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Understanding the phase behavior and structural properties of salt water at high pressures is essential for
understanding the dynamics and physical characteristics of icy planets. In this study, we employed high-pressure
experimental and ab initio simulation techniques to investigate the impact of CaCl2 on the structure of ice VII.
Our findings reveal that 1.8 mol% CaCl2 can be incorporated into the ice VII structure above 10 GPa. This
CaCl2-bearing ice VII (Cb VII) exhibits a lower O-H stretching frequency in the Raman spectra as well as a
reduced volume of the unit cell compared to pure ice VII. In contrast to doping ice VII with other salts such as
LiCl and NaCl that leads to an increase of the ice VII to ice X transition pressure occurring at 100–150 GPa,
CaCl2 doping stands out by reducing the transition pressure. It shifts the transition to a pressure of 52 GPa, which
is significantly lower than the transition pressure of 80 GPa in the pure H2O ice system. This notable distinction
highlights the unique influence of CaCl2 on the phase behavior of water under high pressure, and we attribute
these effects to the phenomenon of chemical pressure induced by CaCl2 within the ice VII structure. Our study
suggests that the presence of a modified ice VII phase, contaminated with salt and referred to as Cb VII, may
influence the composition, structure, and evolution of planets.
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I. INTRODUCTION

Water is abundantly found in numerous planets [1] and
more than 20 unique stable and metastable polymorphs have
been found using Raman spectroscopy, x-ray, and neutron
diffraction techniques so far due to the diversity of the inter-
molecular hydrogen bond networks [2–7]. Ice VII, considered
one of the most stable phases that forms when H2O is pressur-
ized above 2 GPa, is a solid with a body-centered cubic (bcc)
arrangement of oxygen atoms [8]. The water molecules in
ice VII are connected by hydrogen bonds (O-H···O). Pressure
increases the length of covalent O-H bonds and reduces that of
O···H bonds, enhancing the correlation of water molecules in
the intermolecular hydrogen bond networks. Therefore, under
high pressure, ice VII undergoes a proton order-disorder tran-
sition, transforming into a distinct stable phase known as ice
X [9,10]. Ice X shares the same bcc oxygen lattice as ice VII
but exhibits symmetrically placed hydrogen atoms between
two oxygen atoms (O-H-O) [11]. Despite the general consen-
sus on this fundamental change in O-H bond character under
high pressures, significant discrepancies persist regarding the
phase boundary between ice VII and ice X, with reported
transition pressures varying from 40 GPa to above 120 GPa
at room temperature [4,11–20].
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The physical properties of polymorphs ice VII and ice X
are pivotal factors that shape the structure and evolution of
planetary bodies abundant in H2O [11,21], e.g., in the icy
environment of Ganymede, one of Jupiter’s moons, and icy
giant planet Uranus, which possess ice layers extending across
the stability fields of both ice VI and ice X [22]. The recent
discovery of salt solutions being ejected from icy planets has
sparked the interest of researchers studying the interaction
between salt and H2O ices [21,23,24]. In the study conducted
by Klotz et al. [25], it was reported that ice VII has the
ability to incorporate approximately 15 mol% of LiCl during
its transition from the glassy (amorphous) state to a crystalline
form at 260–280 K and 4 GPa. Furthermore, Frank et al. [26]
reported the incorporation of 2.4 mol% NaCl into ice VII at
room temperature. Due to the replacement of water molecules
in the crystal structure of ice VII with Li+, Na+, and Cl− ions,
and the disruption of perfect intermolecular hydrogen bond
networks, the incorporation of LiCl and NaCl in H2O ice sig-
nificantly influence the behaviors of this ice at high pressure.
The studies revealed that 2 mol% NaCl/LiCl presence sup-
presses proton order and hydrogen bond symmetrization and
increases the pressure for the ice VII to ice X phase transition
by ∼30 GPa as shown by Raman spectroscopy studies and ab
initio simulations [27,28]. The hinderance of proton order and
hydrogen bond symmetrization caused by the incorporation
of salt is the primary factor contributing to the increase in
transition pressure, significantly affecting the magnetic field
characteristics of Uranus and Neptune [25,26].
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The different radii of salt ions lead to the formation of
distinct intermolecular hydrogen bond networks when they re-
place water molecules. Thus, the doping effect of these mono-
valent chlorides on the ice VII lacked consistency [25,26,29].
Compared to lithium and sodium, potassium exhibits a larger
radius, which makes it difficult to incorporate KCl into ice
VII [25,29–31]. Except for alkali metals, six coordinating
alkaline-earth-metal Mg2+ ions, which have a similar atomic
radius to lithium, were discovered in the intermolecular
hydrogen bond networks in MgCl2-bearing ice VII [31]. Cal-
cium exhibits the largest radius after potassium among the
major (i.e., most common) alkali metals and alkaline-earth
metals, so it is expected to significantly influence the inter-
molecular hydrogen bond networks after incorporation.

In fact, ions with specific ionic radii and charges can induce
chemical pressure in a crystal lattice, thereby influencing the
crystal’s properties. This phenomenon represents the concept
of chemical pressure, wherein high-pressure phases can be
produced at moderate pressures through the incorporation of
ions, leading to a range of unique properties in the resulting
material [32,33]. This concept has significant implications,
particularly in the field of designing superconducting hy-
drides, where the pressure required for hydrogen metallization
can be reduced through the use of different ion radii as chem-
ical compressors [34]. For example, doping ice II with NH4F
reduces the transition pressure to ice V formation and the
stability field of ice II [24]. In this particular case, NH+

4 and
F− display different polarity compared to the water molecules,
causing defects that influence the proton order of the inter-
molecular hydrogen bond network. In the case of calcium,
which has a larger ionic radius compared to lithium, sodium,
and magnesium, its interaction with ice can potentially give
rise to unforeseen phenomena. Understanding the effects of
calcium ions on ice is not only important for the study of
fluid inclusions in geochemistry [35], but also crucial for
unraveling the structure and behavior of icy planets.

In this study, the pressurization and resulting crystalliza-
tion of 1.8 mol% CaCl2 solutions were studied through Raman
scattering and x-ray diffraction (XRD) up to 64 GPa. The
reason for selecting this concentration is its alignment with
the concentrations of other salt solutions investigated in prior
research, enabling a direct comparison between the results of
ice VII and salt interactions [26,36]. We found that β-CaCl2
tetrahydrate (β-CaCl2 · 4H2O) formed at 2.1 GPa with ice
VII, and dissociation started at ∼10 GPa upon increasing
pressure. The changes in O-H stretching frequencies and the
volume of ice VII, following the dissociation of β-CaCl2 ·
4H2O, indicate a significant chemical pressure effect of Ca2+
and Cl− on the structure of ice VII. Using density func-
tional theory (DFT) computations, we have determined the
structures of CaCl2-bearing ice VII (Cb VII), in which Ca2+
and Cl− ions replaced two to eight water molecules in the
supercell of ice VII, exhibiting a 3% reduction in volume
compared to pure ice VII. The observed volume anomaly
in ice VII between 26 and 45 GPa, coupled with the emer-
gence of the ice X-T2g Raman mode at around 52 GPa,
demonstrates that the presence of Ca2+ and Cl− ions leads
to a decrease in the transition pressure from ice VII to ice
X, further confirming the chemical pressure effect of CaCl2
on ice.

II. EXPERIMENTAL METHODS

A. Preparation of sample and high-pressure experiments

Aqueous 1.8 mol% CaCl2 solutions were prepared by dis-
solving 1.8 mol% of CaCl2 (Sinopharm Chemical Reagent
Co., Ltd.; �99.8%) powder in deionized water. The 1.8 mol%
CaCl2 aqueous solutions were then directly injected into the
sample chamber of the diamond-anvil cells (DACs) using
syringes, and the DACs were quickly sealed to prevent evap-
oration loss of H2O. For Raman spectroscopy, BX-90 type
DACs with a 90° opening angle were used in the experiment.
The diamond anvils were brilliantly cut and had culets with
a diameter of 300 µm. T301 stainless-steel foil was indented
to a thickness of 30 µm, and cylindrical sample chambers
were produced by drilling 150 µm diameter holes using a
laser drilling machine. For powder XRD experiments, normal
symmetric DACs equipped with standard 300 µm diamond
culets were used. The sample chamber was produced by laser
drilling a preindented rhenium gasket with the same size as in
the Raman-scattering experiment. A pressure medium was not
used in our experiments because water is reactive with noble
gas or other solid pressure mediums.

B. Raman scattering and powder XRD

High-pressure Raman spectra were collected using a
LabRAM HR spectrometer (Horiba Jobin Yvon, France)
equipped with a 600 gr/mm grating. A solid-state single longi-
tudinal mode laser (MSL-FN-532, Changchun New Industries
Optoelectronics Technology Co., Ltd, China) was used as the
excitation source to irradiate the samples inside the DACs. To
avoid potential heating of the samples, the laser power was
kept at 2 mW, and the acquisition time was set to 60 s at
each pressure point. The samples were compressed in steps
of ∼2 GPa up to ∼64 GPa. The pressure was determined by
measuring the pressure-induced shift of the R1 fluorescence
line of a ruby sphere [37].

Powder XRD experiments were performed at the Extreme
Conditions Beamline (P02.2) at PETRA III, Hamburg, Ger-
many [38]. The energy of the beam was tuned to 25.68 keV
(0.4828 Å), while the beam was focused to 3×8 µm2 (H×V,
full width at half maximum). Samples to detector distance and
tilt of the detector were determined from powder XRD of the
CeO2 standard from NIST (674b) and analyzed with DIOP-
TAS [39]. The DACs were pressurized using a gas-membrane
system. A metallic doughnut-shaped He-filled membrane was
placed in contact with the backside of the DAC. The stabiliza-
tion time for each pressure point was about 5 min. Gold was
used as the pressure calibrant, using the unit-cell parameters
of gold powder (purity >99.95%) in conjunction with the
pressure-volume equation of state (EoS) of Au [40].

C. DFT calculation

The DFT calculations were carried out using the soft-
ware Vienna ab initio Simulation Package (VASP) using the
projector-augmented wave method [41,42]. The cutoff energy
was chosen to be 600 eV and the DFT-D3 method [43] was
used for the vdW-dispersion energy-correction term in all the
DFT calculations in this work. The valence electrons of the
pseudopotentials are 1s1 for H, 2s2 2p4 for O, 3s2 3p6 4s2
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FIG. 1. (a) Representative Raman spectra of ice VI, ice VII, and
CaCl2 hydrate from the 1.8 mol% CaCl2 solutions with increasing
pressure at 298 K. The Raman modes of liquid, ice VI, ice VII,
and CaCl2 hydrate are indicated by yellow, green, and blue solid
squares, and red solid stars, respectively. (b) XRD patterns of 1.8
mol% CaCl2 solutions at high pressures and 298 K. The sequence of
patterns represents the evolution during the compression experiment
from 2.6 to 25 GPa. Colored tick marks show the diffraction peak
positions of gold (green), ice VII (blue), and CaCl2 hydrate (red).
The patterns relative to undissociated CaCl2 hydrate are plotted in
black, while those of the dissociated CaCl2 hydrate are plotted in
blue.

for Ca, and 2s2 2p5 for Cl. The exchange-correlation func-
tional was described using Perdew-Burke-Ernzerhof (PBE) of
generalized gradient approximation [44,45]. The combination
of PBE with a vdW-D3 exchange-correlation functional was
widely used in ice systems to consider the van der Waals
(vdW) correction [46]. A Monkhorst-Pack k-point mesh of
2π×0.04 and 2π×0.07 Å−1 were used for the structural re-
laxations of the supercell and ab initio molecular dynamics
(AIMD), respectively. Ionic positions, cell volume, and cell
shape were fully relaxed with a conjugate gradient algorithm.
The AIMD simulations were carried out with a NVT ensemble
at temperature 300 K using the initial structure from relaxation
at 20 and 30 GPa, respectively. A Nose-Hoover thermostat
was used for thermal bath of the NVT ensemble. We run 6 ps
simulations with a time step of 0.5 fs. We used the positions of
hydrogen from the crystal structure of ice VIII in our calcula-
tion of enthalpy because ice VIII [12], which exhibits the same
positions of oxygen atoms as ice VII, is a more ordered phase
with fixed positions of hydrogen at low temperatures. The
supercells of CaCl2-bearing ice VII with different proportions
and configurations were built as discussed in the Results and
Discussions section.

III. RESULTS AND DISCUSSIONS

A. The formation and dissociation of β-CaCl2 · 4H2O

Representative Raman spectra of ice polymorphs in exper-
iments with 1.8 mol% CaCl2 are shown in Fig. 1(a). Aqueous
solutions of 1.8 mol% CaCl2 were compressed from 1 bar
to 17.7 GPa at 298 K. The liquid phase was only observed
from 1 bar to 1.4 GPa [Fig. 1(a)]. When the pressure was
increased to 2.1 GPa, an ice VI phase was formed, with Raman

peaks at around ∼97, 200, 3140, 3280, and 3410 cm−1. In
addition, two new peaks were observed at ∼67 and 3510 cm−1

[Fig. 1(a)]. Ice VI transformed to ice VII [47] at 2.4 GPa and
the two new peaks at ∼67 and 3510 cm−1 were preserved
across the transition, coexisting with ice VII. Besides the
peaks of ice VII, four other new peaks at ∼100, ∼140, ∼200,
and ∼3420 cm−1 were observed, coexisting with ice VII up
to 10.8 GPa [Fig. 1(a)]. To investigate the newly discovered
Raman vibration peak, powder XRD experiments were con-
ducted. Using a symmetric diamond-anvil cell, crystallization
and phase transitions of the 1.8 mol% CaCl2 solutions were
investigated by powder XRD in the pressure range from 2.6 to
58 GPa. The XRD patterns display diffraction peaks charac-
teristic of both gold (pressure marker) and ice VII at 2.6 GPa.
Additional peaks were observed that cannot be attributed to
any known crystalline phase in the H2O system [Fig. 1(b)].
The newly observed diffraction lines remain stable in the
pressure range from 2.6 to 10 GPa and disappear when the
pressure reaches 25 GPa [Fig. 1(b)]. After comparing these
new diffraction lines with those of the known CaCl2 phases,
we find that these new peaks cannot be indexed by any of
the known CaCl2 phases [48]. Using the refinement analysis
of Le Bail, all new diffraction peaks could be indexed with
the monoclinic unit-cell structure of β-CaCl2 · 4H2O reported
earlier [49] (see Fig. S1 in the Supplemental Material [50] for
the details of the refinement).

Compared with previous studies [51,52], our experimen-
tal results indicate that β-CaCl2 · 4H2O is more likely to
form at high pressure than at ambient pressure. This may
be attributed to the fact that β-CaCl2 · 4H2O has seven wa-
ter molecules surrounding the Ca atom, which is different
from the calcium chloride hydrates that are easily formed
under ambient pressure, such as CaCl2 · 2H2O, CaCl2 · 4H2O
(α,γ ), and CaCl2 · 6H2O, which have four water molecules
surrounding the Ca atom. Only under increasing pressure
does the number of water molecules surrounding Ca increase.
To further identify the Raman spectra of β-CaCl2 · 4H2O at
high pressures, the stretching vibrational modes of pure ice
VII (4.5 GPa) and ice VII with β-CaCl2 · 4H2O (4.4 GPa)
were deconvoluted into three and four peaks using a Lorentz
function, respectively [Fig. 2(a)]. The characteristic active
Raman modes A1g, Eg, and B1g are observed in pure ice
VII [53] [Fig. 2(a), lower panel]. Among the three modes,
the A1g mode (∼3220 cm−1) exhibits the highest intensity and
corresponds to the in-phase symmetric O-H stretching [53].
The antisymmetric O-H stretching mode is attributed to the
Eg mode (∼3330 cm−1), whereas the B1g mode (∼3400 cm−1)
is associated with the out-of-phase O-H stretching. The low
intensity of the B1g mode in comparison to the other two
modes makes its identification difficult. When compared with
pure ice VII, we found that β-CaCl2 · 4H2O has two new
stretching modes at ∼3400 and ∼3500 cm−1, which is consis-
tent with the findings in published literature [52]. The modes
at ∼3400 cm−1 of the β-CaCl2 · 4H2O overlap with the weak
peak of B1g of ice VII [Fig. 2(a), top panel].

However, when the pressure reaches 10 GPa, the iden-
tifiable XRD peaks associated with β-CaCl2 · 4H2O begin
to decrease in intensity [Fig. 1(b)], accompanied by the
disappearance of its Raman vibration modes at 10.8 GPa
[Fig. 1(a)]. Upon reaching 25 GPa, a significant observation
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FIG. 2. (a) O-H stretching region of the Raman spectrum of
pure ice VII and β-CaCl2 · 4H2O. The cyan solid line shows the
Lorentzian peak fit for signals of ice VII. A1g, E1g, and B1g peaks
of ice VII correspond to the pink, green, and blue solid lines, respec-
tively. The orange solid line shows the double Lorentzian peak fit for
signals of ice VII and β-CaCl2 · 4H2O. The vibration modes 1 and
2 of β-CaCl2 · 4H2O are depicted in red and fluorescent green lines,
respectively. The black and blue dotted lines represent our experi-
mental results of pure ice VII and ice VII with β-CaCl2 · 4H2O. (b)
O-H stretching region of the Raman spectrum of pure ice VII and
Cb VII. The green dotted lines represent our experimental result of
Cb VII. The gray solid line shows the double Lorentzian peak fit for
signals of ice VII and Cb VII. The vibration modes 1, 2, and 3 of Cb
VII are depicted by yellow, purple, and yellow lines, respectively.

was the absence of any x-ray diffraction peaks corresponding
to β-CaCl2 · 4H2O, with only the x-ray diffraction peaks of ice
VII and gold appearing in the pattern shown in Fig. 1(b). In ad-
dition, the high-energy high-pressure XRD diffraction spectra
could not index the phase of CaCl2. Therefore, we conclude
that the dissociation of β-CaCl2 · 4H2O starts at around 10
GPa and completes at 25 GPa, consistent with the results
from other salt hydrates that dissociate when subjected to high
pressure [54,55]. Unfortunately, the intensity of reflections
was insufficient for structure refinement of the transitional
dissociation of phase in β-CaCl2 · 4H2O.

B. The formation of CaCl2-bearing ice VII

Upon the dissociation of β-CaCl2 · 4H2O, a comparison
of the Raman peaks in the O-H stretching region between
the ice VII still present and the pure ice VII [at 12.3 GPa;
Fig. 2(b), lower panel] unveiled the presence of new modes at
12 GPa. These new modes were deconvoluted into three peaks
using Lorentzian peak shapes [Fig. 2(b), top panel]. In order
to understand the origin of these newly discovered vibration
modes, the O-H stretching frequency of ice VII, which had
been formed from the 1.8 mol% CaCl2 solutions, was thor-
oughly analyzed [Fig. 3(a)]. The O-H stretching frequency
of this ice VII was found to vary inversely with pressure;
that is, the O-H bond length increases with raising pressure
and the O-O distance in the O-H-O unit decreases [56,57].
The O-H stretching frequency of ice VII crystallized from

FIG. 3. (a) Evolution of �νOH (cm−1) as a function of pressure
for ice VII formed from a 1.8 mol% CaCl2 solution. Data from this
study are depicted in red solid circles. The open circles represent the
results of previous experiments [26]. The purple dashed line repre-
sents the pressure at which β-CaCl2 · 4H2O undergoes dissociation.
(b) P-V relations of CaCl2-bearing ice VII, NaCl-bearing ice VII, and
pure ice VII. Data from this study are depicted in red solid circles.
The red solid line shows the fitting results using the third-order
Birch-Murnaghan EoS in this study. The dashed lines represent the
results of previous experiments [10,26,59,60].

1.8 mol% CaCl2-H2O and that of pure H2O [26,58] is in
good agreement in the pressure range from 1 bar to 10 GPa
[Fig. 3(a)]. At pressures of 10–26 GPa, as β-CaCl2 · 4H2O
undergoes dissociation, the O-H stretching frequency of ice
VII crystallized from 1.8 mol% CaCl2-H2O exhibits a 10%
lower frequency compared to pure ice VII [26,58] [Fig. 3(a)].
We speculate that during the dissociation of β-CaCl2 · 4H2O,
the Ca2+ or Cl− ions might be incorporated into the structure
of ice VII, similarly to other salt ions, thus influencing the
O-H stretching frequency [26]. Although some CaCl2 may
not have fully dissolved into ice VII, its content is certainly
below the resolution of our experimental detection. The exper-
imental results, which demonstrate an elevated O-H stretching
frequency for NaCl [26] and a reduced frequency for CaCl2
[Fig. 3(a)], can be attributed to the abundance of Cl− ions.
This will be further explained in a following section.

The speculation of Ca2+ or Cl− ions incorporation in ice
VII is further supported by the pressure-volume (P-V) rela-
tions within the pressure range of 10–26 GPa, as depicted
in Fig. 3(b). It is evident that the volume of ice VII after
dissociation of β-CaCl2 · 4H2O deviates from that of pure ice
VII, while following the trend of NaCl-bearing ice VII studied
by Frank et al. [26]. The volume/pressure curve of ice VII
between 2 and 10 GPa agrees with that of previous studies
determined for pure ice VII [10,59,60] [Fig. 3(b)]. By utilizing
the third-order Birch-Murnaghan EoS, we fit our data for ice
VII formed from a CaCl2-bearing ice VII (Cb VII) within the
10–26 GPa pressure range and show a measurable depression
in unit-cell volume compared to pure ice VII [Fig. 3(b)]. The
values determined for the isothermal bulk modulus (KT 0), its
pressure derivative (KT ′ ), and the volume at zero pressure (V0)
in ice VII (1.8 mol% CaCl2) are 28.2 ± 0.3 GPa, 4.1 ± 0.1,
and 39.1 ± 0.1 Å3, respectively. This behavior resembles the
findings reported by Frank et al. [26] for NaCl-bearing ice
VII, where they observed values of KT 0 as 26.2 ± 1.4 GPa,
KT ′ as 4.08 ± 0.18, and V0 as 39.1 ± 0.2 Å3 [26]. Hence, in
the context of the dissociation process of β-CaCl2 · 4H2O, it
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FIG. 4. Illustrations of nine different CaCl2 configurations in ice
VII structure before ionic relaxation. Different color spheres in the
sites represent H (pink), Ca (blue), Cl (green), and O (red) atoms,
respectively.

is suggested that the Ca2+ and Cl− ions are incorporated in the
ice VII structure, leading to the formation of CaCl2-bearing
ice VII (Cb VII).

C. The chemical pressure effect of CaCl2 on ice

The incorporation of Ca2+ and Cl− ions resulted in a
reduction in the volume of the ice phase by approximately
3% compared with pure ice VII at pressures ranging from
10 to 26 GPa [Fig. 3(b)]. However, the volume of ice VII
increased after incorporating LiCl and MgCl2 as described
in other studies [25,31]. The volume reduction we observe in
the system H2O-CaCl2 can be interpreted as the effect of the
chemical pressure of ice due to the incorporation of CaCl2,
and is similar to the behavior of the system H2O-NaCl. This
phenomenon is potentially induced by the larger radii of Ca2+
and Na+ compared to Li+ and Mg2+, where the magnitude
of the chemical pressure depends on the radii of the cations
incorporated in intermolecular hydrogen bond networks. The
substitution of larger cations for a large quantity of water
molecules within the intermolecular hydrogen bond network
leads to the compression of the surrounding ice lattice.

To microscopically clarify chemical pressure through
CaCl2 incorporation in the crystal structure of ice, we carried
out ab initio simulations of supercells with 32 and 64 water
molecules of ice VII, where two to eight water molecules
were replaced with one Ca2+ and two Cl− ions as shown
in Fig. 4 (all structures presented in the figure were drawn
using VESTA [61]). These configurations were widely used in
the salt-bearing ice VII simulations [25,28,31]. In the nine
configurations, Ca2+ ions are located at sites with the six-
fold coordination (the surface center of bcc lattice). This is
because cations exhibit larger volume and higher coordina-
tion compared to water molecules, allowing them to typically

occupy the surface of the oxygen bcc sublattice in salt-bearing
ice [25,28,31]. On the other hand, anions have a similar vol-
ume to water molecules but possess a negative charge. As a
result, anions typically replace water molecules in the hydro-
gen bonding network. To consider the local charge of replace-
ments and computational cost, we constructed three different
configurations with different neighbor relationships between
Ca2+ and Cl− ions. Two nearest neighbor, next nearest neigh-
bor, and third neighbor water molecules were replaced with
two Cl− ions in configurations a, b and c, respectively, as
observed in the ice VII structure bearing MgCl2 [31].

As shown in Fig. 4, structures of Cb VII 30-a (b or c)
and Cb VII 62-a (b or c) were built in configurations a (b
or c) with 2×2×1 and 2×2×2 supercells, respectively. Due
to the larger radius of the Ca2+ ion compared to the Mg2+
ion, we induced defects of four water molecules and six water
molecules around the Ca2+ ion in the 2×2×2 supercells, as
illustrated in Cb VII 58-a (b) and Cb VII 56-c, respectively.
All nine configurations were predicted to exhibit slightly
positive formation enthalpies, decomposing into ice VII and
CaCl2 (Fig. S2 [50]). It is notable that positive formation
enthalpy in crystal defects is quite common. For instance,
the formation enthalpy of point defects in GaN is approx-
imately 80 meV/atom [62], which is of the same order of
magnitude as our research findings on Cb VII. Structures Cb
VII 58-a, 58-b, and 56-c, which were built with more defect
water molecules in the supercell, exhibited lower enthalpy
than structures Cb VII 30-a, 30-b, 30-c, 62-a, 62-b, and 62-c
(Fig. 4). As the initial structures could clarify the relative
position of Ca2+ and Cl− ions, we chose them to introduce our
configurations. The structures after optimization are shown
in the Supplemental Material (Fig. S3 [50]). As a result of
the large radius of Ca2+ ions, incorporation of CaCl2 into ice
VII will cause more defects in the intermolecular hydrogen
bond networks than in the case of MgCl2-bearing ice [31].
Therefore, the properties of Cb VII may be significantly dif-
ferent from pure ice VII due to chemical pressure induced
by the Ca2+ ions. Figure 5 illustrates the reduction of vol-
umes resulting from the inclusion of CaCl2 within each of the
modeled ice VII crystal configuration, as determined through
DFT calculations within the pressure range of 5–20 GPa. The
volume decrease exceeded 2.5% when the pressure exceeded
15 GPa in Cb VII 56-c, aligning closely with our experimental
results (3%; Fig. 5). Thus, we postulate that the new ice VII
that formed with the changed volume is Cb VII 56-c. In fact,
the 56-c configuration exhibits similar concentration to that in
experiment (1.8 mol%, 1:56 = 0.0179).

According to our XRD and DFT results, the volume of ice
VII [Fig. 3(b); 5] decreases as a result of larger amounts of
Ca2+ ions being incorporated into its structure. Intuitively,
one would expect the volume of the structure to increase
due to the larger ionic radii of Ca2+. However, the effect
on the intermolecular hydrogen bond networks counteracts
this expectation. This phenomenon we observe in Cb VII is
commonly known as chemical-pressure-induced volume re-
duction. This represents the first aspect of chemical pressure
induced by calcium chloride.

The findings of an earlier study indicate that the ion-
induced electric polarity has a greater quantity effect on the
volume of the ice structure over long distances, as opposed to
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FIG. 5. The percentage change in volume from ab initio calcu-
lations between each water molecule in the nine configurations and
each water molecule in ice VII under different pressures. The gray
dashed line represents the volume of ice VII from DFT calculations.
Different color solid circles represent the percentage increase in
calculated volume of Cb VII 30-a (blue), 30-b (cyan), 30-c (pink),
62-a (yellow), 62-b (orange), 62-c (purple), 58-a (black), 58-b (red),
and 56-c (green), respectively. The data of Cb VII 58-b overlaps with
the data of Cb VII 58-a.

the local geometric distortions arising from ion incorporation,
which would increase the volume [63]. Therefore, the electric
field generated by Cl− and Ca2+ ions is the major factor re-
sponsible for the decrease in volume of ice VII. Furthermore,
the changes in electric field caused by these ions affect the
nuclear quantum effects (NQEs) within the ice, ultimately
influencing the transition pressure from ice VII to ice X [63].
As previously described, the O-H covalent bond undergoes
elongation, and the distance of the H···O hydrogen bond ex-
periences shortening as pressure increases. This triggers the
conversion of ice VII to ice X, positioning the hydrogen atom
at the midpoint between the O atoms [11,64]. In pure ice,
NQEs play a crucial role by significantly lowering the phase
transition pressure points of ice VII-X. As the O-O distance
decreases with increasing pressure, the carrier population
between the two potential wells of the O-H···O coordinate
diminishes, while the proton tunneling frequency increases
(indicating the presence of NQEs that become enhanced with
increasing pressure). The presence of salt ions generates an
induced electric field, which limits the orientational freedom
of water molecules and influences NQEs, depending on their
proximity to the anions or cations of the salt [63]. This is
consistent with the findings in Bronstein et al. [27], where
LiCl/NaCl leads to an increase in the phase transition pressure
between ice VII and ice X. Essentially, this is attributed to
the induced electric field generated by the ions, which in
turn affects NQEs. However, the simulations in VASP did not
account for NQEs and further calculations involving NQEs
should be conducted in the future.

Bronstein et al. [27] established that the transition pressure
from ice VII to ice X is independent of the type or size of

FIG. 6. (a) Unit-cell volume of pure and salty ice at high pres-
sures and 298 K. Red solid circles represent our experimental result.
Green dashed circles: NaCl-bearing ice VII (Frank et al. [36]); purple
dashed circles: NaCl-bearing ice VII (Shi et al. [65]); orange circles:
pure ice (Hemley et al. [10]); pink circles: pure ice (Frank et al. [59]);
cyan circles: pure ice (Sugimura et al. [16]). The pink shade indicates
the pressure range for the dynamically disordered ice X′ estimated
from XRD measurements. (b) Evolution of the ice X-T2g mode on
compression above 47 GPa. The solid red line represents the EoS of
this study. The green dashed line represents the EoS of pure ice VII.

the cationic impurity (Li+ and Na+ ions) incorporated within
the ice VII structure. However, it also has been reported that
defects caused by impurities with different polarity could in-
fluence proton order, leading to a change of the phase diagram
of ice [24]. In particular, it has been speculated that the emer-
gence of the ice X signal, as evident in the change of the slope
of O-H stretching band frequency as a function of pressure,
could be caused by the defects of anions (Cl− ions), which
display different polarity compared to the water molecule. In
Cb VII, the larger quantity of Cl− ions present is anticipated
to result in a different O-H stretching behavior compared
to that in NaCl-bearing and LiCl-bearing ice VII. Previous
studies by Frank et al. [26] further support this finding, with
Fig. 3(a) illustrating a different (qualitatively opposite) effect
of 1.8 mol% NaCl and 1.8 mol% CaCl2 on the O-H stretching
in ice VII compared to pure ice VII. As a result, the presence
of Cl− within the bcc site of ice VII is anticipated to trigger
rotation in the surrounding water molecules, orienting the
hydrogens towards the Cl− ion to influence the proton order
of ice, and thus change the phase diagram. Specifically, in Cb
VII, Cl− ions impact its quantum effects, altering the transi-
tion pressure from ice VII to ice X, and exhibiting chemical
pressure of the water molecule network. This represents the
second aspect of chemical pressure induced by CaCl2.

Research indicates that the transition from ice VII to ice X
in pure ice occurs in stages, involving compressible dynami-
cally disordered ice VII (ice VII′), disordered ice X (ice X′),
and ultimately ice X [11,16]. This transition from ice VII′ to
ice X′ can be well determined by the decrease in bulk modulus
for both pure and salt-bearing ice [11,58,65]. Figure 6(a)
presents the volume of Cb VII from our experiment performed
in the pressure range from 10 to 60 GPa (the formation of Cb
VII), while also displaying a comparative analysis of previous
measurements on pure ice VII [4,10,16,59] and NaCl-bearing
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ice VII (1.9 mol% NaCl) [65,66]. We observed that the vol-
ume of Cb VII has a 3% decrease compared to pure ice VII
except for an anomaly detected at 26 and 45 GPa [Fig. 6(a)].
This anomaly shows a 3% volume increase compared to Cb
VII at 10–26 GPa and 45–60 GPa. The volume increase within
this pressure range contributes to the decrease in bulk mod-
ulus, consistent with the decrease caused by the transition
from ice VII′ to ice X′. Therefore, we attribute this change
to the transition from a dynamically disordered state of ice
VII′ to ice X′ [11,58,65]. In pure ice VII, Sugimura et al. [16]
reported that the pressure at which the transition from ice VII
to dynamically disordered ice VII′ occurs is about 40 GPa.
Méndez et al. [11] argue that the transition of ice VII to ice
VII′ and ice X′ occours at 35–55 GPa by conducting quasi-
continuous synchrotron time-resolved XRD experiments. In
comparison, our results indicate that the inclusion of Ca2+
and Cl− ions results in a decrease of approximately 5–10 GPa
for the transition pressure from ice VII′ to ice X′ for Cb
VII [11,16,19,67]. Therefore, the findings from our XRD
experiment validate the hypothesis of the chemical pressure
effect exerted by 1.8 mol% CaCl2 on ice.

Our Raman-scattering experiments provide further confir-
mation of this finding, indicating that the presence of Ca2+
and Cl− ions promotes the transition of ice VII to ice X at
lower pressures. Figure 6(b) demonstrates the detection of a
single O-O vibrational mode with T2g symmetry at 52 GPa,
which is widely used to identify the transition from ice VII
to the cuprite-type structure of ice X [18,68]. The transition
pressure for the detection of T2g in this study was found to
be 30 GPa lower than the findings of Goncharov et al. [68]
who reported the presence of T2g in pure ice X at 80 GPa. This
transition pressure is lower than that of LiCl and NaCl-bearing
ice VII. The transition pressure from phase ice VII to phase
ice X increases to 100–150 GPa with the incorporation of
1.9–7.7 mol% Li/NaCl into ice VII [27,28]. As we previously
speculated, this difference may be contributed to the chemical
pressure caused by 1.8 mol% CaCl2. The surface of Europa
may have 4 mol% Ca, according to earlier studies, as it has
at least 10 mol% Na2SO4, Na/K, and Ca/K ratios of 30 and
6, respectively. Consequently, it can be said that CaCl2 from
the icy planets may be able to cause chemical pressure on ice
VII [69,70].

To further understand this observation, we examined the
radial distribution function (RDF) of OH in pure ice VII and
that of Cb VII at 30 GPa, which was calculated from ab
initio molecular dynamics as shown in Fig. 7. At 30 GPa,
in ice VII, the RDF of the OH bond shows two peaks that
denote two different bond lengths (Fig. 7), corresponding
to short covalent O-H bonds (around 1 Å) and long hydro-
gen O· · ·H bonds (around 1.6 Å). With increasing pressure,
the covalent O-H bonds become longer and the hydrogen
O· · ·H bonds become shorter. Finally, the two peaks of the
RDF broaden significantly and merge into the single one when
ice X forms. At the same pressure, the covalent O-H bonds are
essentially as long in pure ice as in Cb VII, but the distribution
(peak width) is larger with a tail towards longer values in
Cb VII 56-c. The hydrogen O· · ·H bonds are longer in pure
ice VII (Fig. 7). The same trend is observed in calculations
conducted at 20 GPa (Fig. S4 [50]). These results indicated
that symmetrization of hydrogen bonds could emerge in Cb

FIG. 7. Radial distribution function g(r) of the distance OH be-
low the transition (in phase VII at approximately 30 GPa) in pure
ice VII (in red) [63] and in CaCl2-bearing ice VII (in blue), obtained
from quantum thermal bath molecular dynamics. The dotted lines
indicate the average OH covalent bond length, while the dashed lines
indicate the average O· · ·H hydrogen bond length.

VII at lower pressure than that in pure ice VII. There is a
difference between the phenomenon of lowering the pres-
sure point of hydrogen bond symmetrization in Cb VII and
LiCl/NaCl-bearing ice VII. The widths of the peaks in the OH
RDF for covalent O-H bonds and hydrogen O···H bonds in
LiCl/NaCl-bearing ice VII are comparatively narrower than
those in pure ice, which hinders the phase transition from ice
VII to ice X [29,30]. This contradicts Cb VII calculations
that indicated wider peaks in the RDF compared to pure ice
(Fig. 7). This observation may explain why Cb VII observed
a volume anomaly at 26–45 GPa compared to pure ice VII,
while NaCl-bearing ice VII observed a volume anomaly at
40–60 GPa [65] [Fig. 6(a)].

Therefore, the presence of CaCl2 in ice VII may play a
pivotal role in facilitating the transition from ice VII to ice X,
due to the chemical pressure it exerts on the ice. Ice X may
serve as an indicator of the imminent superionic phase emerg-
ing at higher pressures, yielding profound implications for
our comprehension of dense matter and the inner workings of
planetary structures. We think that the ionic impurity causing
chemical pressure affects the high-pressure ice phase diagram
strongly and thus demands further systematic investigation.

IV. CONCLUSIONS

This study investigates the effects of CaCl2 on the structure
of ice VII using high-pressure experimental and ab initio sim-
ulation techniques. Our results demonstrate that the structure
of ice VII can incorporate 1.8 mol% CaCl2 at pressures above
10 GPa, resulting in the formation of CaCl2-bearing ice VII
(Cb VII) with properties significantly different from those
of pure ice VII. Specifically, Cb VII displays a lower O-H
stretching frequency and a reduced volume of the crystal unit
cell. Based on our DFT computations, different configurations
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of Cb VII were modeled. The volume of Cb VII displays an
anomaly within the pressure range of 26–45 GPa and Raman
scattering reveals the presence of ice X−T2g at 52 GPa, sug-
gesting the chemical pressure effects originating from CaCl2
affect the transition from ice VII to ice X. This is in contrast
to NaCl/LiCl-bearing ice VII, which drives the transition from
ice VII to ice X to higher pressures (100–150 GPa). This
remarkable phenomenon highlights the unique influence of
CaCl2 on the phase diagram of water ice under high pressure.
In this paper, we unveil the chemical pressure effect of biva-
lent chloride on the phase transition between ice VII and ice
X, and it can potentially help to understand the composition,
structure, and evolution of planets.

The dataset from this experimental work can be accessed
at [71].
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