
1. Introduction
High-resolution seismic tomography images show that subducting slabs can penetrate into the lower mantle and 
in some cases reach to the core-mantle boundary (Grand, 2002; Zhao, 2012). Billions of years of plate tectonics 
may allow a certain amount of water to be delivered into Earth's interior primarily by subduction of hydrated lith-
ospheric plates (Ohtani, 2020; Ohtani et al., 2018; Walter, 2021). The recent discoveries of phase Egg (AlSiO4H) 
(Wirth et al., 2007), ice VII (Tschauner et al., 2018), and hydrous ringwoodite containing ∼1 wt% water (Pearson 
et al., 2014) as inclusions in sub-lithospheric diamonds prove the existence of at least several locally wet regions 
in the transition zone and shallow lower mantle. Accordingly, it is of great importance to constrain the host for 
deep water transport in realistic subducting slab compositions for better understanding of the global water circu-
lation and storage.

Subducted lithospheric plates consist of ocean sediments, basaltic oceanic crust and peridotitic mantle. The 
peridotitic component in cool subduction zones may inject water into the deep Earth's interior via dense hydrous 
alphabet silicate phases (Iwamori, 2004; Ohtani, 2021). In particular, phase D (nominally MgSi2O6H2) will break 
down into phase H (nominally MgSiO4H2) + stishovite at pressures above 48 GPa in the coldest interiors of the 
lithosphere. At high pressures, δ-AlO2H, ε-FeO2H, and phase H adopt the identical CaCl2-type structure (space 
group: Pnnm) with the potential to generate extensive hydroxide solid solution (hereafter, δ-phase) (Kawazoe 
et al., 2017; Nishi et al., 2019; Ohira et al., 2014). Indeed, high-pressure experiments in model hydrated mafic 
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rocks reveal that δ-phase (Al,Fe)O2H-MgSiO4H2-SiO2 hydroxides can coexist with the major mantle mineral, 
bridgmanite (Bdg), or post-perovskite, throughout the mantle depth range (Nishi et al., 2019; Ohira et al., 2014; 
Yuan et al., 2019).

Basaltic oceanic crust is estimated to contain up to ∼20 wt% free silica in the lower mantle (Hirose et al., 2005; 
Perrillat et al., 2006; Ricolleau et al., 2010). With an addition of Al2O3 (e.g., 4.4 wt%) in stishovite, water solu-
bility of Al-bearing stishovite can be effectively promoted (e.g., ∼0.3 wt% water at 20 GPa and 1675 K, Litasov 
et  al.,  2007). By ex situ analysis of silica samples synthesized by multi-anvil apparatus, studies have shown 
that Al-free stishovite can contain 3–72 ppm wt% water at 10–24  GPa and 1475–2025  K (Bolfan-Casanova 
et al., 2000; Bromiley et al., 2006; Litasov et al., 2007; Pawley et al., 1993), while its water storage capability is 
significantly elevated up to ∼1.3 wt% water at 10 GPa and 625–825 K (Spektor et al., 2011). Recent in situ high 
pressure-temperature (P-T) X-ray diffraction (XRD) studies in a laser-heated diamond anvil cell (DAC) by Lin 
et al. (2020) and Nisr et al. (2020) suggested that weight percent levels of H2O could be incorporated in stishovite 
even at temperatures along a mantle geotherm in the shallow and middle lower mantle. Such an ultrahydrous 
stishovite was supported by observations of anomalous unit-cell volume expansion compared to dry stishovite 
at high pressure. Based on decompression data, Lin et al.  (2020) further suggested that water in ultrahydrous 
stishovite may not be fully quenchable. As such, characterization under different in situ and ex situ pressure 
conditions may explain the discrepancy in water solubility in stishovite. In addition, Nisr et al. (2020) reported 
that a hydrous Al-free NiAs-type silica (Nt-phase) can be formed in a water-rich environment under modest P-T 
conditions corresponding to the middle or deep lower mantle. However, such a Nt-phase has not been observed 
in multicomponent systems relevant to realistic mantle and subducting slab compositions.

With potential changes in mineralogy in subducted crust, the fate and role of hydrated silica minerals throughout 
the lower mantle P-T range is still unknown. To provide an understanding of the host for water transport in the 
subducted oceanic crust downwards to the deep lower mantle, we conducted high P-T experiments on model 
hydrated basalt in a laser-heated DAC. Phase assemblages were determined by the combined high-P XRD and 
chemical analysis with transmission electron microscopy (TEM) on recovered samples.

2. Methods
The starting materials were gel samples with the bulk composition of 24.9 mol% MgO-12.8 mol% Al2O3-7.5 mol% 
Fe2O3-54.8 mol% SiO2 containing two different water contents of ∼4 wt% (MAFSH-a) and ∼1 wt% (MAFSH-b), 
respectively. The pre-compressed sample disk (∼10 μm in thickness) was positioned on a small step in the gasket 
to maintain space between the sample and both diamond culets (∼10 μm on each side), as described in the study 
of Yuan et al.  (2019). Neon served as the pressure medium, thermal insulator and pressure calibrant and was 
loaded using a gas-loading system. Samples were compressed to target pressure and then heated to target temper-
ature for 10–12 min by double-sided laser heating with 1,064-nm Ytterbium fiber lasers. The heating temperature 
was determined by fitting the visible portion of the gray-body radiation from both sides of the heated sample to 
the Planck radiation function. The precision in measured temperature is less than 5 K based on the goodness of 
the curve fits. Temperature gradients were minimized by heating the homogenous Fe-bearing sample directly 
between the Ne insulator layers without an additional laser absorber. The diameter of the heating spot was ∼20 
to 30 μm. Mean temperatures were recorded across a ∼10 μm strip (at 2 μm intervals) at the heating center, and 
T differences were ∼50 to 100 K. We adjusted the respective laser powers on either side of the DAC during the 
course of the experiment to maintain temperature variations within 200 K (±100 K).

Synchrotron XRD experiments were conducted on the samples after laser heating treatment at the P02.2 beamline 
of Petra III, Deutsches Elektronen Synchrotron (Konôpková et al., 2021) and the 15U1 beamline of Shanghai 
Synchrotron Radiation Facility (SSRF) (L. L. Zhang et  al.,  2015). Multigrain XRD was used to identify the 
phases and determine the unit-cell parameters (L. Zhang et al., 2019). Chemical analysis was performed on the 
recovered samples. The heating center was determined by two-dimensional XRD scans as well as their textures by 
electron microscopy. A cross section was lifted from the heating center and thinned to about 100 nm in thickness 
using an FEI Versa-3D SEM coupled with a focused ion beam. Elemental mapping images were then obtained 
using an FEI Talos F200X field emission TEM operating at 200 kV equipped with a SuperX coupled with energy 
dispersive X-ray spectroscopy (EDS).
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Subsequent infrared (IR) spectroscopy experiments were performed on a third gel sample with the bulk compo-
sition of 17.8 mol% Al2O3-82.2 mol% SiO2 containing ∼4 wt% water (ASH). The pre-compressed sample disk 
(∼10  μm in thickness) was positioned on the ruby ball spacers on the diamond anvil. Argon was loaded as 
the thermal insulator and pressure calibrant. IR measurements were conducted at HPSTAR using a commercial IR 
setup with a Bruker VERTEX-70v spectrometer and HYPERION 2000 microscope and at 06B beamline of SSRF 
using a custom IR/Raman setup developed by HPSTAR with a Bruker VERTEX-80v spectrometer. The spectra 
were collected in transmission mode in the range of 600–12,000 cm −1 with a resolution of 2 cm −1. The slits were 
set to 40 × 40 μm 2 in order to measure the absorption of the sample only. The absorption of the empty DAC at 
ambient conditions was used as the reference spectrum. Note that this correction leads to the observation of some 
artifacts and background at high pressure (see the main text). For comparison, high-pressure IR measurements 
were performed on the starting ASH gel sample up to 78 GPa at room temperature. The high-pressure sample 
was then directly heated by a one-sided CO2 laser system at HPSTAR (Text S1 in Supporting Information S1). 
As temperature could not be estimated in real time, the heating conditions were explored by adjusting the laser 
power each time until the pure Al-rich Nt-phase was successfully synthesized as confirmed by the post-heating 
XRD results measured at SSRF (Figure S4 in Supporting Information S1). Typical IR spectra of the pure Al-rich 
Nt-phase were then recorded during cold decompression to 3 GPa. Furthermore, the ASH + Au mixture (Run# 
Sb393) was used to synthesize the pure Al-rich Nt-phase in the near IR laser heating system. The XRD pattern 
collected at ∼3 GPa after the room temperature decompression shows that the structure of the Al-rich Nt-phase 
is preserved (Figure S5 in Supporting Information S1).

3. Results and Discussion
High P-T experiments were carried out on the model hydrated basalt sample (MAFSH-a, containing ∼4 wt% H2O), 
and XRD measurement were performed at high pressure and room temperature to identify the phase relations 
(Table 1). In dry basaltic compositions (Hirose et al., 2005; Perrillat et al., 2006; Ricolleau et al., 2010), a free 
silica phase (∼20 wt% in proportion) is expected to be present with the characteristic diffraction(s) in pronounced 

Run# P300 K (GPa) a PT (GPa) b T (K) Phase assemblage (XRD) c

MAFSH-a (~4 wt% H2O)

 Sb397 d 73.3(3) 84(1) 2,000(100) δ, Bdg, Nt, HH1

Ambient δ, Bdg

 Sb430 77.3(2) 87(1) 1,800(100) δ, Bdg, Nt, HH1

 Sb335 84.9(3) 97(1) 2,200(100) δ, Bdg, Nt, Ct, pPv-Fe2O3

 Sb307 101.7(3) 113(1) 2,200(100) δ, Bdg, Nt, HH1, pPv-Fe2O3

MAFSH-b (~1 wt% H2O)

 Sa1011 73.6(2) 84(1) 2,000(100) δ, Bdg, Nt, Ct

ASH (∼4 wt% H2O) ±Au

 Sb393 80.0(2) 91(1) 1,800(100) Nt

3.2(1) Cold decompression Nt

 Sb185 e 1 MPa to 78(2) f Cold compression (IR) Hydrous amorphous ASH

82.8(2) CO2 laser heating (IR + XRD) Nt

82.8(2) to 3.0(2) f Cold decompression (IR) Nt

 aP300 K was post-heating pressure and determined by the equation of state of Ne (Fei et al., 2007) or Ar (Finger et al., 1981) or 
Au (Fei et al., 2007).  bPressure at high temperature (PT) in this study was estimated as PT = P300 K + (T – 300) × 0.0062 (GPa) 
from a previous study under similar P-T conditions (Yuan et al., 2019), and P uncertainty was derived from temperature 
uncertainty.  cBdg  =  bridgmanite; Ct  =  CaCl2-type silica; δ  =  CaCl2-type Al-rich hydroxide; Nt  =  niccolite-type silica; 
HH1 = HH1-phase; pPv-Fe2O3 = post-perovskite-type Fe2O3.  dThis experimental run was used in our recent paper (L. Liu 
et al., 2022) to show the existence of HH1-phase using different starting materials.  eType IIa diamonds were used in Run 
Sb185 for infrared (IR) measurements. X-ray diffraction (XRD) experiments were conducted in all the other runs.  fPressures 
were determined based on the Raman shift of diamond edge with the uncertainty of 0.2–2 GPa (Akahama & Kawamura, 2004).

Table 1 
Experiments Conditions and Results
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intensity. However, the conventional high-pressure silica phase including stishovite, CaCl2-type phase (Ct-phase) 
and seifertite were not observed as a dominant silica mineral in the phase assemblages. It is worth noting that 
the Nt-phase with its characteristic reflections 011 and 012 can be well recognized (Figure 1). Importantly, the 
multigrain XRD analysis allowed us to unambiguously identify such a Nt-phase in the multiphase assemblages 
(Figure S3 in Supporting Information S1). For instance, up to 24 reflections were indexed for the individual 
grains of the Nt-phase at 101.7 GPa (Run# Sb307, Table S2 in Supporting Information S1). In general, the phase 
assemblages can be identified as the coexisting Nt-phase, Bdg, δ-phase and iron-rich phase(s). An exception was 
found with the additional Ct-phase, which could likely be attributed to a relatively higher temperature of 2200 K 
at 97 GPa (Run# Sb355, Figure S2 in Supporting Information S1), possibly resulting in a partial conversion from 
the Nt-phase to the Ct-phase. In this run, we observed the post-perovskite-type Fe2O3 phase (pPv-Fe2O3) rather 
than a hexagonal iron-rich phase, referred to as HH1-phase (L. Liu et al., 2022), which was present in the other 
runs. (Note that a (Mg, Fe)2O3+δ (0 < δ < 1) phase with similar unit-cell parameters was named as “OE-phase” 
by J. Liu et al. (2020); the iron oxide endmember was named as “η-phase” in Chen et al. (2020) and as Fe6.32O9 
in Koemets et al. (2021).) The Nt-phase cannot be preserved after decompression to ambient conditions, which 
is consistent with the unquenchable nature of the water-bearing Al-free Nt-phase in the previous study of Nisr 
et al. (2020).

To our knowledge, the Nt-phase was found for the first time in a hydrated multicomponent basaltic composition. 
Previous studies on dry basaltic compositions reported the formation of the Ct-phase under comparable high P-T 
conditions (Hirose et al., 2005; Ricolleau et al., 2010). To further understand the role of water in the formation 

Figure 1. Representative X-ray diffraction patterns of the run products in the MAFSH system at high P and room T after 
laser heating. The phase assemblages are identified as (a) coexisting Nt-phase, Bdg, δ-phase, HH1-phase, and pPv-Fe2O3, 
(b) coexisting Nt-phase, Bdg, δ-phase and HH1-phase, and (c) coexisting Nt-phase, Ct-phase, Bdg, and δ-phase. Phase 
labels are the same as in Table 1. The unit-cell parameters of the Nt-phase and Bdg are shown in Table S1 in Supporting 
Information S1.
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of the Nt-phase, we conducted a comparison experiment on the relatively drier sample with reduced bulk water 
content (MAFSH-b, containing ∼1 wt% water) at 84 GPa and 2,000 K. As shown in Figure 1c, the run products 
can be identified as the coexistence of the Nt-phase, Ct-phase, Bdg, and δ-phase (Run# Sa1011). Under nearly the 
same P-T conditions (Run# Sb397, Figure 1b), the Ct-phase was undetectable in the wetter sample (MAFSH-a, 
containing ∼4 wt% H2O). These combined results indicate that the amount and stability of silica phases (e.g., 
Nt-phase and Ct-phase) depend on the water content of the starting material. Walter et al.  (2015) studied the 
phase relation of the model hydrated mafic and basaltic rocks in the MgO-SiO2-H2O and MgO-Al2O3-SiO2-H2O 
systems using XRD measurements on the recovered assemblages. We note that the stishovite 110 reflection in 
their basaltic sample considerably decreases in intensity from 49 to 60 GPa and above, and this characteristic 
reflection is even absent at 94 GPa. One possible explanation is the formation of Nt-phase at high pressure, which 
is unquenchable at ambient conditions.

Chemical analysis using TEM-EDS was performed on two representative samples recovered from 84 GPa to 
2,000 K (Run# Sb397) and from 113 GPa to 2,200 K (Run# Sb307), respectively. As shown in Figure 2, the 
coexisting Nt-phase, Bdg, δ-phase, and Fe-rich HH1-phase can be clarified on the basis of their chemical compo-
sitions, in agreement with the XRD results. The Nt-phase and Bdg are major phases in the quenched products. 
As summarized in Table S3 in Supporting Information S1, a significant amount of Al2O3 (∼32.4 and 24.4 wt%) 
together with a modest amount of Fe2O3 (∼3.7 and 4.0 wt%) and/or MgO (∼1.3 wt%) were clearly demon-
strated in the recovered silica-rich phase from 84 GPa, 2,000 K and 113 GPa, 2,200 K, respectively, which is 
derived from the high-pressure Nt-phase. Meanwhile, the coexisting Bdg is Al-depleted with the Al2O3 contents 
of ∼7.6 and ∼6.4 wt% for the samples recovered from 84 to 113 GPa, respectively: these alumina contents in 
Bdg are significantly smaller than 14–15 wt% in dry MORB (Hirose & Fei,  2002; Litasov & Ohtani,  2005; 
Ricolleau et al., 2010). The Al component is preferentially incorporated into the Al-rich Nt-phase rather than the 
Al-depleted Bdg phase. The partition coefficient DNt/Bdg of Al2O3 is calculated as ∼5.

Figure 2. Transmission electron microscopy-energy dispersive X-ray spectroscopy images of the run products recovered 
from 84 GPa to 2,000 K. (a) High-angle annular dark field image. Compositional mapping images of (b) Fe + Mg, (c) Si, and 
(d) Al. Elements Si, Mg, Al, and Fe are shown in red, cyan, green, and yellow, respectively.
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High-pressure IR spectroscopic investigations were performed on both the starting ASH gel sample and a synthetic 
pure Al-rich Nt-phase (Al:Si = 3:7) for comparison. As seen in Figure 3, IR spectra featured strong bands in the 
range of 700–900 and 950–1,300 cm −1, which are associated with the Si–O symmetric and asymmetric stretching 
vibrations, respectively (Kamitsos et  al.,  1993). At low pressures, bands corresponding to the Si–O symmet-
ric stretching vibration in the Al-rich Nt-phase (e.g., 785 cm −1 at 13 GPa) were in the lower-frequency region 
relative to the previously reported hydrous stishovite (e.g., 840 cm −1 at 1 MPa; Spektor et al., 2011), reflecting 
increased Si–O distances in SiO6 octahedra. For the Al-rich Nt-phase, a distinct band centered at 1,585 cm −1 at 
∼80 GPa largely red shifted to approximately 1,214 cm −1 as a shoulder at 3 GPa, whose origin is unknown. In 
addition, a weak band at 1,600 cm −1 at 3 GPa blue shifted to 1,635 cm −1 at 13 GPa, which can be assigned to 
OH bending vibration belonging to Al-rich Nt-phase instead of molecular water, because the frequency of this 
mode in molecular water is insensitive to pressure, remaining at ∼1,600 cm −1 up to 40 GPa (Song et al., 1999). 

Figure 3. Infrared (IR) spectra of starting ASH gel sample during compression (gray), synthetic Al-rich Nt-phase during 
decompression (red) and hydrous stishovite (blue) from Spektor et al. (2011). The change of scale in the absorbance axis 
is utilized to illustrate the fundamental OH stretching vibration region. The use of an empty diamond anvil cell at ambient 
conditions as the reference spectrum gives rise to an increased background in the high-frequency region at P > 50 GPa. 
The peak at 2,656 cm −1 (guided by dashed line) and the trough at 2,800 cm −1 (guided by dashed frame) are artifacts (note 
that their positions were unchanged with pressure), which are caused by the changes in absorption from the diamond anvils 
interferes and by CH stretching vibration from the baseline correction, respectively. In the IR spectra of the gel sample, the 
sharp absorption peaks around 1,600 and 3,700 cm −1 are attributed to atmospheric water due to the non-perfect purging of the 
Bruker Hyperion 2000 microscope. IR spectra are vertically shifted for better comparison.
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These results indicate the complete reaction to produce the Al-rich Nt-phase 
without detectable water inclusion in grain boundaries after CO2 laser heat-
ing, and released water if it existed, might be diluted into the Ar medium near 
the cold chamber edge. The broad bands in the range of 2,700–3,700 cm −1 
are ascribed to OH stretching vibrations. The OH bands became weak in 
intensity in the starting gel sample at P > 50 GPa, while the OH bands in the 
Al-rich Nt-phase could be clearly observed, although there was a great back-
ground due to the use of empty DAC at ambient conditions as reference spec-
trum (Figure 3). Notably, there were at least two OH stretching modes with 
the maximums of 3,027 and 3,306 cm −1 in the Al-rich Nt-phase at 3 GPa, 
possibly representing two types of hydrogen sites in Al-rich Nt-phase with 
different frequency and absorbance responses to pressure. Compared with 
ice VII (Song et al., 1999), Al-bearing stishovite (Litasov et al., 2007) and 
hydrous stishovite (Spektor et al., 2011), Al-rich Nt-phase showed distinctive 
high-pressure IR features, especially in OH bending and stretching vibra-
tions regions, providing direct evidence for the existence of structural water 
in Al-rich Nt-phase (Figure S7 in Supporting Information S1).

As Al-rich Nt-phase is unquenchable to ambient conditions, we estimated 
the water content by the method of Paterson (1982) based on the spectrum 
at 3 GPa (Text S2 in Supporting Information S1). When applying Paterson's 
method to a high-pressure sample, a major uncertainty comes from the thick-
ness of the sample. Assuming the compressed sample thickness of ∼5 to 
10 μm, the water content is calculated to be ∼1.5 to 3 wt%. The contribution 
of the background from our correction using the spectrum of the empty DAC 
at ambient pressure can give rise to an overestimation of up to 10% of the 
water content (Figure S6 in Supporting Information S1). As application of 
Paterson's method from ambient to high pressure has not been well evaluated, 
the estimated water content should be viewed as preliminary.

4. Geophysical Implications
Hydration of rocks can have a profound effect on the phase assemblages and mineral chemistry. Previous stud-
ies showed that the Al2O3 content in aluminous stishovite is generally higher in hydrous than dry oceanic crust 
under the shallow lower mantle conditions (Litasov & Ohtani, 2005). Our results show that Al-rich Nt-phase can 
hold ∼24.4 to 32.4 wt% Al2O3 and ∼1.5 to 3 wt% H2O in the middle or deep lower mantle; the coexisting Bdg 
contains ∼6.4 to 7.6 wt% Al2O3, which is much lower than the Al2O3 content in Bdg in a dry MORB (14–15 wt%: 
Hirose & Fei, 2002; Litasov & Ohtani, 2005; Ricolleau et al., 2010). Ishii et al. (2022) showed that both alumina 
and hydrogen preferentially partition into hydrous phases (phases D and δ-H) rather than the coexisting Bdg in 
the MgSiO3-Al2O3-H2O system. In water saturated conditions, Chen et al. (2020) found that water reacts with 
Al-bearing CaSiO3 to produce coexisting hydrous δ-AlO2H and a potential water-bearing Al-depleted CaSiO3 
phase.

Oceanic crust in subducted slabs is expected to be nearly dehydrated at depths of less than 250 km (Okamoto 
& Maruyama, 2004), shallower than the depths where stishovite first crystallizes at ∼300 km. Water may be 
essentially stored in post-serpentine dense hydrous phases in the peridotitic portion of the coldest subducting 
slabs, passing through the transition zone. The global water flux beyond ∼250 km and into the deeper mantle is 
predicted to be near one ocean mass over the age of the Earth, while only 1/3 of that is estimated to be stored in 
the peridotitic portion of the slabs (Van Keken et al., 2011). Based on previous and current studies, we suggest a 
potential mechanism for the water transport into the deep Earth's interior via subduction of hydrated lithospheric 
plates (Figure 4).

The water storage capacities of the most modally dominant nominally anhydrous minerals were not fully 
constrained but thought to be nearly dry under lower mantle conditions except for silica, although a potential 
water-bearing CaSiO3 was suggested (Chen et al., 2020), which is not included in our model basaltic compositions 

Figure 4. Potential mechanism for water transport into the lower mantle via 
subduction of lithospheric plates. Nearly complete dehydration of oceanic 
crust is expected to occur at depths <250 km. Water may be essentially stored 
in post-serpentine dense hydrous phases in peridotitic portion of the coldest 
subducting slabs, passing through the transition zone. At the top of lower 
mantle, dehydration of Al-poor phase D and superhydrous phase B (SuB) 
in peridotitic mantle occurs, and the released water possibly migrates to the 
basaltic oceanic crust layer, forming water-bearing phases such as Al-bearing 
stishovite, Ct-phase, and hydrous Al-rich phase D at the shallow lower mantle. 
At the middle lower mantle, the water-bearing phases can be changed into 
Al-rich Nt-phase, δ-phase, and/or aluminous Ct-phase in the basaltic portion 
of slabs.
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for simplicity. At the top of the lower mantle, dehydration of superhydrous phase B (Ohtani et al., 2001) and 
Al-poor phase D (Nishi et al., 2014) is expected to occur in most subducting peridotitic rocks due to their low 
temperature stability. If the movement of the released aqueous fluids is efficient, water can potentially migrate into 
the adjacent basaltic layer of the descending slabs, forming hydrated (possibly aluminous) silica and/or Al-rich 
phase D in the basaltic assemblages (Walter, 2021). Recent experimental studies showed that Al-free stishovite 
might contain weight percent levels of water along a mantle geotherm (Lin et al., 2020; Nisr et al., 2020). In 
addition, Al-rich phase D will transform to δ-phase or undergo dehydration melting with increasing depth (Xu 
& Inoue, 2019). If hydrated slabs survive and reach to the middle lower mantle, water-bearing phase(s) would 
likely change into Al-rich Nt-phase, δ-phase and/or aluminous Ct-phase in the basaltic portion of these slabs, 
which is dependent on water availability, temperature, extent of the interplay with surrounding minerals. Impor-
tantly, with the high modal abundance in basaltic slabs (e.g., ∼20 wt% in MORB, Hirose et al., 2005), Al-rich 
Nt-phase has comparable water storage capability to ultrahydrous stishovite, accommodating weight percent 
levels of water in the middle and deep lower mantle. Furthermore, hydrated iron-rich oxide including HH phase 
(L. Zhang et al., 2018) and pyrite-FeO2Hx (Hu et al., 2016; J. Liu et al., 2017; Nishi et al., 2017) could retain 
water even well beyond the average mantle geotherm. The progressive hydration of recycled oceanic crust due 
to crystallization of water-bearing (Al-rich) silica, Al-rich silicate and iron-rich oxides in the lower mantle will 
likely provide a continuous link to convey water to the base of the lower mantle. The steep temperature increase 
at the core mantle boundary could trigger melting, forming FeO and FeH components (Mao et al., 2017; Nishi 
et al., 2020; Piet et al., 2020). The water supply via subduction of slabs could possibly be the vital source for 
hydrogenation of Earth's core.

Data Availability Statement
The experimental data used in this manuscript can be found in a FAIR-compliant data repository at https://doi.
org/10.5281/zenodo.6474489.
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