to 3.3 wt%. This observation 
is consistent with a previous experimental study using hydrous 
basalt by Litasov and Ohtani (2005). The modal proportions of 
hydrous phases depend mainly on the proportion of the coexist-
ing garnet. The proportion of garnet can be over 75 wt% in the 
run products without Al-rich phase D (such as DHL-1, DHL-4, 
and DHL-19). By contrast, the amount of garnet shrank as the 
amount of Al-rich phase D increased. Similarly, the decline of 
CaO content in garnet results in increasing proportions of Ca-
perovskite in the run products.

At pressures ≥25 GPa, bridgmanite occurred as the major 
phase instead of garnet. As suggested by Hirose et al. (2005), 
garnet converts to Al-bearing bridgmanite and Ca-perovskite 
under lower mantle conditions. No systematic variation of 
bridgmanite composition was observed. However, the recov-
ered bridgmanite is similar to compositions expected within 
subducted basalts (e.g., Hirose et al. 2005; Pamato et al. 2015). 

Table 1.  Compositions of the starting materials (wt%) used in this 
study

Starting material JB-2* basalt N-MORB
SiO2 47.22 48.76
TiO2 1.05 1.68
Al2O3 12.98 15.38
FeO 8.85 8.35
Fe2O3 2.95 0.93
MnO 0.19 0.18
MgO 11.93 8.27
CaO 8.78 11.51
Na2O 1.81 2.71
K2O 0.37 0.23
H2O 3.50 2.00
 Total 99.62 99.98

Figure 1. Schematic cross section of the cell assemblies used in 
runs at ≤20 GPa in which a double-capsule design was employed. A 
gold capsule was used as the sample container, and oxygen fugacity 
was constrained to the Ni-NiO buffer. OD = outer diameter; ID = 
inner diameter.
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The bridgmanites in this study contain 10.2 to 11.9 wt% Al2O3, 
which is lower than that in the previous experimental study 
(~15.6 wt%) using hydrous basalt reported by Litasov and 

Ohtani (2005). The absence of Al-rich phase H in their run 
products may be responsible for the higher Al2O3 content in 
their bridgmanite.

Table 2.  Experimental conditions and results
Run no. T (°C) P (GPa) Duration (h) Run products
DHL-1 1000 17 24 Grt (81), Sti (10), Fe-Ti (4),Ti-CaPv (3), Mg-CaPv (1), fluid
DHL-4 1200 17 24 Grt (88), Sti (8), Ti-CaPv (3), fluid
DHL-7 900 18 36 Grt (68), Al-rich phase D (17), Na-rwd (2), Ti-CaPv (3), Fe-Ti (4), Sti (6), fluid
DHL-6 800 19 50 Grt (58), Al-rich phase D (23), Rwd(10), Mw (2), Hol (2), sti (5), fluid
DHL-5 1000 19 24 Grt (67), Al-rich phase D (18), Ti-CaPv (3), Rwd (5), Hol (3), Sti (4), fluid
DHL-19 1100 19 24 Grt (75), Fe-Ti (4), CaPv (6), Hol (2), Rwd(4), Sti (9), fluid
DHL-10 1200 19 13 Grt (82), Sti (8), Ti-CaPv (3), CaPv (1), Rwd (3), fluid
DHL-8 1000 20 27 Grt (64), Al-rich phase D (16), Ti-CaPv (3), CaPv (6), Hol (2), Mw (4), Sti (5), fluid
DHL-21 1000 20 33 Grt (69), Al-rich phase D (13), Ti-CaPv (1), CaPv (12), Hol (2), Sti (4), fluid
DHL-20 1000 23.1 24 Grt (43), Al-rich phase D (17), CaPv (18), Hol (3), Mw (9), Sti (10), fluid
DHL-22 1200 23.1 20 Grt (56), Al-rich phase D (13), CaPv (14), Sti (12), Mw (5), fluid
DHL-15 1000 25 24 Bdg (42), Al-rich phase H (15), CaPv (21), Hol (2), Mw (4), Sti (15), fluid
DHL-17 1200 25 12 Bdg (41), Al-rich phase H (17), CaPv (22), Mw (5), Sti (15),fluid
DHL-9 1000 26.3 24 Bgd (43), Al-rich phase H (15), CaPv (20), Sti (17), Mw (5), fluid
Notes: Abbreviations: grt = majoritic garnet; Fe-Ti = Fe-Ti oxyhydroxide; Ti-CaPv = Ti-rich Ca-perovskite; rwd = ringwoodite; K-hol = K-hollandite; sti = stishovite; CaPv 
= Ca-perovskite; mw = magnesiowustite; bdg = bridgmanite. The numbers in the parentheses are the proportions of run products in wt%. The starting material 
used in run DHL-21 was hydrous N-MORB, whereas JB-2* + brucite was used in other runs.

Figure 2. Selected X-ray diffraction patterns of the run products. Small bars indicate peak position calculated from optimized lattice parameters 
for each phase. Space group of phase H is assumed as P21nm (Bindi et al. 2014).
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Fe-Ti oxyhydroxide
In this study, Fe-Ti oxyhydroxide was present in experi-

ments at P <19 GPa and T = 900–1100 °C. This phase contains 
47.2–59.4 wt% FeOtotal, 6.9–14.3 wt% TiO2, and approximately 
16–17 wt% water (estimated from deficits in microprobe totals), 
which is similar to the hydrous phase investigated by Nishihara 
and Matsukage (2016). The water content of Fe-Ti oxyhydroxide 
in their study was estimated to be ~10 wt%. These authors dem-
onstrated that the iron-rich solid solution has a e-FeOOH type 
crystal structure, whereas the titanium-rich solid solution has a 
a-PbO2 type crystal structure. The e-FeOOH type was found only 
at a relatively low temperature (<1100 °C) in their experiments. 
In this study, the Fe-Ti oxyhydroxide has a composition closer to 
the Fe-rich end-member, then it has a lower temperature stability.

Al-rich phase D and Al-rich phase H
We have observed Al-rich phase D in the experiments 

performed at 18–25 GPa and Al-rich phase H at 25–26 GPa. 
These hydrous phases were confirmed by X-ray diffraction 
patterns of the run products (Fig. 2). The Al-rich phase D syn-
thesized in this study contains 39.5–54.3 wt% SiO2, 7.5–22.6 
wt% Al2O3, 3.4–5.4 wt% FeOtotal, 16.1–20.6 wt% MgO, 11–15 
wt% H2O (estimated from EMPA) and other minor elements. 
The (Mg+Fe)/Si and Al/Fe ratios are 0.64–0.75 and 2.30–9.44, 

respectively (Supplemental1 Table S2). The Al/Fe ratio in the Al-
rich phase D increases with increasing pressure and decreasing 
temperature and is much higher than those observed in Fe,Al-
poor compositions, consistent with the observation of Pamato 
et al. (2015). At a given pressure, the Al2O3 content in Al-rich 
phase D decreases with increasing temperature, whereas higher 
pressure enhances its Al2O3 and water content (Fig. 4 and Sup-
plemental1 Table S2). The observed correlation between Al2O3 
content and H2O content in Al-rich phase D may have resulted 
from substitution, i.e., Al3+ + H+ ↔ Si4+ (Fig. 5). However, for 
a given starting composition at a given pressure, Pamato et al. 
(2015) found that the Al content in Al-rich phase D increased 
with increasing temperature in their experiments, whereas the 
water content decreased.

The formula of Al-rich phase D in our study is (Mg,Fe)
(Si1–x, Alx)2H2+2xO6, with x = 0.13–0.40. The composition is very 
similar to the Al-rich phase D synthesized by Bindi et al. (2015) 
at 45 GPa and 1000 °C and by Ghosh and Schmidt (2014) at 
22–32 GPa and 1300–1450 °C with MgO-SiO2-Al2O3-H2O as 
the starting material (Fig. 5), except that our Al-rich phase D 
contains higher Al2O3 (Fig. 5). In recent experiments performed 
using simplified chemical systems (Ghosh and Schmidt 2014), 
the compositions of Al-rich phase D did not vary systematically 
with pressure or temperature but did so according to the composi-

Figure 3. Backscattered electron images of the representative charges. Phase abbreviations are as follows: Grt = majoritic garnet; Fe-Ti = 
Fe-Ti oxyhydroxide; Ti–CaPv = Ti-rich Ca-perovskite; K-hol = K-hollandite; Sti = stishovite; CaPv = Ca-perovskite; Mw = magnesiowustite; 
Bdg = bridgmanite.
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tion of the starting materials (Fig. 5). Thus, we suggest that the 
variation of Al2O3 content in our Al-rich phase D synthesized 
within a basaltic bulk composition may be controlled by the 
variation of phase assemblages and their constituent proportions 
with increasing pressure, which is supported by changes in the 
composition and proportions of other Al-bearing minerals, such 
as garnet (Supplemental1 Table S1).

The Al-rich phase H in this study has 18.3–20.6 wt% 
SiO2, 52.3–53.0 wt% Al2O3, 3.5–3.8 wt% FeOtotal, 6.9–7.5 
wt% MgO, 15.8–17.1 wt% H2O (estimated from EMPA) 
and other minor elements. The formula of Al-rich phase H is 
Mg0.11Fe0.03Si0.2Al0.63HO2. As shown in Figure 4, the compositions 
indicate that the Al-rich phase H synthesized herein was similar 
to the Al-rich end-member of a solid solution between phase d 
(AlOOH) and phase H (MgSiH2O4) (Suzuki et al. 2000; Ohira et 
al. 2014; Ohtani 2015). Although Bindi et al. (2015) found the 
coexistence of Al-rich phase D and Al-rich phase H at 45 GPa 
and 1000 °C, the Al-rich phase H in their study was more likely 
the Al-poor end-member of a solid solution between phase d 
(AlOOH) and phase H (MgSiH2O4). In contrast with Bindi et 
al. (2015), the Al-rich phase H contains much more Al than 
Al-rich phase D in this study. Notably, the composition of Al-rich 
phase H was not substantially affected by either temperature or 
pressure in this study.

The transformation from Al-rich phase D to Al-rich phase H 
has been observed in simplified chemical systems at P >48 GPa 
at which reactions of phase D + brucite ↔ phase H and phase D 
↔ phase H + stishovite were proposed by Nishi et al. (2014). 
Although this transformation was also observed in this study, we 
suggest that it may be a result of the reaction of Al-rich phase D 
+ garnet ↔ Al-rich phase H + bridgmanite + Ca-perovskite. Be-
cause bridgmanite has much lower Al2O3 contents than majoritic 
garnet, the Al2O3 from the decomposition of garnet partitioned 
into Al-rich phase D to stabilize Al-rich phase H.

Minor phases
Calcium-rich perovskite was formed in all experiments, 

except run DHL-6 (19 GPa and 800 °C). At pressures lower 
than 20 GPa, the Ti-rich Ca-perovskite or (and) Ca-perovskite 
were formed as a minor phase. With increasing pressure, the 
proportion of Ca-perovskite increased up to 22 wt% as the 
garnet decomposed.

The experiments produced 2–10 wt% ringwoodite at 18–19 
GPa. It should be noted that the ringwoodite in DHL-7 at 18 GPa 
and 900 °C has 8.9 wt% Na2O as well as containing SiO2, MgO, 
and FeO (Supplemental1 Table S1). Such Na-rich ringwoodite 
was also reported by Bindi et al. (2016), however, ringwoodite 
was not observed in hydrous basalts under similar conditions in 
previous experiments (Litasov and Ohtani 2005; Okamoto and 
Maruyama 2004). The occurrence of ringwoodite in this study 
may be due to higher MgO content (11.9 wt% MgO in JB-2* 
basalt) in the starting material compared to the MgO content in 
previous studies. Similarly, the high MgO in the starting material 
may also be responsible for the occurrence of magnesiowustite. 
Run DHL-8, which used JB-2*, produced magnesiowustite. In 
contrast, run DHL-21 employed N-MORB (8.3 wt% MgO) as 
a starting material and did not yield magnesiowustite under the 
same P-T condition as that of DHL-8.

All experimental runs yielded stishovite. The Al2O3 content 
in stishovite increases from 0.3 to 1.6 wt% with increasing 
pressure, which is consistent with the observation by Litasov 
and Ohtani (2005). Unlike their experiments, our temperature 
range is relatively narrow; hence, no correlation between Al2O3 
content in stishovite and temperature was found. The water 
content in stishovite, if any, ranges from 0 to 1 wt%, which was 

Figure 4. Compositions of Al-rich phase D and Al-rich phase H 
under various pressure-temperature conditions. The measured Al content 
in Al-rich phase D increased with increasing pressure and decreased 
with increasing temperature. Al-rich phase H contains more Al than 
Al-rich phase D.

Figure 5. Compositions of Al-rich phase D and Al-rich phase H 
synthesized in this study and in previous work performed with peridotitic 
and simplified systems, shown on a Si-Al-(Mg+Fe) molar ternary 
diagram. Note that the binary Si-(Mg+Fe) is projected from the H2O top 
in the ternary H2O-SiO2-(Mg, Fe)O, modified from Walter et al. (2015, 
Fig. 1c). Gray stars show the ideal formulas for various hydrous phases. 
Green dashed lines indicate the substitution of Al3+ + H+ for Si4+. Al-rich 
phase H contains notably more Al than Al-rich phase D. Compositions 
of Al-rich phase D and Al-rich phase H in this study (blue and green 
solid circles) are similar to those of previous studies.
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estimated from deficits in the microprobe totals (see Supple-
mental11 Table S1).

The potassium hollandite was stable at P = 19–25 GPa and T 
<1200 °C. This phase contains 63.9–67.0 wt% SiO2, 18.0–19.3 
wt% Al2O3, and 10.9–15.6 wt% K2O and it is a major potassium 
holder in the run products if present. No effect of pressure or 
temperature on the composition of hollandite was found.

discussion

Thermal gradient across the capsule
The stability of hydrous phases is sensitive to the temperature 

at a given pressure. Furthermore, the temperature at the capsule 
bottom (i.e., cold end) may be over 100 °C cooler than that at 
the top end (i.e., hot spot) if the capsule is longer than a few 
millimeters (e.g., Walter et al. 1995). Therefore, it is important 
to evaluate the thermal gradient across the capsule during the 
experiment.

Here, we estimate the thermal gradient via the distribution 
of hydrous phases in the runs at the same pressure but different 
temperatures. Although the distribution of hydrous phases is 
not simply controlled by the temperature at a given pressure in 
a hydrous experiment, we believe that the distribution of phases 
in subsolidus run products is mainly attributed to the thermal 
gradient. As shown in Figure 6a, the sample capsule in DHL-5 (19 
GPa and 1000 °C) was approximately 0.8 mm long, and Al-rich 
phase D was present from the top to the bottom. However, in 
DHL-19 (19 GPa and 1100 °C), Al-rich phase D was absent, and 
hydrous phase Fe-Ti oxyhydroxide appeared only at the bottom 
(Fig. 6b). If the vertical temperature variation in DHL-19 is 
greater than 100 °C, i.e., the temperature at the bottom is lower 
than 1000 °C, then Al-rich phase D should be stable and present 
at the bottom of DHL-19 as in DHL-5. It should be noted that 
Fe-Ti oxyhydroxide can coexist with Al-rich phase D, such as 
in DHL-18 (18 GPa and 900 °C). Therefore, we conclude that 
the thermal gradient in this study is smaller than 100 °C across 
a 0.8 mm long capsule. This conclusion (thermal gradient is less 
than 100 °C/0.8 mm) is supported by the systematic in-hydrous 
phase stability of other run products. Relatively small tempera-
ture gradients in our run products may be due to the use of an 
Au capsule, which is a good heat conductor.

Stability field of hydrous phases in the hydrous basaltic 
system

To minimize the uncertainty in temperature, in the following 
discussion, we use phase assemblage (stability of hydrous phases) 
observed at the top portion of the capsule, within the 100 mm 
nearest to the thermocouple (e.g., DHL-5 in Fig. 6a). Therefore, 
the Fe-Ti oxyhydroxide in DHL-19 was not considered stable at 
19 GPa and 1100 °C because it was present only at the cold end 
of the capsule (Fig. 6b). Similarly, a very small amount of Al-rich 
phase D (less than 1 wt%) was observed only at the cold end of 
the capsule in DHL-15 and DHL-17, but it was not considered to 
be a stable hydrous phase at each experimental temperature. In 
this way, the stability fields of hydrous phases were identified and 
plotted in Figure 7, according to the experimental conditions and 
stability of the hydrous phases near the thermocouple.

It should be noted that the stability field of Al-rich phase D 
is sensitive to the bulk composition (Ghosh and Schmidt 2014; 

Pamato et al. 2015). Ghosh and Schmidt (2014) reported that the 
addition of 1 wt% Al2O3 increases the stability field of phase D 
by 200 °C, but this is an effect that is counterbalanced by the ad-
dition of 4.3 wt% FeO. Pamato et al. (2015) also observed that 
increasing Al/Fe ratios in phase D expands its thermal stability. In 
this study, the Al2O3 content in Al-rich phase D increases, and the 
FeO content remains constant with increasing pressure. Although 
the stability of Al-rich phase D is smaller in basaltic systems than 
that in MgO-FeO-SiO2-Al2O3-H2O simplified chemical systems, 
the higher Al2O3 content in subducting oceanic crust may enhance 
the stability of Al-rich phase D and Al-rich phase H than peridotite 
systems with much lower Al2O3 contents.

As depicted in Figure 7, in the hydrous basaltic system, 
the hydrous phase is Fe-Ti oxyhydroxide at pressures <19 
GPa and, at higher pressures, is a dense hydrous magnesium 
silicate (DHMS), i.e., Al-rich phase D and Al-rich phase H. 
Al-rich phase D was stable between 19 GPa and 23 GPa and 
was replaced by Al-rich phase H at P > 25 GPa. The estimated 
water contents in our synthesized Al-rich phase D and Al-rich 
phase H were 12–15 wt% and 16–17 wt%, respectively. Calcu-
lated proportions of solid phases in experimental run products 

Figure 6. Distribution of hydrous phases in the run products from the 
experiments at the same pressure of 19 GPa but different temperatures. 
(a) Hydrous phase Al-rich phase D was present at the bottom and top of 
the capsule (1000 °C). (b) Only the hydrous phase Fe-Ti oxyhydroxide 
was present at the capsule bottom (1100 °C).
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(Table 2, Supplemental1 Tables S1) revealed that hydrous phases 
Al-rich phase D or Al-rich phase H comprised ~16 wt% of each 
assemblage, which accommodated ~2.3 wt% water. This result 
reveals the critical role that oceanic crust can play as a water 
carrier into the transition zone or lower mantle.

Comparison with previous studies
The stability fields of hydrous phases synthesized in our work 

are shown in Figure 7. We note that at least one hydrous phase was 
stable at ~1000 °C at all pressures considered, although none have 
been reported above 10 GPa in previous experiments performed 
on hydrous basalt (Okamoto and Maruyama 1999, 2004; Litasov 
and Ohtani 2005). Okamoto and Maruyama (1999, 2004) con-
ducted experiments on MORB containing 2 wt% H2O at 10–19 
GPa and 700–1500 °C and reportedly lacked any hydrous phases; 
however, Nishihara and Matsukage (2016) noted that the Fe-Ti 
phase documented therein might have been Fe-Ti oxyhydroxide, 
which can hold up to 10 wt% H2O. We also note that the experi-
ments by Okamoto and Maruyama (1999, 2004) ran for 7 h at 
1000 °C (compared to 24 h in our study), which may have been 
insufficient to stabilize crystals of Al-rich phase D large enough 
to analyze by EMPA.

Litasov and Ohtani (2005) investigated phase relations in 
hydrous MORB at 18–28 GPa and 1000–2400 °C using a starting 
material that was almost identical to that used in Okamoto and 
Maruyama (2004). The absence of hydrous phases in their study 
may be attributed to the use of a sample container comprised of 
an outer Pt capsule and an inner Re capsule, whereas we used an 
Au capsule for experiments conducted at >20 GPa and an Au–Pt 
double capsule and NNO buffer for experiments conducted at ≤20 
GPa (Fig. 1). The rate of hydrogen diffusion under high-pressure 
and high-temperature conditions may be much faster in Pt and Re 
than in Au, causing severe hydrogen depletion (i.e., water loss) 

during experimentation. In addition, the 1000 °C experiments con-
ducted by Litasov and Ohtani (2005) were preliminarily heated to 
1200 °C for two hours. During the preheating time, hydrogen loss 
from the Pt capsule may have accelerated significantly. Hence, we 
infer that water loss or different experimental procedure may have 
led to an absence of hydrous phases forming in their run products.

Alternatively, the contrasting result in hydrous phase stability 
between our study and those in previous studies may be attributed 
to differences in the starting composition. Both of the aforemen-
tioned studies (Litasov and Ohtani 2005; Okamoto and Maruyama 
2004) used MORB, which has 7.7 wt% MgO, whereas we used a 
basalt with 12 wt% MgO. Because Al-rich phase D is MgO-rich, 
the higher MgO content of JB-2* may strongly affect its stability. 
To make clear this point, we conducted an additional experiment 
(run DHL-21) using a hydrous N-MORB containing 8.3 wt% 
MgO. A hydrous starting glass (2 wt% H2O) was synthesized at 
0.4 GPa and 1200 °C using a gas-medium apparatus, and experi-
ments were carried out at 20 GPa using the same double-capsule 
setup and techniques described above. Al-rich phase D was found 
to be stable at 20 GPa and 1000 °C in the hydrous N-MORB (see 
Fig. 2, Table 2), although its proportion was relatively smaller 
than that documented for the Mg-rich basalt starting material. 
The difference between the run products in the present results 
and those from Litasov and Ohtani (2005) might be explained by 
minor differences in compositions between the starting materials 
if it is not attributed to the water loss. The effect of the composi-
tion of the starting material needs confirmation in future studies.

The temperature of the subducting oceanic crust
Apparently, the top layer of a subducting slab is hotter than the 

interior, due to thermal diffusion from the ambient mantle (e.g., 
Syracuse et al. 2010). It is important to estimate the temperature of 
subducting oceanic crust while predicting the fate of water held in 
hydrous phases. The temperature of a subducting slab depends on 
several parameters. At a given mantle potential temperature, older 
subducting slabs with faster convergence rates are generally cooler 
than younger slabs with slower convergence rates (Magni et al. 
2014). Thermomechanical modeling of 56 modern-day subduction 
zones has shown that slab-surface temperatures at a 240 km (i.e., 
8 GPa) depth mainly lie in the range of 800–1000 °C (Syracuse 
et al. 2010). Extrapolation of these calculated thermal profiles to 
greater depths within the Earth (shaded area in Fig. 7) suggests 
that ~1000 °C is a reasonable estimation for the temperature in the 
uppermost 7 km of cold subducting oceanic crust under mantle 
transition zone conditions. Numerical simulations show that the 
core of such a thick slab at transition zone depths should have 
lower temperatures of 600–800 °C (King et al. 2015). Therefore, 
given a reasonable thermal structure within a cold subducting 
slab, either Al-rich phase D or Al-rich phase H would be stable 
in the oceanic crust (see phase proportion changes in Fig. 8), and 
DHMS would be stable in the peridotitic interior from the mantle 
transition zone to the uppermost lower mantle.

iMpLications For water transport into the 
MantLe transition zone and Lower MantLe

Descending oceanic slabs mainly consist of peridotite and 
basalt on the top layer (oceanic crust, with an average thickness 
of approximately 7 km). The hydrous phases in the hydrothermal 

Figure 7. Pressure-temperature (P-T) stability fields of synthesized 
hydrous phases in basalt. Gray curves outline the stability field of 
each hydrous phase, and the shaded area marks the P-T range of cold 
subducting oceanic crust (Syracuse et al. 2010). Water can be sequentially 
stored in the hydrous phases Fe-Ti oxyhydroxide, Al-rich phase D, and 
Al-rich phase H with increasing pressure, making the subducting oceanic 
crust a viable candidate for the transportation of surface water into the 
lower mantle. No hydrous phase is stable at temperatures greater than 
1100 °C and pressures lower than 20 GPa. Note that Fe-Ti oxyhydroxide 
and Al-rich phase D coexist at 18 GPa and 900 °C. The pressure and 
temperature uncertainties are thought to be better than 1 GPa and 50 °C.
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metamorphic peridotitic system include serpentine and dense 
hydrous magnesium silicate (DHMS) with water contents of 3–18 
wt%. However, none of them are stable at over approximately 8 
GPa and characteristic slab temperature (Kawamoto 2006). As 
demonstrated by Kawamoto (2006), the choke point, therefore, 
is present in peridotite systems under down-going slab condi-
tions in which the hydrous phases get dehydrated and cannot 
deliver water to high-pressure hydrous phases. Moreover, if we 
consider the dihedral angles of basalt and peridotite (i.e., the 
fluid connectivity of the rocks) at the choke point of peridotite, 
the fluids from the decomposition of hydrous phases in the pe-
ridotite would accumulate at the boundary of oceanic crust and 
peridotite in the subducting slab because the aqueous fluids can 
percolate through the peridotite part but not through the basaltic 
system (Ono et al. 2002; Kawamoto 2006; Yoshino et al. 2007; 
Matsukage et al. 2017). According to our recent study (Liu et al. 
2018), the dihedral angle within a basaltic system becomes less 
than 60° above 14 GPa; thus water may percolate through both 
peridotite and basalt at temperatures above hydrous phase stabil-
ity in cold subducted slabs.

Furthermore, our results show that a continuous chain of 
hydrous phases may exist in subducting, cold oceanic crust 
(~1000 °C): lawsonite (0–8 GPa); Fe-Ti oxyhydroxide (8–17 
GPa); Al-rich phase D (18–22 GPa); and Al-rich phase H (>23 
GPa). As mentioned above, the addition of Al2O3 and MgO 
expands the stability of Al-rich phase D. Therefore, it is prob-
able that most of the Al-rich phase D (or Al-rich phase H at P > 
23 GPa) occurs at the boundary between the oceanic crust and 
peridotite in the subducting slab. Al-rich phase H is known to 
be stable up to at least 128 GPa 1900 °C (Ohira et al. 2014), 
indicating that subducting oceanic crust could transport water 
into the deepest parts of the lower mantle.

Global seismic tomography indicates that subducted slabs 
exhibit various behaviors at the upper mantle–lower mantle 
boundary (Fukao and Obayashi 2013), such as the Pacific plate 

beneath China, which stagnates at the base of the upper mantle 
(~660 km), and those beneath the Izu-Bonin-Mariana arc, which 
form a megalith and stagnate at ~1000 km depth (Fig. 9). The 
distribution of subducted oceanic crust in the stagnated megalith 
has been revealed via seismology (e.g., Kaneshima 2003), and 
the temperature at the base of the upper mantle is estimated to 
be 1600–1700 °C (Akaogi et al. 1989). These stagnated slabs 
should thus be heated up by ambient, hot mantle over time, and 
thermal conduction calculations can be used to estimate when 
water would be liberated from the hydrous phases in both oce-
anic crust and peridotite. If a 100 km thick stagnant slab with a 
7 km thick oceanic crust and a core temperature of 900 °C was 
subjected to an ambient mantle temperature of 1600 °C, the 
thermal stability of Al-rich phase H in basalt (1250 °C), which 
is located near the surface of the slab, and superhydrous phase B 
in peridotite (1400 °C), which may constitute the majority of the 
slab, would be exceeded within 10 and 100 Myr, respectively, as-
suming thermal diffusivity of the rocks is 0.01 (cm2/s) (after Fig. 
11.1-1 of Bird et al. 1960). Water would, therefore, be released 
from oceanic crust over a relatively shorter period (<10 Myr) 
than from peridotite (<100 Myr). Furthermore, dehydration from 
oceanic crust would take a much longer time if it is located inside 
the megalith, such as is shown in Figure 9. Such dehydration 
can cause large-scale intracontinental magmas, such as those in 
China (e.g., Wang et al. 2015).

The importance of subducted oceanic crust as a water reser-
voir in the lower mantle has been recently discussed (Pamato et 
al. 2015). Our study sheds new light on the role of oceanic crust 
as a carrier of water during subduction by revealing the existence 
of a continuous chain of hydrous phases that can be stabilized 
from 10 to 26 GPa. Mass-balance calculations performed on 
our run products between 20 and 26 GPa show that MgO-rich 
basalt may contain up to 2 wt% H2O at 1000 °C. According to 
the estimated changes in mantle potential temperature throughout 
Earth’s history, the average composition of oceanic crust may 
have evolved from being high-MgO (komatiitic and/or picritic) 

Figure 8. Phase proportion changes in the cold subducting oceanic 
crust with depth. Phase proportions are calculated based on data from a 
hydrous basalt + 3.5 wt% H2O system in this study. The slab geotherm 
is in the center of the shaded area in Figure 7. See Figure 3 for phase 
abbreviations.

Figure 9. Schematic diagram of subduction in the North Mariana 
trench, according to seismological observations (Fukao and Obayashi 
2013; Kaneshima 2003). Subducted slabs penetrate into the lower mantle 
and stagnate above a 1000 km depth. H2O is stored in a continuous 
chain of hydrous phases upon pressure increasing (lawsonite, Fe-Ti 
oxyhydroxide, Al-rich phase D, and Al-rich phase H) in oceanic crust 
(black thin layer) at the top of a cold subducting slab. Stagnant fragments 
of oceanic crust may thus be an important water reservoir in the lower 
mantle. Abbreviations: Law = lawsonite; Fe-Ti = Fe-Ti oxyhydroxide.
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on the early Earth to low-MgO (modern-day MORB) today 
(Takahashi 1990). Furthermore, the Archaean oceanic crust 
was likely to have had a thickness greater than 25 km; thus, the 
amount of water that could have been transported by oceanic 
crust to the lower mantle may have been significantly greater in 
the geological past (Palin and White 2015).
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