
1.  Introduction
There is a general consensus that the Earth's upper mantle is pyrolitic in composition, but whether the compo-
sition of the lower mantle is pyrolitic remains debated (Irifune et al., 2010; Ricolleau et al., 2009). Seismic data 
reveal two large low-shear-wave-velocity provinces (LLSVPs) in the deep lower mantle (Su et al., 1994) and 
compositional anomalies are required to explain the seismic observations (Ni et al., 2002; Trampert et al., 2004). 
Both accumulation of mid-ocean-ridge basalt (MORB) material (Nakagawa et al., 2010) and survival of primitive 
reservoirs of dense material (Deschamps et al., 2012; Labrosse et al., 2007) have been proposed to explain the 
origin of the LLSVPs. The correlation of hotspot locations with the LLSVPs implies a deep-rooted origin for the 
surface observations (Thorne et al., 2004) and the seismic imaging data further provide evidence for upwelling 
plumes rooted at the base of the lower mantle (French & Romanowicz, 2015). On the other hand, water, even in 
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extremely small amounts, plays a critical role in the mantle dynamics (Maruyama et al., 2007). The ocean-island 
basalts with a lower mantle origin appear to have the highest water content (Dixon et al., 2002). The high water 
content observed in komatiites from mantle plumes and picrites from LIPs (Liu et al., 2017; Sobolev et al., 2016) 
further indicate deep mantle water reservoirs. Water can also have a significant effect on the viscosity that is an 
important parameter in mantle plume dynamics (Jellinek & Manga, 2002). Thus, constraining water storage in 
multicomponent systems relevant to the deep lower mantle is of fundamental importance for understanding the 
effects of water on composition and dynamics of the deep lower mantle.

Previous studies have demonstrated that adding water into the multicomponent systems can have significant 
effects on phase relations in the deep lower mantle (Ohira et al., 2014; Walter et al., 2015; Yuan et al., 2019). 
The water solubility in bridgmanite (Bdg), the dominant mineral in the lower mantle, remains debated with 
estimated solubility ranging from tens to thousands ppm (Fu et al., 2019; Litasov et al., 2003) and the water 
solubility in Bdg phase can be greatly affected by mantle compositions (Litasov et al., 2003). Besides nominally 
anhydrous minerals, the dense hydrous magnesium silicates (DHMS phases), such as phase D [MgSi2H2O6] and 
phase H [MgSiO4H2], can transport and store water in the lower mantle (Nishi et al., 2014; Pamato et al., 2015). 
Chemical compositions of the hydrous phases change with mantle compositions and high pressure-temperature 
(P-T) conditions (Ohira et al., 2014; Pamato et al., 2015; Walter et al., 2015; Yuan et al., 2019). For example, the 
thermal stability of phase H is greatly enhanced by incorporation of alumina under high P-T conditions (Ohira 
et al., 2014; Pamato et al., 2015; Sano et al., 2008; Walter et al., 2015). The phase H [MgSiO4H2], δ-AlOOH, and 
ε-FeOOH all adopt a CaCl2-like structure and can form solid solutions owing to their structural similarities (Ohira 
et al., 2014; Sano et al., 2008; Yuan et al., 2019). The ε-FeOOH is stable above 5 GPa (Gleason et al., 2013) 
until it transforms to the pyrite-structured FeOOHx (0 < x ≤ 1) (referred to as “py-phase”) above 85 GPa and 
1600 K (Hu et al., 2016; Nishi et al., 2017). For simplicity, we refer to all solid solutions of phase H, δ-AlOOH, 
and ε-FeOOH as the CaCl2-type δ-phase, which is considered as a potential water reservoir in the lower mantle 
(Ohira et al., 2014; Walter et al., 2015; Yuan et al., 2019). Several separate studies recently reported a previously 
unknown hexagonal phase in the hydrous systems under the P-T conditions of the lower mantle but the results 
showed fundamental differences in the O/Fe ratio and hydrogen content of the phase despite the similarities in the 
reported unit-cell parameters (Chen et al., 2020; Koemets et al., 2021; Liu et al., 2020).

There have been few phase equilibrium data in hydrous multicomponent systems relevant to the lower mantle 
mainly due to difficulties in characterization of multiphase assemblages at extremely high P-T conditions. The 
proposed composition models for the LLSVPs range from SiO2-rich MORB composition to Fe-enriched prim-
itive material close to a pyrolitic composition (Deschamps et  al.,  2012). To understand the effects of mantle 
composition on water storage in the deep lower mantle, in this study, we conducted a series of experiments in the 
Fe-O-H, Fe-Al-O-H, Mg-Fe-O-H, Mg-Fe-Si-O-H, and Fe-Al-Mg-Si-O-H systems using a laser-heated diamond 
anvil cell (LH-DAC) under high P-T conditions (Table  1). We determined chemical composition and crystal 
structure of submicron-sized individual grains in a multiphase assemblage combining in-situ multigrain X-ray 
diffraction (XRD) with ex-situ transmission electron microscopy (TEM) analysis (Zhang et al., 2016, 2019).

2.  Materials and Methods
The starting materials Al0.2Fe0.8(OH)3, Al0.8Fe0.2(OH)3, Fe(OH)3, FeO + H2O, (Mg0.8Fe0.2)O + H2O, (Mg0.9Fe0.1)2 
SiO4 + H2O, and MgO-Fe2O3-SiO2-Al2O3-H2O gels were used in this study (Text S1 in Supporting Informa-
tion S1) and the details of preparation and characterization of the gel samples were described elsewhere (Yuan 
et  al.,  2019). Composition and homogeneity of the starting materials were confirmed by a scanning electron 
microscope coupled with EDS analysis (Figure S1 in Supporting Information S1). LH-DAC experiments were 
performed between 70 and 108 GPa and 1600–2400 K (Table 1). In most runs, Ne was used as pressure medium 
and its equation of state was used to calibrate pressures (Fei et al., 2007). All the sample pressures were measured 
after T quench unless noted otherwise. The thermal pressures are estimated as Pth = (T−300)*0.0062 (GPa) from 
a previous study under similar P-T conditions (Yuan et al., 2019). In other runs water or hydrous silica was used 
as pressure medium and pressures were calibrated by the Raman shift of diamond (Akahama & Kawamura, 2007) 
or unit-cell parameters of Au or Ne (Fei et al., 2007).

The in-situ XRD measurements coupled with laser-heating were conducted at High Pressure Collaborative Access 
Team (HPCAT), 16-ID-B beamline of Advanced Photon Source (APS), Argonne National Laboratory (Argonne, 
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IL) (Run# Sa083). Each sample was compressed to a target pressure and then heated using a double-sided heating 
system equipped with Ytterbium fiber lasers. The measured temperature uncertainties were within ±150 K. The 
XRD measurements after ex-situ laser-heating were conducted at 15U beamline of Shanghai Synchrotron Radia-
tion Facility (SSRF) and the P02.2 beamline of the PETRA III synchrotron at Deutsches Elektronen Synchrotron. 
The thin-sections of the recovered samples were prepared by focused ion beam. Chemical analysis of recovered 
samples was performed by TEM operating at 200 kV equipped with an EDS system. Further details about the 
experiments and data analysis can be found in Text S2 and S3 in Supporting Information S1.

The sample (Run# Sa083) was aligned to the rotation center and a rotation data set was collected by rotating the 
DAC from −26.0 to 25.0° in small incremental steps of 0.25°. The X-ray wavelength was 0.3445 Å and the expo-
sure time was 5 s/frame. The rotation data set was processed using the FABLE package (Sørensen et al., 2012) 
and the GrainSpotter software within the package was used to index individual grains for each phase in the 
assemblage (Schmidt, 2014). The X-ray Detector Software package was used for processing the single-crystal 
diffraction data (Kabsch, 2010).

Run# P-T conditions Heating duration Phase assemblage

Al0.2Fe0.8(OH)3

  Sa083 a 79 GPa, 1600 K 3 min δ

79 GPa, 1800 K 2 min HH1, δ

79 GPa, 2100 K 13 min HH1, δ

79 GPa, quench from 2100 K HH1, δ

  Sb211 70 GPa, quench from 2100 K 10 min HH1, δ

  Sb343a c 80 GPa, quench from 2100 K 10 min HH1, δ

  Sa069 86 GPa, quench from 2300 K 10 min HH1, δ, py

Al0.8Fe0.2(OH)3

  Sb307a 80 GPa, quench from 2000 K 10 min HH1, δ

Fe(OH)3

  Sb343b 78 GPa, quench from 2200 K 10 min HH1, ε

FeO + H2O

  Sb390 80 GPa, quench from 2100 K 10 min HH1

Fe2O3 + H2O

  Sb347 b 74 GPa, quench from 2400K 10 min HH1, pPv-Fe2O3

54.8 mol % SiO2-12.8 mol% Al2O3-24.9 mol% MgO-7.5 mol% Fe2O3 ∼7 wt.% H2O (MASFH8)

  Sb397 c 74 GPa, quench from 2000 K 10 min HH1, δ, Bdg, Nt-SiO2

65.6 mol% SiO2-12.3 mol% Al2O3-16.4 mol% MgO-5.7 mol% Fe2O3 ∼7wt.% H2O (MASFH6)

  Sb307b c 96 GPa, quench from 2300K 10 min HH1, δ, Bdg, CaCl2-SiO2

40 mol% MgSiO3-30 mol% Al2O3-30 mol% Fe2O3 ∼7wt.% H2O (MASFH30)

  Sb335 c 79 GPa, quench from 2000 K 10 min HH1, δ, Bdg, pPv-Fe2O3

Mg0.8Fe0.2O + H2O (Fp20 + H2O)

  Sb430 79 GPa, quench from 2000 K 30 min HH1, Fp

(Mg0.9Fe0.1)2SiO4 + H2O (olivine + H2O)

  Sb329 77 GPa, quench from 2000 K 30 min HH1, Fp, Bdg

Note. Here δ represents the CaCl2-type hydrous phases. The unit-cell parameters of individual phases are provided in Table 
S1 in Supporting Information S1.
 aThe pressure of run# Sa083 was calibrated by the EOS of Ne after quenched from 2100K.  bThe starting material of run# 
Sb347 was Fe2O3 sandwiched between two layers of hydrous SiO2.  cChemical analysis was performed on the recovered 
samples in a TEM and the compositions of HH1-phase are listed in Table 3.

Table 1 
Experimental Conditions and Results
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3.  Results and Discussions
3.1.  Synthesis and Characterization of the HH1-Phase

First, the starting material Al0.2Fe0.8(OH)3 was loaded in a Ne medium 
(Run# Sa083, Table  1). Only the diffraction peaks of the CaCl2-type 
δ-phase appeared when the sample was heated at 1600  K for 3  min at 
79 GPa. After the sample was heated at an elevated temperature of 1800 K 
for another 2 min, a new set of peaks appeared in addition to those of the 
δ-phase. We observed a gradual growth of the new phase at the expense 
of δ-phase and the new phase became dominant after heating at 2100 K 
for another 13 min. The phase was indexed with a hexagonal unit-cell of 
a = 10.0230(4) Å and c = 2.6063(2) Å at 79 GPa and after T quench, as 
shown in Figure  1. The results indicate that the Fe-rich δ-phase (Fe,Al)
OOH is unstable under high P-T conditions of the deep lower mantle 
(Katsura et al., 2010).

The hexagonal phase was reproduced in another two separate runs coexisting 
with the CaCl2-type δ-phase using the same starting material (Run# Sb211, 
Sb343a, Figure S2 in Supporting Information S1). To measure the chemical 
composition, the sample synthesized at 80 GPa and 2100 K (Run Sb#343a) 
was recovered to ambient conditions for chemical analysis by TEM. We found 
that the Al content (∼1.5 at%) in the Fe-rich hexagonal phase was negligible 
and the Fe content in the δ-phase was determined at roughly 13 at% using 
energy dispersive X-ray spectroscopy (EDS) (Figure S3 in Supporting Infor-
mation S1). The hexagonal phase was also synthesized in an Al-free system 
with the starting material Fe(OH)3 (equivalent to Fe2O3 + 3H2O) at 78 GPa 
and 2000 K (Run# Sb343b). A nearly pure hexagonal phase was obtained 
with a = 10.014(2) Å and c = 2.6158(6) Å. The sample was further heated at 
2200 K for another 10 min to test its thermal stability and the phase remained 
stable only with better crystallization (Figure 2a).

EDS does not provide a reliable quantitative analysis for light elements, such as oxygen content in the phase. In 
addition, unreacted water from the starting material could also interfere with the measurement of oxygen content 
in the run products. Instead, we use high quality in-situ single-crystal data to extract reliable chemical composi-
tion of the phase (i.e., O/Fe ratio). The spottiness of the XRD pattern (Run# Sa083) allowed in-situ multigrain 
indexation and single-crystal structure determination. A representative spotty XRD pattern of the HH1-phase in 
Ne medium is shown in Figure S4 in Supporting Information S1. We indexed 28 individual grains belonging to 
the hexagonal phase, selected three of the grains with maximum number of reflections for the structure analy-
sis. In total, 774 reflections were merged from the three grains to achieve a completeness of 94%. A reasonable 
R1 = 5.59% was obtained for all data. The reflections indexed from powder XRD and the refined atomic coor-
dinates from single-crystal structure data are listed in Table 2. The structure and refinement details are provided 
in Dataset S1.

The chemical formula of the hexagonal phase was obtained as Fe12.76O18 and it is difficult to quantitatively resolve 
the hydrogen content. Assuming a linear relationship between the density of iron oxides and the O/Fe ratio at 
80 GPa (Koemets et al., 2021), the measured density assuming a composition of Fe12.76O18 is ∼3.5% smaller 
than the density derived from the linear relationship, indicating a volume expansion induced by incorporation 
of hydrogen (Figure 3). The hydrogen content can be estimated based on the equations of state of hcp-Fe (Fei 
et al., 2016) and FeH (Pépin et al., 2014), which was obtained as 1.61 Å 3 per hydrogen atom at 80 GPa. The 
volume expansion was calculated as 0.62 Å 3 per Fe atom for the hexagonal phase (Sb#343b) and therefore the 
hydrogen content was estimated as x ∼ 4.9 in Fe12.76O18Hx. Note that this stoichiometry almost matches the 
distribution of ferric and ferrous Fe occupying the octahedral and prismatic sites, respectively, and we then use x 
∼ 4.5 as Fe12.76O18H4.5. Synchrotron Mössbauer spectroscopy is used to measure the electronic structure of iron 
under high pressure, but in-situ quantitative characterization of iron valence state in a mixed-valence iron-bearing 

Figure 1.  In-situ X-ray diffraction (XRD) observation of decomposition of 
δ-(Fe, Al)OOH into the HH1-phase and Al-rich δ-phase at 79 GPa and 1600–
2100 K. The starting material was (Al0.2Fe0.8) (OH)3 (Run# Sa083). A pure 
δ-phase was synthesized at 1600 K. The HH1-phase appeared at 1800 K and 
became dominant at the expense of the δ-phase at 2100 K with a = 10.071(4) 
Å, c = 2.622(1) Å and V = 230.3(2) Å 3. The peaks from the HH1-phase and 
δ-phase are marked by red dots and blue asterisks, respectively. The calculated 
peak positions are indicated by small ticks. The peaks in the high d-spacing 
region were labeled with the Miller indices (hkl) in the XRD pattern collected 
at 2100 K and used for determination of the lattice parameters. The X-ray 
wavelength was 0.3445 Å.
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mineral at the deep lower mantle pressures has remained as a great challenge (Bengtson et al., 2009). Note that 
neither the exact hydrogen content nor the actual site distribution of Fe 2+ and Fe 3+ can be directly measured in our 
study, but the hydrous nature and mixed valence state of Fe in the phase is confirmed. This iron-rich hexagonal 
hydrous phase is referred to as the “HH1-phase” hereafter.

To understand the formation mechanism of the HH1-phase, we conducted another experiment on FeO loaded 
in a H2O medium. The amount of H2O in the sample chamber was oversaturated for the reaction. The sample 
was compressed to 80 GPa and then heated at 2100 K for 10 min (Run# Sb390). The HH1-phase was again 
obtained coexisting with ice-VII (Figure 2b), suggesting that the formation of HH1-phase is independent on the 
iron valence state in starting materials. An XRD pattern was collected immediately after the sample was decom-
pressed to ambient conditions (Figure S5 in Supporting Information S1). Although the diffraction intensities of 
HH1-phase were weak, we were still able to determine the unit-cell parameters as a = 11.437(3) Å, c = 2.929(1) 
Å, and V = 331.8(2) Å 3. We then observed a gradual disappearance of the diffraction signal with time, implying 
instability of the structure under ambient conditions.

The HH1-phase Fe12.76O18H4.5 obtained in this study has a unit-cell similar to those of the Fe6.32O9 phase (Koemets 
et al., 2021), the η-phase Fe12O18+x/2Hx (x ≈ 2) where all iron in ferric (Chen et al., 2020), and the OE-phase 
(Mg,Fe)2O3+δ (0  <  δ  <  1) with an O/Fe ratio >1.5 (Liu et  al.,  2020), but these reported chemical formulas 
show fundamental differences in the O/Fe ratio and hydrogen contents. The main discrepancy lies in whether 
the hexagonal channels formed by the chains of FeO6 octahedra are filled with partially occupied Fe or fully 
occupied O. High quality structure data allow us to distinguish the differences between these two models due 
to the nonlinear relations of atomic scattering against the atomic numbers. If Fe00 position is filled with O, we 
obtained R1/wR2 (all data) = 0.072/0.213. In our structure model where the Fe00 position is filled with Fe of 
0.381(10) occupancy, we obtained R1/wR2 (all data) = 0.0559/0.1335. The improvement of the refinement is 
significant. The structure model of HH1-phase obtained in our study is in good agreement with that of Fe6.32O9 

Figure 2.  Synthesis of the HH1-phase in the Fe2O3-H2O and FeO-H2O systems, respectively. (a) The HH1-phase was 
synthesized using the starting material of Fe(OH)3 and remained stable after heating at 2200 K for 10 min (Run# Sb343b). (b) 
The HH1-phase coexisting with ice-VII at 80 GPa and T quench from 2100 K using the starting material of FeO + H2O (Run# 
Sb390). The X-ray wavelength was 0.6199 Å.
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phase (Koemets et al., 2021). In the hollandite-like structures (Foo et al., 2006; Miura et al., 2000), Na or Ca 
cations (occupancies of 1/3 and 1/2, respectively) lie in the channels instead of O, similar to our structure model 
of the HH1-phase. In addition, Raman signal of O2 was detected in the sample chamber where Fe(OH)3 with all 
iron in ferric was used as the starting material (Run# Sb343b, Figure S6 in Supporting Information S1). A nearly 
pure HH1-phase was obtained (Figure 2a). The release of O2 along with the formation of HH1-phase suggests 
reduction of Fe 3+ under hydrous condition, confirming the mixed valence state of Fe in the HH1-phase. When 
the P-T conditions were increased to 86 GPa and 2300 K (∼98 GPa after accounting for the thermal pressure), 
we observed the appearance of py-phase with peak intensities comparable to those of the coexisting HH1-phase 
(Run# Sa069, Figure S2 in Supporting Information S1). The pure py-phase was synthesized in the Fe-O-H system 
at 112 GP and 2080 K and 110 GPa and 2250 K, respectively (Mao et al., 2017). Another hexagonal hydrous phase 
(denoted as “HH-phase”) was reported previously with unit-cell parameters of a = 10.5803(6) Å, c = 2.5897(3) 
Å, and V = 251.06(3) Å 3 at 110 GPa (Zhang et al., 2018), in contrast to a = 10.0230(4) Å, c = 2.6063(2) Å, and 
V = 226.75(2) at 79 GPa for the HH1-phase. Figure S7 in Supporting Information S1 shows a P-T diagram of the 
hexagonal phases obtained in the Fe-O-H and Fe-Al-O-H systems along with the suggested geotherms for both 
slab and normal mantle (Brown & Shankland, 1981; Kirby et al., 1996). The HH1-phase is a low-pressure phase 
relative to the py-phase and HH-phase. Future experiments are needed to determine the P-T boundaries for the 
phase transformations of these hydrous phases.

A hkl 2θ-obs, ˚ d-obs, Å d-calc, Å d-diff, Å

100 2.277 8.6692 8.6789 −0.0097

200 4.545 4.3440 4.3395 0.0046

210 6.018 3.2814 3.2803 0.0011

300 6.824 2.8942 2.8930 0.0012

220 a 7.897 2.5015 2.5054 −0.0039

310 a 8.196 2.4104 2.4071 0.0033

111 a 8.528 2.3167 2.3163 0.0004

201 a 8.833 2.2368 2.2379 −0.0011

400 9.122 2.1661 2.1697 −0.0036

211 a 9.673 2.0430 2.0434 −0.0004

301 a 10.193 1.9390 1.9387 0.0003

311 a 11.170 1.7699 1.7701 −0.0002

221 10.935 1.8078 1.8081 −0.0003

330 11.834 1.6709 1.6703 0.0007

321 12.487 1.5839 1.5835 0.0004

411 a 12.895 1.5339 1.5333 0.0007

B Atom S.O.F. x/a y/b z/c

Fe01 0.74451 (17) 0.05948 (16) 0.75

Fe02 0.83694 (14) 0.38349 (13) 0.25

Fe00 0.381 (10) 1.0 0 1.0

O3 0.7161 (7) 0.2257 (7) 0.75

O1 0.5949 (7) −0.0103 (7) 0.25

O2 0.7522 (8) −0.1146 (8) 0.75

Note. The unit-cell parameters obtained were a = 10.021(2) Å and c = 2.6121(9) Å. The X-ray wavelength was 0.3445 Å. (B) The atomic parameters of the HH1-phase 
with the space group of P63/m.
 aStrong peaks in the powder XRD patterns.

Table 2 
(A) Indexed Powder X-Ray Diffraction Peaks of the HH1-Phase at 79 GPa and After T Quench From 2100 K (Run# Sa083)
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3.2.  Water Storage in the Deep Lower Mantle

To demonstrate the stability of HH1-phase in multicomponent systems rele-
vant to the lower mantle, we performed experiments in both MgO-rich and 
SiO2-rich systems. First, crystals of natural olivine [(Mg0.9Fe0.1)2SiO4] were 
ground into a fine powder and then mixed with 10 wt.% gold as the laser 
absorber. The sample was loaded in a H2O medium, compressed to 77 GPa 
and then laser-heated for 30  min at 2000  K. Both XRD data at high-P 
and TEM results on the recovered sample confirm the coexistence of the 
HH1-phase with ferropericlase (Fp) and Bdg (Run# Sb329) (Figure 4a and 
Figure 5). Interestingly, the chemical analysis revealed that the HH1-phase 
contains about 4.9 at% Mg and 7.1 at% Si (Table 3). We performed another 
experiment on Fp-(Mg0.8Fe0.2)O loaded in a H2O medium at 79  GPa and 
heated at 2000 K for 30 min (Run# Sb430). The proportion of HH1-phase 
is significant in the run products coexisting with Fp (Figure  4b) and the 
chemical analysis indicates only ∼1.5 at% Mg in the HH1-phase (Table 3), 
indicating the formation of HH1-phase at the expense of FeO content 
in the Fp-phase. The combined results suggest that the presence of Si 4+ 
enhances the solubility of Mg 2+ in the HH1-phase. However, the propor-
tion of HH1-phase is relatively low in the run products from the reaction of 
olivine (Mg0.9Fe0.1)2SiO4 + H2O likely due to a kinetics effect in these reac-
tions. The kinetics of reactions at  lower mantle conditions can be largely 
controlled by the diffusion behavior of minerals. For instance, the Mg-Fe 
interdiffusion coefficients for Bdg are more than four orders of magnitude 
lower than those of Fp at lower mantle conditions (Holzapfel et al., 2005). 
Kinetics in water-mineral reactions at lower mantle conditions is a topic for 
future study.

We performed another three separate experiments in SiO2-rich systems 
to explore differences in water storage between MgO-rich and SiO2-rich 
compositions. The gel sample with a composition of 54.8  mol% SiO2-

12.8  mol% Al2O3-24.9  mol% MgO-7.5  mol% Fe2O3+ ∼7wt% H2O (MASFH8, details see the Text S1 in 
Supporting Information S1) was prepared to represent a simplified basalt composition. We used these start-
ing materials with all iron in Fe 3+ as we have demonstrated that the formation of HH1-phase is independent 
of the valence state of Fe in starting materials. The gel sample was loaded in a Ne medium, compressed 
to 74 GPa and heated at 2000 K for 10 min (Run# Sb397). As shown in Figure 6a, the diffraction peaks 
from multiple phases overlap heavily in the powder XRD pattern where several characteristic peaks of the 
HH1-phase were visible but weak in intensity. We applied the multigrain method (Zhang et al., 2019) and 
indexed multiple individual grains belonging to Bdg, HH1-phase, d-NiAs-type SiO2, and CaCl2-type δ-phase, 
respectively (Table S2 in Supporting Information S1). The d-NiAs-type SiO2 was stable in a narrow temper-
ature range of 1000–1300 K at 30–60 GPa in the anhydrous system (Prakapenka et al., 2004), but it was 
stabilized at 1600–1700 K above 60 GPa by H2O solubility into the phase (Nisr et al., 2020). The HH1-phase 
comprises only ∼1.5 wt.% of the assemblage based on the mass balance calculations. In another experiment 
on a composition containing a larger proportion of SiO2 (MASFH6, Run# Sb307b), the HH1-phase was 
again obtained coexisting with CaCl2-type SiO2, CaCl2-type δ-phase, and Bdg at 96 GPa (∼108 GPa after 
accounting for the thermal pressure) and 2300 K (Figure 6b). The chemical compositions of the HH1-phase 
are summarized in Table 3. In contrast to only ∼2 at% Al in the HH1-phase at 74–78 GPa, the HH1-phase 
contains ∼11 at.% Al at 108 GPa and 2300 K. The volumes of the HH1-phase are plotted as a function of 
pressure (Figure S8 in Supporting Information S1). Importantly, the chemical composition of HH1-phase 
was found to vary with bulk composition and with pressure (Table 3), incorporating considerable amounts 
of SiO2, MgO, and Al2O3 into the HH1-phase. As a result, the stability field of the HH1-phase was extended 
from 98 GPa in Fe-Al-O-H system (Run# Sa069) to at least 108 GPa in the Mg-Si-Al-Fe-O-H system (Run# 
Sb307b), corresponding to a depth range of 1900–2400 km.

Figure 3.  The density of iron oxides as a function of their chemical 
compositions. We assumed a linear relationship between the densities 
of 7.987 g/cm 3 for B1-FeO (Fischer et al., 2011) and 7.542 g/cm 3 for 
pPv-Fe2O3 (solid black triangles) at 80 GPa and room T. The density of 
pPv-Fe2O3 was derived from the unit-cell volumes listed in Table S1 in 
Supporting Information S1. The densities of 7.639 g/cm 3 for the HP-Fe3O4 
(V = 200.82 Å 3) (Greenberg et al., 2017) and 7.722 g/cm 3 for the Fe25O32 
phase (V = 410.48(12) Å 3) (Bykova et al., 2016) were plotted, confirming 
the linear relationship. The density for the composition Fe12.76O18 is derived 
as 7.608 g/cm 3 based on the linear relationship, which is about 3.5% higher 
than that obtained from the measured unit-cell volume of V = 226.2 Å 3 
(Run#Sb343a) assuming the composition Fe12.76O18 (solid blue star).
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4.  Conclusions
Whether the HH1-phase plays a major role as water storage in the deep 
mantle largely depends on the chemical composition. The HH1-phase in the 
Fe-O-H system has a chemical formula of Fe12.76O18Hx (x ∼ 4.5), contain-
ing about 4.0 wt.% H2O, but the chemical composition of the HH1-phase 
varies with bulk composition and with pressure. The stability of HH-phase 
in both MgO-rich and SiO2-rich systems implies its ubiquitous existence in a 
wet deep lower mantle. Based on our experimental results, the Fp-phase can 
readily react with water to form the HH1-phase, making it a dominant water 
storage phase in a pyrolitic composition. The previous study suggested that 
seismic features in the LLSVPs can be best explained by material enriched in 
iron by ∼3.0% and in (Mg,Fe)-Bdg by ∼20% than a regular pyrolitic compo-
sition (Deschamps et  al.,  2012). In their model, the Fp-phase exceeds 8% 
in volume fraction and Fe preferentially partitions into the Fp-phase rela-
tive to Bdg throughout the entire lower mantle (Kobayashi et  al.,  2005), 
implying that the HH1-phase could play a major role for water storage in the 
LLSVPs. In contrast, the CaCl2-type δ-phase and SiO2 phase become major 
water reservoirs in regions where MORB accumulated but the HH1-phase 
still exists as an accessory phase. It has been suggested that the shear-wave 
velocity of high-pressure MORB is in contradiction with the observations 
in LLSVPs (Deschamps et al., 2012; Wang et al., 2020), but subduction and 
recycling of MORB might play an important role in deep mantle dynamics 
(Van der Hilst et al., 1997; Zhao, 2004).

Figure 4.  X-ray diffraction (XRD) patterns of the run products of the reactions: (a) natural olivine [(Mg0.9Fe0.1)2SiO4] + H2O 
(b) (Mg0.8Fe0.2)O (Fp20) + H2O under high P-T conditions of the deep lower mantle. The HH1-phase coexisted with Fp, and 
Bdg at 77 GPa and after T quench from 2000 K (Run# Sb329) in Figure 4a. The XRD peaks of HH1-phase are comparable 
to the peak (111) from the coexisting Fp-phase at 79 GPa and after T quench from 2000 K (Run# Sb430) in Figure 4b. The 
X-ray wavelength was 0.6199 Å.

Figure 5.  TEM images of the run product recovered from the reaction of olivine 
[(Mg0.9Fe0.1)2SiO4] and water 77 GPa and 2000 K, showing the coexistence of 
the HH1-phase with Fp and Bdg. Elemental mapping of Mg, Fe, Si, and O are 
shown in light blue, yellow, red, and purple, respectively (Run# Sb329).
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The characteristics of seismically imaged plumes support the idea that hotspot volcanoes originate from hot 
upwelling rock rooted in the deepest mantle (French & Romanowicz, 2015). Such plumes might contain materials 
of lower viscosity than the bulk lower mantle. It has been known that the introduction of small amounts of water 
into the mantle system would greatly reduce its viscosity (Karato & Jung, 1998) and lower the melting temper-
ature (Iwamori, 1998) as compared to that of the dry system. Therefore, our results of water storage and phase 
assemblages in mantle compositions might have significant implications for deep mantle dynamics. Unlike the 
Al-rich δ-phase that is stable throughout the entire lower mantle, the Fe-rich HH1-phase, if included into the mate-
rial of upwelling plumes, will decompose on its rising to the upper part of the lower mantle and release water, thus 
affecting the dynamics of upwelling mantle plumes. In addition to the HH1-phase, several other phase transitions 

Starting 
materials

MASFH30 
(run# Sb335)

MASFH6 (run# 
Sb307b)

MASFH8 
(run# Sb397)

Al0.2Fe0.8(OH)3 
(run# Sb343a)

Olivine + H2O 
(run# Sb329)

Fp20 + H2O 
(run# Sb430)

P 79 GPa 96 GPa 74 GPa 80 GPa 77 GPa 79 GPa

T 2000 K 2300 K 2000 K 2100 K 2000 K 2000 K

Mg (at%) 8.5 (1.7) 4.9 (1.3) 2.2 (1.6) 4.9 (0.8) 1.7 (0.3)

Si (at%) 11.2 (1.8) 12.6 (3.9) 11.9 (2.8) 7.1 (1.1)

Al (at%) 1.4 (0.9) 11.2 (2.6) 2.3 (0.9) 1.5 (0.3)

Fe (at%) 78.9 (2.4) 71.3 (5.9) 83.6 (5.1) 98.5 (0.3) 88.0 (1.7) 98.3 (0.3)

 aThe numbers in parenthesis are one standard deviation based on multiple analyses (n ≥ 3).

Table 3 
Chemical Compositions of the HH1-Phase With the Approximate Chemical Formula [(Mg,Si,Al, and Fe)]12.76O18Hx (x ∼ 
4.5) Synthesized in the Multicomponent Systems a

Figure 6.  X-ray diffraction patterns of the run products in Mg-Si-Al-Fe-O-H systems under high P-T conditions of the deep 
lower mantle. (a) The HH1-phase coexisted with d-NiAs-type SiO2, δ-phase, and bridgmanite 74 GPa and after T quench from 
2000 K (Run# Sb397). The starting material was 54.8 mol % SiO2-12.8 mol % Al2O3-24.9 mol % MgO-7.5 mol % Fe2O3+ 
∼7wt% H2O (MASFH8) and the X-ray wavelength was 0.2904 Å. (b) The HH1-phase coexisted with CaCl2-type SiO2, 
δ-phase, and Bdg (Run# Sb307b). The starting material was MASFH6 (Table 1) and the X-ray wavelength was 0.2905 Å.
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into hexagonal structures (Bykova et al., 2016; Zhang et al., 2014, 2018) have been found in Fe-bearing minerals 
under P-T conditions corresponding to the bottom half of the lower mantle. The lower mantle may consist of 
two physicochemically distinct zones separated at ∼1,800 km depth and the property contrast at this boundary 
would provide fundamental driving forces in mantle dynamics (Mao & Mao, 2020). Future research is required 
to understand the combined effects of water and phase transitions on mantle dynamics in the deep lower mantle.

Data Availability Statement
The X-ray diffraction data sets of all Figures are available at (https://doi.org/10.5281/zenodo.6274869).
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