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High-temperature structural disorders
stabilize hydrous aluminosilicates in the
mantle transition zone

Baoyun Wang 1, Jin Liu 2 , Yanyao Zhang 3, Baisheng Nie4, Wei Yang 5,
Jialong Hao 5, Xing Ding6 & Yongjun Tian 2

Hydrous aluminosilicates are important deep water-carriers in sediments
subducting into the deep mantle. To date, it remains enigmatic how hydrous
aluminosilicates withstand extremely high temperatures in the mantle transi-
tion zone. Here we systematically investigate the crystal structures and che-
mical compositions of typical hydrous aluminosilicates using single-crystal X-
ray diffraction, electron probe microanalyzer, and nanoscale secondary ion
mass spectrometry. These single crystals are synthesized at 15.5–22.0 GPa and
1400–1700 °C, featuring pervasive structural disorders. In particular, Al and Si
atoms extensively occupy new tetrahedral and octahedral sites that are
nominally vacant in their ordered counterparts. High temperature activates
disorders leading to variable local crystal structures and more hydrogen
incorporation into the crystal structure. This result suggests that the order-to-
disorder transition holds the key to the high thermal stability of hydrous alu-
minosilicates, significantly affecting the water cycle in the deep mantle.

Geophysical observations, high pressure-temperature (P-T) experi-
ments, and natural samples from the deep mantle indicate the exis-
tence of water within the Earth1–7. Hydrous minerals and nominally
anhydrousminerals (NAMs) have been considered potential carriers of
surface water into the Earth’s interior via subducting slabs8,9. Recently,
high P-T experiments suggest that some hydrous minerals in hydrated
subducting slabs may transport water to the core-mantle
boundary10–12. The release of water from dehydration of those miner-
als can influencemantle viscosity, conductivity, and phase relations, as
well as magma and earthquake generation in the Earth’s interior11–15.
Notably, major mantle minerals exhibit limited water solubility16–18.
Therefore, if high-pressure hydrous minerals can withstand high
temperatures in the mantle, the water reservoirs and fluxes may be
significant in the Earth’s deep interior.

The Earth’s mantle transition zone (MTZ) is considered to be the
primary water reservoir in the deepmantle, playing an essential role in
mantle structure and dynamics19–24. Dense hydrous magnesium sili-
cates (DHMS) in hydrated peridotite and hydrous aluminosilicates in
hydrated sediments may be important water carriers in the MTZ11.
Unlike DHMS that can be stable only along the cold subduction geo-
therm, hydrous aluminosilicates generally exhibit remarkably high
thermal stability above the normal mantle geotherm in the MTZ,
including Topaz-OH I and II (Al2SiO6H2), phase Psi (Al2SiO6H2), the Al
endmember of phase D (Al2SiO6H2), phase Egg (AlSiO4H) and two
unknown phases25–31. Notably, the Al endmember of phase D, phase
Egg, and two unknown phases can remain stable up to 2000 °C under
MTZpressures27,31. Therefore, these hydrous aluminosilicatesmay play
a crucial role in the water storage and cycle in high-temperature,

Received: 26 March 2024

Accepted: 15 January 2025

Check for updates

1School of Earth Sciences, Lanzhou University, Lanzhou 730000, China. 2Center for High Pressure Science, State Key Laboratory of Metastable Materials
Science and Technology, Yanshan University, Qinhuangdao 066004, China. 3Earth and Planetary Sciences, Stanford University, Stanford, CA 94305, USA.
4State Key Laboratory of Coal Mine Disaster Dynamics andControl, School of Resources and Safety Engineering, Chongqing University, Chongqing 400044,
China. 5Key Laboratory of Earth and Planetary Physics, Institute of Geology andGeophysics, Chinese Academy of Sciences, Beijing 100029, China. 6State Key
Laboratory of Isotope Geochemistry, Guangzhou Institute of Geochemistry, Chinese Academy of Sciences, Guangzhou 510000, China.

e-mail: jinliu@ysu.edu.cn

Nature Communications |         (2025) 16:1038 1

12
34

56
78

9
0
()
:,;

12
34

56
78

9
0
()
:,;

http://orcid.org/0000-0002-6589-1751
http://orcid.org/0000-0002-6589-1751
http://orcid.org/0000-0002-6589-1751
http://orcid.org/0000-0002-6589-1751
http://orcid.org/0000-0002-6589-1751
http://orcid.org/0000-0002-1670-8199
http://orcid.org/0000-0002-1670-8199
http://orcid.org/0000-0002-1670-8199
http://orcid.org/0000-0002-1670-8199
http://orcid.org/0000-0002-1670-8199
http://orcid.org/0000-0002-3846-1131
http://orcid.org/0000-0002-3846-1131
http://orcid.org/0000-0002-3846-1131
http://orcid.org/0000-0002-3846-1131
http://orcid.org/0000-0002-3846-1131
http://orcid.org/0000-0001-6267-4981
http://orcid.org/0000-0001-6267-4981
http://orcid.org/0000-0001-6267-4981
http://orcid.org/0000-0001-6267-4981
http://orcid.org/0000-0001-6267-4981
http://orcid.org/0000-0003-4898-1023
http://orcid.org/0000-0003-4898-1023
http://orcid.org/0000-0003-4898-1023
http://orcid.org/0000-0003-4898-1023
http://orcid.org/0000-0003-4898-1023
http://orcid.org/0000-0002-4594-4879
http://orcid.org/0000-0002-4594-4879
http://orcid.org/0000-0002-4594-4879
http://orcid.org/0000-0002-4594-4879
http://orcid.org/0000-0002-4594-4879
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56312-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56312-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56312-z&domain=pdf
http://crossmark.crossref.org/dialog/?doi=10.1038/s41467-025-56312-z&domain=pdf
mailto:jinliu@ysu.edu.cn
www.nature.com/naturecommunications


localized water-rich regions of the MTZ. However, the structural
mechanism behind their high thermal stability remains unclear.

In this study, we systematically characterized typical hydrous
aluminosilicates including Topaz-OH I, Topaz-OH II, phase Egg, and
phase Psi, synthesized under normal mantle geotherm conditions in
the MTZ, using single-crystal X-ray diffraction (XRD), electron probe
microanalyzer (EPMA), nanoscale secondary ion mass spectrometry
(NanoSIMS) and Raman spectroscopy. The high P-T experimental
conditions and results are provided in Supplementary Tables 1–2.
High-quality crystal structure data allowed us to comprehensively
elucidate the evolution of crystal structures of hydrous aluminosili-
cates with increasing temperature under MTZ pressures. Particularly,
we observed pervasive structural disorders in these phases under high
temperatures. This result provides a universal perspective for under-
standing the unusual thermal stability of hydrous aluminosilicates,
paving the way for the exploration of new stable hydrous phases in the
deep mantle.

Results and Discussion
Structural disorders in hydrous aluminosilicates
The Si/Al mole ratios range from 0.33 to 0.45 for these synthesized
single crystals of Topaz-OH I, Topaz-OH II, and phase Psi (Fig. 1). It is
lower than the ideal end-member Al2SiO6H2 with a Si/Al mole ratio of
0.5. Further, the Si/Al mole ratios of phase Egg fall between 0.52 and
0.58, which are also lower than the ideal end-member AlSiO4H with a
Si/Al mole ratio of 1.0. These deviations from the ideal chemical for-
mulae indicate the presence of structural disorders in their crystals.
Our single-crystal XRD results are in support of this speculation
(Supplementary Notes 1–5). The Al endmember of phase D can be
considered a completely disordered phase Psi according to the single-
crystal XRD results. In otherwords, the phase transition fromphase Psi
to the Al endmember of phase D is isochemical and characterized by
disordering of cation distribution among structural sites (see Supple-
mentary Note 3 for more details). Additionally, the previous unknown
phases I and II that were first synthesized at 22GPa and 1527–2002 °C
byTakaichi et al.31, can be identified asdisorderedphase Egg andphase
Psi, respectively (Supplementary Note 5). Besides sharing very similar
chemical compositions and Raman spectra, the molded reflection
tables using our crystal structure also exhibit high consistency with
Takaichi et al.'s powder XRD experimental results31. By comparing the
crystal structures of synthesized samples under different P-T condi-
tions, it is evident that these hydrous phases synthesized under rela-
tively low P-T conditions (e.g., cold subduction geotherms) have
ordered crystal structures (Fig. 2). For example, in the crystal struc-
tures of Topaz-OH I and phase Egg synthesized at 1000 °C, Al and Si

consistently occupy their respective structural sites without any
apparent positional and substitutional disorder32,33. However, with
increasing the synthesis temperatures, these synthesized at higher P-T
conditions may exhibit disordered crystal structures. They exhibit
varying temperatures for the transitions from ordered to disordered
states, which seemingly increase gradually with pressure. In general,
these hydrous phases synthesized under the normal mantle geotherm
display disordered structures (Fig. 2).

All these disordered hydrous phases show partial occupancy at
certain structural sites in the corresponding ordered structures based
on our crystal structure analyses (Supplementary Notes 1–5). For
instance, the occupancy of the normal aluminum octahedral Al1 site is
only 0.899 in disordered Topaz-OH I (Fig. 3). Interestingly, new
structural sites are found in their crystal structures, which are com-
pletely vacant in the ordered counterpart. Notably, in disordered
Topaz-OH I, a new octahedral Al2 site is coplanar with the tetrahedral
Si1 site (Fig. 3a, b). As the degree of disorder enhanced by high tem-
peratures, Al and Si would randomly occupy the three octahedral and
tetrahedral sites along the c-axis, leading to the phase transition from
orderedTopaz-OH I to partially disorderedTopaz-OH I and completely
disordered Topaz-OH II. The three phases belong to the same space
group Pbnm, with the similar a and b values, but the c value in Topaz-
OH II is only 1/3 of that in ordered Topaz-OH I (Fig. 3c and Supple-
mentaryNotes 1–2). Similarly, partial Al and Si atomswould occupy the
normally vacant octahedral sites in hydrous phase Psi as the degree of
structuraldisorder gradually increasesunderP-T conditions.This leads
to the phase transition to the fully disordered Al endmember of phase
D (SupplementaryNote 3). Due to the comparable scattering factors of
Al and Si atoms and the limited knowledge on the impact of vacancies
on polyhedral bond lengths, a quantitative study of the Al/Si ratio at
each structural site after structural disorder remains challenging.
Alternatively, by combining EPMA results, we find that in disordered
Topaz-OH II and disordered phase Egg, Al and Si atoms would jointly
occupy certain structural sites, indicating substitutiondisorder (Fig. 3).
In particular, for the disordered phase Egg sample synthesized at
22GPa and 1700 °C, crystal structure refinements reveal that the total
occupancy of the octahedral Si1 sites is 0.938, while the chemical
formula for Si from EPMA is only 0.68 (Supplementary Note 4). This
indicates the presence of Al in the octahedral Si1 sites.

Structural disorders affect hydrogen incorporation
Hydrous aluminosilicates exhibit extensive crystal structure disorders
under high P-T conditions, resulting in diverse local environments.
This provides potential sites forhydrogen (H) incorporation tobalance
the bonding valence of oxygen atoms. Based on the incorporation of H
into defects in hydrous minerals or NAMs34–36, we propose the fol-
lowing threemainpossible substitutionmechanisms for these hydrous
aluminosilicates in the MTZ:

Si4+ ! vacancy +4H+ ð1Þ

Al3+ ! vacancy+ 3H+ ð2Þ

Si4 + ! Al3+ +H+ ð3Þ

The crystal structure analysis indicates that in phase Egg, phase
Psi, Topaz-OH I, and Topaz-OH II phases, there are partial occupancies
(vacancies) of Al and Si at certain structural sites for H probably
entering the crystal by themechanisms (1) and (2). Besides, Topaz-OH I
and phase Eggmayhold an extra portion of H through the substitution
mechanism (3). In the phase Egg sample, Al³⁺ + H⁺ occupy the octa-
hedral Si1 site. Notably, Al³⁺ + H⁺ does not directly occupy the tetra-
hedral Si1 site in Topaz-OH I, but rather a new octahedral Al2 site. It is
expected that these substitutions increase the water content in the
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Fig. 1 | The relations between the Si/Al mole ratio of hydrous aluminosilicate
and the synthesis temperature. AlSiO4H represents the ideal chemical composi-
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OH I, Topaz-OH II, and phase Psi. Digits denote the synthesis pressure in the
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crystals, as indicated by EPMA and NanoSIMSmeasurements, showing
that the disordered phase has higher water content than the ordered
counterpart (Supplementary Tables 1–2). The elevated water contents
during high-temperature induced order-disorder transitions in
hydrous aluminosilicates differ from most of other mantle minerals
because water content typically decreases in other water-bearing
phases at elevated temperatures19,20. These hydrous aluminosilicates
feature Raman peaks associated with hydroxyl stretching vibrations in
the range of 2000–4000 cm−1 (Supplementary Figs. 6–8). In compar-
ison to the ordered phase Egg and phase Psi synthesized at relatively
low P-T conditions, new Raman bands emerge at around 3150 cm−1 for
the disordered phase Egg andphase Psi. Additionally, the Ramanpeaks
in Topaz-OH II are noticeably broader, consistent with its higher
degree of structural disorders, with respect to Topaz-OH I.

Structural disorders enhance thermal stability
Further, the octahedral layers of these hydrous aluminosilicates fea-
ture a thickness of around 4.3 Å. The distinct layers are formed by the
hexagonal close-packing of oxygen atoms according to our single-
crystal structural analyses on these hydrous aluminosilicates (Supple-
mentary Tables 4–15). Under high P-T conditions of the MTZ, both Al
and Si atoms could adopt octahedral coordination, allowing them to
co-occupy the same octahedral site. Meanwhile, Al and Si atoms may
randomly occupyordiffuse intonewoctahedral sites due to the similar
energy of different sites during crystal growth at high temperatures.
Therefore, structural disorders are likely to be widespread in these
phases. These local structures are governed by some basic rules,
including the exclusion of atoms simultaneously occupying two

co-planar octahedra, valence balance, and the minimization of the
thermodynamic energy of the system25,37. In general, structural dis-
orders can broaden the phase stability field of minerals by increasing
configurational entropy38–40. For example, in some hydrous minerals
like brucite and phase X and NAMs such as ringwoodite, a certain
degree of structural disorder is favored under high P-T conditions41–44.
Notably, the Mg endmember of DHMS can only withstand the cold
subduction geotherm; Al-bearing DHMS, however, can remain stable
along the warm subduction geotherm, even along the normal mantle
geotherm because of cation mixing at octahedral sites45–48. Given that
typical hydrous aluminosilicates exhibit remarkable thermal stability
up to 2000 °C, it is conceivable that structural disorders play a sig-
nificant role in deep water cycling in the MTZ and the lower mantle.

Hydrous aluminosilicates contribute to the deep-water cycle
The stable hydrous aluminosilicates evolve with increasing depth in
the MTZ as shown in Supplementary Fig. 9. Topaz-OH I and Topaz-OH
II are suggested to be stable in the upper part of the MTZ, while phase
Egg, phase Psi, and the Al endmember of phase D are stable in the
lower part of theMTZ. Phase Egg remains stable at least up to 30GPa30.
Thus far, the phase diagrams of phase Egg and the Al endmember of
phase D under lower mantle conditions have not been well con-
strained. In addition, δ-AlOOH remains stable along cold slab geo-
therms to the core-mantle boundary49. Further studies are needed to
determine their complete phase stability fields and evaluate the max-
imum depth of the water cycle involving hydrous aluminosilicates.

Subducting slabs consist primarily of harzburgite, oceanic crust,
and overlying sediments. It is widely recognized that significant
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amounts of water can be transported into the Earth’s interior by
hydrousminerals within the slab12. In principle, the depth of this water
transport is closely linked to the thermal stability of hydrous minerals
and the thermal structure of the slab. The primary hydrousminerals in
hydrated oceanic crusts and hydrated peridotites, such as lawsonite,
serpentine, and DHMS phases, can only remain stable under cold
subduction thermal gradients11. Consequently, they are likely to
decompose at relatively shallow depths in warm-hot subduction
zones, where higher thermal gradientsmake it improbable for them to
carry water into the deep mantle. We propose that hydrous alumino-
silicates with ultra-high thermal stability within the sediment layer of
the subducting slab may serve as the primary water carriers in those
warm-hot subduction zones. This sediment layer can form hydrous
aluminosilicates through the reaction between aluminum-rich mate-
rials and water at high P-T during subduction. Meanwhile, water gen-
erated from the thermal decomposition of hydrous minerals in both
hydrous oceanic crusts and mantle rocks may not fully escape to the
surroundingmantle but rather be captured by the sediment layer. The
formation of hydrous aluminosilicates can transport water deeper into
the Earth. Based on the high P-T phase diagrams of hydrous alumino-
silicates and sediments27,29,30,50,51 (Supplementary Fig. 9), it is evident
that thesemineralsmay carrywater into theMTZand the lowermantle
as the subducting slab descends. Our results indicate that these
hydrous aluminosilicates modify their crystal structures through dis-
ordering to better adapt to high T environments. Sediment layers lie
atop the subducting slab; during slow subduction, T gradually aligns
with the high T profile of the overlyingmantle. Consequently, hydrous
aluminosilicates in hydrated sediments are prone to have disordered
structures. In certain cold subduction zones, such as Tonga, the
ordered phases such as Topaz-OH I and phase Egg may form at shal-
lower depths, while the disordered phase Egg, phase Psi, and the Al
endmember of phase D form at greater depths52 (Fig. 4).

The MTZ is believed to be at least locally water-rich, as indicated
by the high water solubility of wadsleyite and ringwoodite, along with
geophysical observations and natural diamond inclusions1,4,7,19–22,53.
Previous experiments show that wadsleyite and ringwoodite can
accommodate approximately 1 wt.% water under normal mantle ther-
mal gradients in theMTZ and their water solubility gradually decreases
with increasing temperature19,20,54. The partition coefficient of water
between olivine polymorphs (e.g., wadsleyite and ringwoodite) and
hydrous aluminosilicates remain unconstrained by experiments. On
the other hand, considering the heterogeneous distribution ofwater in
the MTZ and the capability of hydrous aluminosilicates to retain lar-
gely about 10wt.% water up to 2000 °C, these hydrous aluminosili-
cates likely play a significant role in water storage locally in the MTZ.
Hydrous aluminosilicates even may absorb water released by wad-
sleyite and ringwoodite with increasing T. This can assist in the trans-
port of water down to the lower mantle via subducting slabs. Given
that the primary lower-mantle minerals, bridgmanite, and ferroper-
iclase, canonly contain up to2000ppmofwater, thepresenceof these
hydrous aluminosilicates would significantly influence the local water
content in the lowermantle17,55,56. Notably, Wirth et al.53 suggested that
phase Egg occurs as inclusions in ultra-deep diamonds, providing
strong support for the existence of hydrous aluminosilicates in the
Earth’s interior.

Subducted sediments are probably to sponge up surrounding
water to form hydrous aluminosilicates, even under normal mantle
geotherms25,28,29,50. Hydrous sediments could accumulate in the MTZ
due to slab stagnation and/or at the top of the lower mantle through
slab penetration. Consequently, this is likely to create water-rich
domains/patches in the deepmantle, whichmay persist for protracted
periods in geological history due to the extremely high thermal sta-
bility of hydrous aluminosilicates.When those sediments releasewater
due to thermal decomposition in the lowermantle, significant changes
can occur in the physical and chemical properties of surrounding

mantle, potentially leading to magma generation and mantle
plumes11,50. Meanwhile, disordered hydrous aluminosilicatesmay form
from hydrated melts interacting with sediments, which could ascend
alongwith upwell plume and then undergo dehydration in the shallow
upper mantle (Fig. 4). One prediction of this model is that the magma
carrying those materials would be enriched in water and retain the
geochemical signatures of subducted sediments, aligning with field
observations from certain ocean island basalts57–60. As depicted in
Fig. 4, hydrous sediments in subducting slabs establish a complete
deep-water cycle, transporting water from the Earth’s surface to the
MTZ or the top of the lower mantle, and then returning it to the
surface via ascending magma from these regions. This implies that
water in ocean island basalts may entirely result from the recycling of
hydrated slabs, without the need to hypothesize a primordial source.
This prediction is supported by recent potassium isotope studies,
which proposed that the water associated with Cenozoic volcanic
rocks in Northeast Asia has been recycled from the Earth’s surface by
subduction-related processes, rather than originating fromprimordial
sources61.

Methods
Sample preparation
High-quality single crystals of Topaz-OH I, Topaz-OH II, phase Egg,
phase Psi were synthesized under high P-T conditions using the Sakura
2500-ton multi-anvil apparatus at the Guangzhou Institute of Geo-
chemistry, ChineseAcademyof Sciences. AmixtureofCaCO₃, Al(OH)₃,
and SiO₂ with a mole ratio of 1:4:2 (mixture 1) or Al(OH)₃ and SiO₂ in a
2:1 mole ratio (mixture 2) was used as the starting material, sealed in
welded gold or platinum capsules. The experiments were conducted
using 14/8 or 10/5 octahedral sample assemblies (Cr-doped MgO
octahedral edge length / tungsten carbide cubes truncation edge
length). The high temperature was generated using a LaCrO3 furnace,
and temperature measurement was performed using W95Re5-W74Re26
thermocouples. In each run, the samplewas initially compressed to the
target pressure at room temperature and then heated to the target
temperature at a heating rate of approximately 33.3K/minute. After
maintaining the sample at the target temperature for a specific dura-
tion, the power was switched off to rapidly cool the sample to room
temperature. More detailed information regarding sample assembly,
pressure calibration, and experimental procedures can be found in the
previous literature62. In some runs, several coexisting phases were
obtained, while in some cases, a single phasewas obtained. The phases
were primarily determined by Raman spectroscopy, EPMA, and single-
crystal XRD (Supplementary Tables 1–2). The partial experimental
results can be also found in a separate paper26.

Chemical analysis by electron probe microanalyzer
The recovered capsules were cut into two parts by knives or diamond
saws. All products comprised large, transparent, and colorless single
crystals as well as small powders. For each experimental run, several
randomly chosen crystal grains were polished to determine their che-
mical compositions. Analysis was conducted using a JEOL JXA-iSP100
electron probe microanalyzer (EPMA) with an accelerating voltage of
15 kV, a beam current of 5 nA, and a beam spot size of approximately
2 μm. Calibration standards of garnet and diopside were utilized to
quantitatively measure the Al and Si contents, respectively. Each grain
was measured at seven different points, and the average value was
computed as the chemical composition of the respective grain. The
final chemical composition is the average of multiple grains. All weight
losses were considered as water, and the chemical formula for each
hydrous phase is derived (Supplementary Tables 1–2).

Water content determined by NanoSIMS
The water contents of the hydrous samples in this study were mea-
sured using a CAMECA NanoSIMS 50 L ion microprobe at the Institute
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of Geology and Geophysics, Chinese Academy of Sciences. Prior to
analysis, the polished samples were embedded in indiumdisks, coated
with gold, and mounted on the sample holders alongside standards.
The sample holders were then placed into the NanoSIMS chamber
under a vacuum of <3.0 × 10−10 torr. NanoSIMS analysis used a Cs⁺ ion
beam with a current of 300pA, simultaneously collecting secondary
anions (1H−, and 18O−) on electron multipliers (EMs) and a Faraday cup
detector. To ensure contamination-free analysis, each sample’s surface
was pre-sputtered for approximately 10 s over a 10 × 10μm area to
remove the Au coating, which was monitored in real-time imaging
mode. Analyses were conducted on a central 5 × 5μm region using a
blanking technique, with each measurement consisting of 200 cycles.
A 44 ns dead time correction was applied to all EMs, and an electron
gun provided charge compensation. For each measurement, the total
counts of 1H− and 18O− were collected over 200 cycles, allowing for the
calculation of the 1H−/18O− ratios63. These ratioswere used to determine
thewater content based on the phase Egg sample from run #U801 as a
reference standard. Additionally, San Carlos olivine was utilized as the
background for H intensities. Both EPMA and single-crystal XRD data
suggest that the phase Egg sample of U801 is highly ordered, indicat-
ing it closely resembles the ideal chemical formula (AlSiO4H) with
7.5wt.% water. Accordingly, we calculated the water content for each
of the hydrous samples in this study (Supplementary Table 1).

Single-crystal XRD measurements
We selected each hydrous phase under a polarizing microscope for
single-crystal XRD experiments, and some crystals are double-sided
polished. For single-crystal XRD measurements, a Bruker D8 Venture
diffractometer equippedwith aMoKα radiation source (wavelength of
0.71073 Å). The frames were integrated the Bruker SAINT software
package, and a multi-scan absorption correction was applied using
SADABS64. The structure was solved through direct methods using
SHELXS or SHELXT and refined using full-matrix least-squares meth-
ods against F2 by SHELXL65,66. Due to the weak scattering of hydrogen
atoms, their positions were not determined. Additionally, the

comparable scattering of aluminum and silicon, coupled with the lack
of quantitative results on the impact of vacancies on octahedral bond
lengths, hindered the differentiation of Al/Si proportions at specific
positions. For each hydrous phase, atomic identification was based
on occupancy, their ordered crystal structure, and EPMA-derived
chemical formulas. During refinement, free variables were introduced
for occupancy of each structural site, with constraints applied to
maintain the total Al/Si occupancies at each structural site in line with
the EPMA chemical formula. Detailed atomic parameters and refine-
ment results are provided in Supplementary Tables 4–17. Additionally,
the structures have been deposited at the Cambridge Crystallographic
Data Centre (CCDC), with deposition codes 2325388 for Topaz-OH I,
2325389 for Topaz-OH II, 2325430–2325431 and 2328172 for three
phase Psi, 2325571–2325573 and 2325566 for four phase Egg.

Raman spectra
The Raman spectra were acquired using a high-resolution confocal
Raman spectrometer, the WITec alpha 300R (WITec GmbH, Ulm,
Germany), equipped with a TEM single-frequency laser (λ = 532 nm,
maximum laser power = 40mW). The laser light was focused by a 100×
oil immersion objective (numerical aperture = 0.9; Carl Zeiss, Ger-
many) onto the sample and detected by the CCD camera (Andor
DU401 BV, Belfast, Northern Ireland). The gratings with 300 lines/mm
were employed, resulting in a spectral range covering 100–4000 cm−1,
with a spectral resolution of approximately 2.5 cm−1. The results are
presented in Supplementary Figs. 6–8.

Data availability
The essential data supporting the main findings of this study can be
found in themanuscript and Supplementary information. All the X-ray
crystallographic structures are deposited at the Cambridge Crystal-
lographic Data Centre (CCDC). The source data are also deposited in
https://doi.org/10.5281/zenodo.14502371.
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