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Pressure-driven symmetry transitions in dense H,O ice
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X-ray diffraction and Raman spectroscopy of H,O (ice) structures are measured under static compression
in combination with grain normalizing heat treatment via direct laser heating. We report the transition from
cubic ice-VII to a structure of tetragonal symmetry, ice-VII; at 5.1 & 0.5 GPa. This is succeeded by the H-
bond symmetrization transition occurring at a pressure of 30.9 £ 3 GPa. Both experimental observations are
supported by simulated Raman spectra from density-functional theory quantum calculations. The transition to
H-bond symmetrization is evidenced by the reversible emergence of its characteristic Raman mode and a 2.5-fold
increase in bulk modulus, implying a significant increase in bonding strength.
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I. INTRODUCTION

The pressure-temperature phase diagram of H,O exhibits a
remarkable number of polymorphic transitions [1,2]. At low
pressures, this complexity arises from steric rearrangements
of hydrogen-bonded (H-bond) molecules, while the H-O-H
bond angle and length remain almost constant. H bonds are
established through correlated disorder of the protons between
adjacent oxygen atoms such that, at each moment, two protons
and one oxygen form an H,O molecule [3]. Condensed H,O
(ice) structures generally exhibit networklike topologies sim-
ilar to those of silica and silicates [4]. The behavior of these
ice phases is dominated by this H-bond network.

Above 2.1 GPa and 300 K, ice-VII is the stable crys-
talline phase of H,O. However, rather than transforming into
further dense packed networks of H-bonded structures with
increasing pressure, the H bond becomes gradually weaker
[5]. In this case, the protons migrate to a symmetric position
[6,7], resulting in a transition to a mixed covalent/ionic O-H
bond in ice-X. This mechanism is observable through infrared
spectroscopy as a gradual softening of the antisymmetric O-H
stretching vibration and its eventual disappearance observed
above 60 GPa [8,9], combined with a stiffening of lower fre-
quency lattice and librational modes [10]. The bond strength
in the mixed covalent/ionically bonded ice-X should differ
from the H-bonded regime of ice-VII, resulting in a signifi-
cantly lower compressibility. While this fundamental change
in O—H bond character is generally accepted, there remain
large uncertainties on the phase boundary between ice-VII
and ice-X, with reported transition pressures ranging from
40 GPa to above 120 GPa [8,9,11-19]. This can have large
ramifications for equation of state (EOS) models and stud-

*salamat @ physics.unlv.edu

2469-9950/2022/105(10)/104109(7)

104109-1

ies of planetary interiors, where precise knowledge of these
physical properties are needed for accurate interpretation of
astronomical observations [20,21].

The substantial range in claims for the transition pressure
to ice-X is largely due to the gradual nature of the transition
which may have as many as two intermediate structures to
facilitate the H-bond symmetrization [11,14,16,18,22]. Proton
nuclear magnetic resonance (or H NMR) experiments directly
probe the local environment of the H bond of water, provid-
ing a more detailed model of the energy potential [18]. The
potential, which is widely agreed upon, starts from a double
well in ice-VII and as the density is increased it is gradually
deformed and the barrier becomes increasingly shallow allow-
ing for the proton tunneling rate to increase. This delocalizes
the proton and gives it an average position between the two
wells. Calculations by Trybel et al. [23] have further explored
such delocalization effects of the proton and how effective
ionization of the water molecule can play a significant role in
shaping the energy potential of the H bond. Additionally, anal-
ysis of the bulk modulus during quasidynamic compression
up to 180 GPa has been interpreted as showing transitions for
ice-VII to disordered ice-VII' and then to a disordered ice-X’
before the fully symmetrized ice-X [22].

Structural measurements (x-ray and neutron diffraction)
have shown anomalies in the 10-14 GPa regime typically
relating to proton/deuteron dynamics [11,14,16,24,25], which
have been coined as the proton-disordered ice-VII' phase.
However, until now these claims have lacked support from
spectroscopic evidence. These claims are largely based on
measurements that show deviations or features not accommo-
dated by the presumed cubic structure for ice-VII; at least one
such anomaly has been suggested to result from a tetrago-
nal distortion [14]. Neutron diffraction studies on D,O have
shown that the deuterons occupy sites inconsistent with the
present ice-VII model [16] and, in the transition to ice-VIIL

©2022 American Physical Society


https://orcid.org/0000-0001-5491-747X
https://orcid.org/0000-0003-2202-3847
https://orcid.org/0000-0001-6556-7532
http://crossmark.crossref.org/dialog/?doi=10.1103/PhysRevB.105.104109&domain=pdf&date_stamp=2022-03-17
https://doi.org/10.1103/PhysRevB.105.104109

ZACHARY M. GRANDE et al.

PHYSICAL REVIEW B 105, 104109 (2022)

at lower temperatures, the oxygen sites become disordered as
well as the deuteron sites [26].

Exploring the structure of different isotopes of water ice
becomes even more complex because bond states in soft
molecular compounds are strongly affected by the anisotropic
strain that results from applying nonhydrostatic stress. Thus,
the phase boundary into ice-X may shift, depending upon the
nature of the nonhydrostatic stresses for a given experiment
and on the length scale of a given diagnostic probe. H,O/D,0O
measurements are especially susceptible to such conditions
since using a pressure transmitting medium to establish hydro-
static equilibrium would contaminate the sample by formation
of hydrates and clathrates. The resulting distortions are further
exacerbated by the heterogeneous nucleation of ice-VII in
ice-VI, which tends to produce large domains with a preferred
orientation and create anisotropic strain and shearing at grain
boundaries. This gives rise to significant texturing and broad-
ening of Bragg peaks in x-ray diffraction (XRD) [27].

II. METHODS

Our observations support the occurrence of two pressure-
driven symmetry transitions after ice-VII at room temperature
below a megabar. These claims are supported by a com-
bination of pressure-volume EOS measurements, Raman
spectroscopy and density functional theory (DFT) calcula-
tions. Experimental compression data is acquired by using a
diamond anvil cell (DAC) of custom design, driven by a gas
membrane. Liquid H,O (electrophoresis and spectroscopic
grade; Sigma-Aldrich) is loaded into sample chambers formed
by laser micromachining [28] accompanied by a ~10 um
piece of polycrystalline Au to serve as a pressure marker. To
avoid reactions between the heated H,O and the Re gasket,
we line the inside of our sample chamber with Pt [29]. We
perform powder XRD at the HPCAT diffraction beamline
(Sector 16-ID-B, Advanced Photon Source, Argonne National
Laboratory, IL, USA) (A = 0.40663 A). Raman spectroscopy
experiments are performed at University of Nevada Las Vegas
(UNLV) using the same sample preparation technique and
a Ar-Kr laser lasing at 514.5 nm to excite the sample. We
report spectroscopic data on the lattice modes of ice from 100
to 1000 cm™~! but not the molecular stretching modes above
2000 cm~! due to overlap with the second-order diamond
signal at higher pressures.

To improve sample quality, we utilize the high absorbance
of ice in the midinfrared to melt the ice sample and then let
it cool back to ambient temperature. 10.6 um radiation from
a Synrad Evolution125 CO; laser is focused to a minimum
spot size ~30 um and directly absorbed by the compressed
sample, using an instrument built in place at the diffraction
beamline [30] or on a system housed at UNLV. Visible imag-
ing confirms the melting and dynamic recrystallization of
powdered ice [29]. The cooling rate after melting is such that
it promotes a normalized grain size and random orientation
which is analogous to metallurgical normalization techniques
[31]. The focused beam is translated throughout the sam-
ple chamber to make a homogeneous sample and relieve
anisotropic strain from both the powdered ice and the Au
pressure marker. The reduced domain sizes of the ice and their
random orientations yield well-resolved Debye-Scherrer rings

23 GPa 19 GPa PM_

FIG. 1. 2-D x-ray diffraction images. (a) 2D diffraction image
of ice at 23 GPa with no heat treatment displaying high degree of
texturing and broadening of multigrain peaks. (b) 2D diffraction
image of ice at 19 GPa post melt (PM) showing full Debye-Scherrer
rings for an extensive g range with minimal broadening.

for an extensive g range [Fig. 1(b)], making our data suitable
for Rietveld powder XRD analysis. Data from samples that
are not heat treated display significantly fewer diffraction fea-
tures and typically exhibit multigrain spots or highly textured
rings with significant peak broadening from deviatoric strain.
This is shown in Figs. 1(a) and 1(b), where the FWHM of
the (1 1 0) peak improves from 0.24 to 0.088° 26 in the
heat treated pattern. The powdered nature of the sample also
reduces its susceptibility to further deviatoric strain as com-
pression continues, despite the uniaxial nature of the DAC.
The data quality is continuously improved by this heat treat-
ment up to the final pressure measured in this experiment of
88 GPa [29] and shows no evidence of chemical reaction or
decomposition (Fig. 1).

In addition, we perform quantum simulations of both ice-
VII and ice-X using Kohn-Sham DFT. Calculations were
performed with the VASP code [32], using the Perdew-
Burke-Ernzerhof (PBE) generalized gradient approximation
functional [33], and projector-augmented wave pseudopoten-
tials [34,35]. We note that the PBE functional employed here
is shown to yield good agreement with experimental results
for ice properties at high pressure [36], particularly under the
intense conditions of giant planetary interiors [37]. We also
found that functionals that include van der Waals interactions
yield similar transition pressures from ice-VII to ice-X with
the PBE functional [29]. In this paper, the relative Raman
intensities for individual ice structures are determined from
the derivative of the macroscopic dielectric tensor, computed
from the finite-difference method with forward and backward
displacements along each vibrational eigenmode [38]. Please
see the Supplemental Material for additional details [29].

II1. RESULTS

The onset of ice-VII is thus determined by heat treating
immediately upon its coexistence with ice-VI (Supplemental
Material [29]). Control of pressure from the membrane-driven
DAC allows incremental compression until the onset of phase
coexistence is evident from XRD. The resulting sample com-
prises ice-VII only, giving an accurate determination of the
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FIG. 2. Evidence for ice-VII,. (a) Rietveld refinement of ice-VII;
P42m at 6.5 £ 0.5 GPa Inset, left: Rietveld refinement of the (2 0 0)
Bragg peak using a cubic cell (Pn3m); right: improvement when
using a tetragonal cell (P42m). (b) Progression of Raman features
on increasing pressure. The dominant mode near 280 cm™! exhibits
asymmetry above 5 GPa, and tends back to a single mode above
21 GPa. Red asterisks (*) denote the emergence of the ice-X T,
Raman mode. (c) Simulated Raman spectra at 0 K for two DFT
computed ice-VII; structures compared to the experimental spectra,
both at approximately 10 GPa. (d) Dominant Raman feature of ice-
VII at 3.3 GPa fit to a single peak whereas the feature in ice-VII;
at 11.3 GPa requires a triplet to fit in agreement with the simulated
spectra.

starting volume, Vp, at the lower bound of its thermodynamic
stability field. Only from 2.7 & 0.4 GPa, can we unambigu-
ously index and refine a single phase as cubic ice-VII. Above
5.1 £0.5GPa, we observe deviations in the peak positions
and profiles when fitting the XRD patterns to a cubic ice-VII
model both before and — more clearly — after heat treating.
This is most prominently shown by the Bragg feature at
approximately 14.5°, which displays splitting between the
(2 00)/(0 0 2) which are not accommodated by the cubic
ice-VII (Pn3m) structure. Figure 2(a) shows the Bragg fea-
ture at ~14.5°, where these deviations are most pronounced.
Furthermore, a Bayesian analysis is applied to the unit cell
data by examining the peak positions and profiles of all ~7
diffraction features observed and comparing the probability of
a cubic structure against a tetragonal structure. The results of
which strongly favor a tetragonal model above 5 GPa, which
we name here ice-VII; [29]. We find that this transition from
ice-VII to ice-VII, is accompanied by a 2.18 4 0.01% volume
discontinuity of the unit cell at 5 GPa [29]. The discrepancy in
transition pressures between our tetragonal model and the pre-
viously named disordered ice VII' emphasize the influence of
nonisotropic stress components in high-pressure experiments
on ice as well as isotope effects [11,14,16,24,25].

We further investigate our observation of ice-VII; by
preparing new samples for Raman spectroscopy experiments,

the results of which are consistent with the tetragonal struc-
ture above 5 GPa. We first observe the lattice modes of
ice-VII near 3.3 GPa after heat treatment of the solidified
sample [Fig. 2(b)]. This spectrum is dominated by a feature at
280 cm™! fit to a single mode and also includes a weaker mode
at 211 cm™! [Fig. 2(b)]. Due to the close similarities between
the Raman spectra of proton-disordered ice-VII and proton-
ordered ice-VIII, these modes were previously assigned to the
analogous translational-vibration modes of ice-VIII, By, and
Ay, respectively [17,39]. We also observe a very weak mode
which has not been previously reported near 160 cm~' [29].
Features were also observed in the 500 cm~! to 800 cm™!
range, corresponding to the known Eg and By, modes [17,29].

Beginning around 5.0 GPa, the dominant feature near
280 cm~!' displays an increasingly asymmetric profile
[Figs. 2(b)-2(d)]. The appearance of new lattice modes
[Fig. 2(c)] is consistent with a lowering of symmetry from
the cubic Pn3m space group to the tetragonal space group.
We confirm this with our DFT calculations in Fig. 2(c),
where the combined simulated Raman spectra of two ice-VII
configurations with body-centered tetragonal symmetry are
needed to explain the broad feature centered at ~280 cm™!
as well as the manifold of peaks above 700 cm™' in the
measurements. This supercell solution is required due to the
partial occupancy of the hydrogen and oxygen sites, which is
imperative in describing this phase of ice. The asymmetry of
the observed experimental profile at 280 cm™' is sustained
until approximately 21.1 GPa, after which the peak profile
becomes increasingly symmetric [Fig. 2(b)].

We then map our DFT-determined tetragonal supercells
onto their single (two molecule) primitive unit cell to com-
pare the DFT structure to our XRD data [29]. This results
in a space group of P42m body-centered tetragonal struc-
ture that is equivalent to a slightly distorted ice-VII structure
with noncubic oxygen sites. Applying this tetragonal solution
significantly improves the Rietveld refinement of our XRD
data (wRp = 1.78% and Rp = 1.38%) to model our XRD
data, resulting in cell parameters a = 3.2231 + 0.0002 A and
¢ = 3.2357 £ 0.0003 A [Fig. 2(a) inset], further supporting
the presence of ice-VII;.

By 38.7 GPa, a new feature is clearly observed in the
Raman spectra of ice at 618 cm™' [Figs. 2(b) and 3(a)-(c)],
the intensity of which increases with pressure and disap-
pears upon decompression with little hysteresis [Fig. 3(b)].
We interpret this new mode as the 75, mode, which signifies
the onset of H-bond symmetrization in ice-X [12,40]. The
clear reversibility of the appearance/disappearance of this
mode signals that this is a purely pressure-driven phenomenon
which is expected for the ice-X transition [Fig. 3(b)]. Fur-
thermore, there is a noticeable stiffening of the frequency of
the lattice modes, shown in Fig. 3(a), following the emer-
gence of this new peak, in agreement with the significant
mode strengthening which occurs at the onset of ice-X. The
blueshifting and broadening of librational and lattice modes
due to symmetrization of the hydrogen bond is seen in a
number of hydrides [41], including water [10].

Similar observations of the emergence of the 75, mode
previously confirmed the transition from ice-VIII to ice-X
[40] at liquid nitrogen temperatures, albeit at a slightly shifted
frequency from our measurements, as expected from the tem-
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FIG. 3. Raman spectrum of heat-treated H,O ices under com-
pression. (a) Frequency shift of measured Raman modes of H,O ice
with pressure. Splitting of the dominant lattice mode near 280 cm™!
due to tetragonal distortion above 5 GPa is highlighted in blue and
green. Red points show the emergence of the ice-X 75, mode above
33 GPa. Dashed lines represent transition pressures based on analysis
of XRD data. (b) Bottom to top: Development of ice-X 7,, mode
on compression above 33 GPa and its reversible disappearance on
decompression. (c) Frequency shift of ice-X T,, Raman mode with
pressure as determined by this study (experimentally and theoret-
ically) and an interpolating line, as a guide, connecting to those
reported by Goncharov et al. [12] at higher pressures.

perature and density differences. Due to the aforementioned
similarities between the Raman spectra of ice-VII and ice-VIII
[17,39], this agreement supports our claim of a transition to
the symmetric H bonds at similar pressures.

We confirm our interpretation of the Trg mode with DFT
simulations of the ice-X Raman spectrum. The simulations
show the appearance of a peak at close to 618 cm™! that
is absent from all other simulated ice spectra in this paper,
including cubic ice-VII and ice-VIII. The frequency of this
mode is tracked with pressure to 51.5 GPa and is in agreement
with our computed Raman spectra and earlier measurements
on ice-X made by Goncharov et al. [12] above 80 GPa as
shown in Fig. 3(c).

The consistency in findings between the three independent
tools used in this study (XRD, Raman spectroscopy, and DFT
calculations) gives us confidence in our findings of a crystal
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FIG. 4. Equation of state fitting. (a) Pressure-volume plot of our
data and Vinet EOS fit from MCMC for the three phases. The
calculated uncertainties in transition pressures are indicated by the
blue shaded regions at 5.1 & 0.5 GPa and 30.9 & 3 GPa, respectively,
and the grey lines are results from previous experiments. Curves are
color coded by phase (blue: cubic ice-VII; black: noncubic ice-VII;
and red: ice-X. Orange error bars indicate our systematic uncertainty
from deviatoric stresses in non-heat-treated data. (b) Linearized
Vinet EOS. Left: When assuming a single phase model. Right: When
assuming a three-phase model.

structure of tetragonal symmetry near 5 GPa and the onset of
ice-X above 30 GPa. With this insight, we fit a three-phase
P-V Vinet EOS to the data using Markov chain Monte Carlo
(MCMCO). This model optimizes the EOS fit parameters based
on the values obtained from least-squares fitting [29] and also
includes two transition pressures as fitting parameters. The
results of our three phase EOS fit are as follows: ice-VII
(Ko = 18.47 £ 4.00 GPa), ice-VIIt (Ky = 20.76 £ 2.46 GPa)
and ice-X (Ky = 50.52 £ 4.16 GPa) are shown with the calcu-
lated transition pressures in Fig. 4(a). Our calculated transition
pressure of ice-X at 30.9 £ 3 GPa [Fig. 4(a)] corresponds well
with the emergence of the 75, mode in our Raman experi-
ment as well as the discontinuity in bulk modulus shown in
Meéndez et al. [22]. Importantly, fitting of the region above
30.9 =3 GPa displays a 2.5X lowering in compressibility,
signifying a major change in the bonding character of ice.
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In contrast, our DFT calculations (0 K structural optimiza-
tion, with ions treated as classical particles) show a pressure
transition from ice-VII to ice-X at ~90 GPa, in agreement
with previous calculation studies [42-44]. However, it has
been reported that the inclusion of the quantum nuclear vibra-
tional effects on the nuclei can lower the transition pressure
from the classical limit of 100 GPa to 30 GPa due to the
proton being delocalized between the two sites on either side
of the bond [23,45,46]. This is consistent with our estimated
experimental observation of the onset of ice-X at 30.9 GPa.

The validity of this three-phase model is best highlighted
with the linearized form of the Vinet EOS relating the normal-
ized pressure to Eulerian strain [47], which is sensitive to the
starting phase volume, Vj. Using Vj from a single-phase fit to
ice-VII fails to describe the compressibility across the entire
pressure range as seen by the abnormal curvature in Fig. 4(b)
(left). Conversely, linear trends appear when modeling with
three distinct phases and their fitted EOS parameters [Fig. 4(b)
(right)], signifying that the fit properly describes the P-V data.

IV. DISCUSSION AND CONCLUSION

The results of our multiphase fit show that room tem-
perature H,O takes the form of cubic ice-VII as a single
phase from 2.7 0.4 to 5.1 0.5 GPa, followed by tetrag-
onal ice-VII; to 30.9 &£ 3 GPa, and the likely onset of H-bond
symmetrization thereafter. These calculated phase boundaries
are reinforced by independent observations in our Raman
spectroscopy study and DFT simulations. The low transition
pressure into noncubic ice-VII; based on an observed lowering
of symmetry and simulations, implies that cubic ice-VII is
stable for only a small window of phase space—contrary to
existing assumptions [48]. Thus the ice-VII; phase of ice could
exist in abundance in the crust and upper mantle of expected
water-rich super-earths.

Our results show a more than doubling of the bulk modulus
of ice above 30 GPa, which is validated by our analysis of
the EOS fitting parameters in Fig. 4(b). This discontinuous
change in bulk modulus with respect to pressure implies a
phase transition of at least third order or lower [49]. A strong
(2.5X) increase in bulk modulus signifies a dramatic increase
in bond strength of the system [50]. This increased bond
strength is unlikely to be accommodated by the H-bonded
network of ice-VII or ice-VII;. This may be indicative of the
onset of a stronger bonding taking place like a mix of covalent
and ionic bonding which occurs in the H-bond symmetrization
of the H,O system.

The scattering power of hydrogen is too weak from XRD
techniques to provide sufficient quantifiable information on
the hydrogen’s atomic position. Neutron crystallography is
capable of accurately measuring the atomic positions in high
pressure ice. However, these are limited to only studying
deuterated samples, D,0, as protons have a large incoherent
scattering and negative scattering length. While measure-
ments of D,O are important, isotope effects in water are
well-known to shift transition lines. For example, the shift in
the transition line of ice-VI to VII [51] at low pressures, and
it is likely to have an even stronger effect on the H-bond sym-
metrization pressure due to the doubled mass of the deuteron
and quantum behavior of ice leading up to the transition.
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FIG. 5. Phase diagram of ice. Dark blue-, green-, and red-shaded
regions denote ice-VII, VII; and X, respectively, and projected phase
boundaries separating high-pressure ice phases from our work are
shown as solid black lines. Ice-X phase boundaries connect our
measured transition at 30.9 £ 3 GPa and 300 K to the inflection
point in the melt curve observed by Schwager and Boehler [53] and
Goncharov et al. [54], which have been associated with the transition
from molecular to ionic fluid. The same procedure has been used to
project phase boundaries from Loubeyre et al. [13] and Meier et al.
[18] In doing so, we deduce a steep, positive Clapeyron slope defin-
ing the transition from hydrogen bonding to ionic bonding in dense
H,0, consistent with a pressure-driven change in bonding nature.
Dashed lines show measured melting curves [53-56]. Superionic
boundary from Sugimura et al. [57] is highlighted.

Our Raman spectroscopy data shows a clear, reversible
transition at the same pressures as the XRD data. This implies
a lower (first or second) order phase transition has taken place.
We interpret this mode as the 75, mode, the only Raman active
mode of ice-X. We confirm this by calculating the frequency
for the 75, mode at pressure and show they are in agree-
ment with the measured frequency in Fig. 3(c). Furthermore,
drawing an interpolating line between our measured pressure
shift of the frequency with that of Goncharov et al. [12]
shows a similar trend as seen in Fig. 3(c). However, we must
acknowledge that the appearance of the 75, mode does not
coincide with the disappearance of the ice-VII; modes. This
is an unexpected result given that ice-X only has the single
active Raman mode. This result is also found in previous
measurements by Goncharov er al. [12], where the 75, mode
is shown with comparable intensity as the ice-VII; Raman
modes past 80 GPa and only after approximately 94 GPa does
the single ice-X mode dominate the presented spectra. This
can be interpreted as possible phase coexistance but our XRD
data does not support such a claim. Rather this is likely a sign
of an intermediate state resulting from an effective centering
of the proton due to tunneling effects before the collapse to a
single well potential in fully ordered ice-X.
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The studies on H,O by Meier et al. [18] and Trybel et al.
[23] show that beginning as low as 20 GPa, the protons exhibit
a significant tunneling effect between the double well of the
H bond. This tunneling probability is shown to increase with
pressure as the O—O distance decreases, causing an effec-
tive centering in what they label ice X’. Our heat-treatment
technique improves our sample quality allowing us to observe
this subtle transition by means of XRD and Raman scattering.
These differ from the findings in neutron studies but we sus-
pect these differences mostly arise due to the doubled mass of
the deuteron, which significantly dampens tunneling effects,
causing D,O to behave more classically and pushing the H-
bond symmetrization transition to a higher pressure than in
H,0. However, the disparity between our results and those
of previous studies on H,O is likely due to our alleviation of
strain in the sample which may be an inhibitor to the transition
to symmetric H bonds. There is also the possibility that the
other studies had contamination from an ionic species in their
water samples which is shown to push the transition pressure
of ice-X to higher pressures [52].

We conclude that H,O in the mixed ionic/covalent bond
regime (ice-X or X') is 2.5X less compressible (Ky = 50.52 +
4.16 GPa) than in the H-bond regime of ice-VII (Ky =
18.47 4 4.00 GPa) and the presently reported ice VII, (Ky =
20.76 + 2.46 GPa). These results require a significant redraw-
ing of the high-pressure phase diagram of ice, as we show
in Fig. 5. The increased proton mobility which leads to the
lower transition pressure to ice-X and ice-VII, prior likely
aids in the lower pressure transition to superionic ice phases at
increased temperature [57]. There is also a well-documented
inflection in the melt line near 40 GPa [53,54] shown in Fig. 5,
which has been associated with a density-driven transition
either above the melt line or below. In the case of below the
melt line, this would be associated with the transition to ice-X,
and we show this phase boundary in Fig. 5. As our recorded
transition pressure for ice-X is at much lower pressures than
previous measurements, the resulting Clapeyron slope for

this transition is a steep positive slope, contrary to prior
beliefs.

The reversibility of the change in bonding states on the
transition to ice-X makes a strong case for this to be a purely
pressure-driven transition. We expect this to diminish the ther-
modynamic driving force for the geochemical release of water
in the earth’s crust and upper mantle at similar pressures,
effectively trapping water in these physical regions. Although
the pressure dependence of H-bond symmetrization in H,O
at high temperature remains to be studied, our discoveries
provide a significant benchmark for continued advancements
in understanding water at extreme conditions and its role in
planetary interior processes.

The dataset from this experimental work can be accessed
at [74].
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