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ABSTRACT 

Ice-VII is a high-pressure polymorph of H2O ice and an important mineral widely present 

in many planetary environments, such as in the interiors of large icy planetary bodies, 

within some cold subducted slabs, and in diamonds of deep origin as mineral inclusions. 

However, its stability at high pressures and high temperatures and thermoelastic properties 

are still under debate. In this study, we synthesized ice-VII single crystals in externally-

heated diamond anvil cells and conducted single-crystal X-ray diffraction experiments up 

to 78 GPa and 1000 K to revisit the high-pressure and high-temperature phase stability and 

thermoelastic properties of ice-VII. No obvious unit-cell volume discontinuity or strain 

anomaly of the high-pressure ice was observed up to the highest achieved pressures and 

temperatures. The volume-pressure-temperature data were fit to a high-temperature Birch-

Murnaghan equation of state formalism, yielding bulk modulus KT0 = 21.0(4) GPa, its first 

pressure derivative KT0ʹ = 4.45(6), dK/dT = -0.009(4) GPa/K, and thermal expansion 

relation aT = 15(5)´10-5+15(8)´10-8´(T-300) K-1. The determined phase stability and 

thermoelastic properties of ice-VII can be used to model the inner structure of icy cosmic 

bodies. Combined with the thermoelastic properties of diamonds, we can reconstruct the 

isomeke P-T paths of ice-VII inclusions in diamond from depth, offering clues on the 

water-rich regions in Earth’s deep mantle and the formation environments of those 

diamonds.  

Key words : high-pressure ice, diamond anvil cell, thermal equation of state, icy planetary 

bodies, ice-VII diamond inclusions  
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INTRODCUTION 

H2O is an essential component for life in our habitable planet and is widely present 

in a large variety of planetary environments in our Solar System. It has a rich and intriguing 

phase diagram with at least 18 phases found to date (Futera et al., 2020), due to the co-

existence of covalent and hydrogen bonding. The physics of high-pressure ices has 

attracted great interest from the perspective of condensed matter physics (Prakapenka et 

al., 2021; Sugimura et al., 2008). The physical properties of H2O phases, as liquids or 

solids, are vital for modeling the internal structure of the icy satellites such as Jovian 

satellites Europa, Ganymede, Callisto (Kuskov and Kronrod, 2001; Sohl et al., 2002), 

Saturn’s satellite Titan (Tobie et al., 2005), and H2O-rich exo-planets (Seager et al., 2007).  

Ice-VII is a high-pressure polymorph of H2O ice with a wide pressure stability field 

above 2.1 GPa at room temperature, which is therefore proposed to be present inside many 

icy planets and satellites (Huang et al., 2021; Poirier et al., 1981; Seager et al., 2007). Ice-

VII was also suggested to exist in some cold slabs subducted to the deep Earth, which 

would contribute to the cycling of water in deep Earth and the occurrences of  seismic 

activities at slab-mantle interfaces (Bina and Navrotsky, 2000). Recently, ice-VII was 

identified as a mineral after its discovery as inclusions of superdeep diamonds (Tschauner 

et al., 2018). This finding indicates that H2O phases/fluid such as ice-VII may exist as an 

independent phase in local water-rich regions in the deep Earth, and their thermoelastic 

properties would be essential to constrain the entrapment pressure or depth at which those 

superdeep diamonds were formed (Tschauner et al., 2018). Therefore, the high pressure-

temperature (P-T) properties of ice-VII are needed for modeling the internal structure, 
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evolution, and dynamics of icy planetary bodies and for understanding the water cycle of 

the Earth.  

The ice-VII was first reported in 1937 (Bridgman 1937) and its bcc-type O 

framework structure was determined by powder X-ray diffraction (XRD) method in 1964 

(Kamb & Davis 1964). Its high-pressure structural behavior has been investigated by 

powder and single-crystal XRD as well as Neutron diffraction at ambient temperature 

(Guthrie et al., 2013; Hemley et al., 1987; Loubeyre et al., 1999). The crystal structure of 

Ice-VII consists of two interpenetrating, but not interconnecting anti-cristobalite sublattice 

shifted by (0.125, 0.125, 0.125) relative to each other. In ice-VII, each O atom is 

tetrahedrally linked to four nearest neighbor O atoms by hydrogen bonds (with two 

accepted O-H…O and two donated O…H-O bonds), and the hydrogen occupancy is 

disordered subject to the ice rules (Kamb and Davis, 1964) (Figure 1). Besides ice-VII, 

there are two other high-pressure ices called ice VIII and ice X. These three high-pressure 

ices share a similar bcc-type O frame structure. Ice VIII can be obtained from the cooling 

of ice-VII to below 293 K (Brown and Whalley, 1966; Kuhs et al., 1984). It has ordered 

hydrogen occupancy compared with ice-VII, which results in the elongation of the c-axis, 

changing its symmetry from cubic to tetragonal. Ice-VII is observed to gradually transform 

into ice X at high pressures (Aoki et al., 1996; Goncharov et al., 1999; Grande et al., 2022; 

Li et al., 2019; Meier et al., 2018; Shi et al., 2021; Song et al., 1999; Sugimura et al., 2008). 

The transition from ice-VII to ice X is a process called “hydrogen bond symmetrization”, 

in which the O-H…O hydrogen bond transforms into a symmetric O-H-O bond. In contrast 

to ice-VII, the hydrogen in ice X becomes equidistant between the neighboring O atoms 
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and the basic building block is no longer H2O molecule, making ice X at least partially 

ionic.  

The transition from ice-VII to dynamically disordered ice VII (ice VII’) and then 

to ice X was proposed by Raman, Infrared (IR), Nuclear magnetic resonance (NMR), 

Brillouin studies and first principle calculations (Aoki et al., 1996; Goncharov et al., 1999; 

Grande et al., 2022; Li et al., 2019; Meier et al., 2018; Shi et al., 2021; Song et al., 1999). 

However, the transition pressures are not consistent in these studies ranging from 31 to 75 

GPa. Whether the transition from ice-VII to ice X can be observed by XRD also remains 

controversial (Asahara et al., 2010; Hemley et al., 1987; Sugimura et al., 2008; Wolanin et 

al., 1997). The XRD patterns of ice-VII and ice X are similar and volume discontinuity 

caused by this transition was not observed in some previous XRD results (Hemley et al., 

1987; Wolanin et al., 1997) while in some other studies, an abnormal volume reduction 

was reported at 40-60 GPa (Asahara et al., 2010; Sugimura et al., 2008). A phase change 

from cubic to tetragonal structure of ice-VII was also reported in the range of 5.1 - 14 GPa 

as indicated by the splitting of (110) peaks in Somayazulu et al. (2008), (110), (200), (211) 

and (220) peaks in Kadobayashi et al. (2014) and (200) peak in Grande et al. (2022), 

respectively. In addition, Guthrie et al. (2013) found a kink in the ratio of the intensity of 

(220)/(110) peaks of ice-VII at 13 GPa using powder neutron diffraction, suggesting an 

interstitial proton model above 13 GPa. Iitaka et al. (2015) re-examined their model by 

theoretical calculation and X-ray Raman Spectroscopy (XRS) and argues that the model 

cannot explain their XRS results of ice-VII above 13 GPa.   

The high P-T compressional behavior of ice-VII were only investigated using 

powder XRD method. Previous works have determined its thermal equation of state (EoS) 
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up to 60 GPa and 850 K (Bezacier et al., 2014; Fei et al., 1993; Frank et al., 2004; Sugimura 

et al., 2010). These P-V-T data were further used to calculate the melting curve of ice-VII 

through relations of equilibrium thermodynamics, and to examine the existing EoS of fluid 

H2O (Fei et al., 1993; Frank et al., 2004; Sugimura et al., 2010).  Due to the difficulty of 

growing single crystal of ice-VII in the diamond anvil cell, there are barely any high P-T 

single-crystal XRD studies on ice-VII. In this study, we synthesized single crystal ice-VII 

without obvious lattice stress using externally-heated diamond anvil cell (EHDAC). This 

allows us to carry out synchrotron-based single-crystal XRD experiments combined with 

EHDAC to obtain the crystal structure information of ice-VII at high P-T conditions as 

well as its thermal EoS up to the highest pressure of 78 GPa and the highest temperature 

of 1000 K. 

 

METHODS 

Two BX90 DACs with 300 μm-culet standard cut diamond anvils were used for the 

synthesis of ice-VII and single-crystal XRD experiments at high P-T conditions (Kantor et 

al., 2012). For each cell, two 60° opening tungsten carbide seats were used. A lab-

fabricated heater using Pt-10wt.%Rh (0.01'') wires as the heating wires was utilized in the 

EHDAC (Lai et al., 2020). One K-type thermocouple (Chromega-Alomega 0.005'') was 

mounted near the diamond culet and in touch with the downstream diamond to measure 

the temperature. The rhenium gasket was pre-indented to a thickness of ~40 μm and a 

sample chamber of 120 μm in diameter was drilled by laser micro-drilling machine. A drop 

of deionized water (ultra-filtered, Fisher Scientific), two small ruby spheres as pressure 

calibrants during the single crystal synthesis (Mao et al., 1986), and a piece of gold foil as 
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the primary pressure scale in XRD experiments (Fei et al., 2007), were loaded in the sample 

chamber. Pressure calibration at high temperature used thermal EoS of gold (Fei et al., 

2007), which relies on the temperature determination, so the uncertainty of temperature 

and the EoS parameters will also propagate to the pressure uncertainty. 

The samples were compressed to above 2.1 GPa at room temperature and then Ice-

VII single crystals were synthesized through several cycles of heating and cooling using 

EHDACs (Lai et al., 2020). The diameter of the synthesized single crystal ice-VII is about 

100 µm (Figure S1). Single-crystal XRD characterizations of the synthesized ice-VII and 

the high P-T experiments were conducted at beamline 13-BMD, the Advanced Photon 

Source (APS), Argonne National Lab. The typical size of the focused monochromatic X-

ray beam (l = 0. 3344 Å or 0. 2952 Å) was 4´8 μm2. Pilatus 1M and Perkin Elmer flat 

panel detectors were used to collect the diffraction patterns. The X-ray accessible opening 

angles of the DACs were 39º and 40º for run-1 and run-2, respectively. Step scans were 

collected at 0.5 °/step and the exposure time per step was 5s. The investigated range of 

pressure was 3.5 to 78.2 GPa and the range of the temperature was 300 K to 1000 K. 

Temperature was controlled by modulating the voltage applied to the resistive heater. It 

took about 30 mins in total for each data point including the time for increasing and 

stabilizing temperature as well as for data collection. To protect diamond anvils and 

EHDAC components from oxidization and to reduce heat loss to the open air at high 

temperatures, a vacuum enclosure with cooling water was used for the experiments after 

the XRD characterization of ice-VII at 3.5 GPa and eventually heated the sample up to 

1000 K in run-2. 
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To analyze the synchrotron-based single-crystal XRD data, we utilized the ATREX 

software package (Dera et al., 2013) and Olex2 software (Dolomanov et al., 2009). Step 

scans were also merged into one XRD pattern, integrated by DIOPTAS software (Prescher 

and Prakapenka, 2015). Lattice parameters were refined by PDindexer software (Seto, 

2010). The P-V-T data were fitted by the EoSFit7-GUI program (Gonzalez-Platas et al., 

2016). The isomeke P-T paths of ice-VII in diamonds were calculated by the EoSFit7Pinc 

program (Angel et al., 2017). 

 

RESULTS AND DISCUSSION 

Crystal structure and phase stability of ice-VII 

Previous studies mostly synthesized ice-VII by cold compression of water. Through 

the solid-solid transition from ice VI to ice-VII, the synthesized ice-VII is typically powder 

or polycrystalline. In this study, the synthesized large ice-VII single crystals which grew 

from the melt, have little lattice stress as indicated by the sharp Bragg diffraction peaks in 

synchrotron-based single-crystal XRD images (Figure 2a, S2, S3). The available XRD data 

are indexed and consistent with Pn3 m special extinctions, indicating that the synthesized 

Ice-VII adopts a cubic lattice with space group Pn3 m (Z = 2), with unit cell parameters a 

= b = c = 3.2510(10) Å at 5.5 GPa and 300 K in run-1 and a = b = c = 3.3046(5) Å at 3.5 

GPa in run-2 . In run-1, the vector along DAC axis is determined to be (-0.105, 0.995, 0), 

indicating that the synthesized Ice-VII single crystal was oriented nearly parallel to the 

crystal axis [010]/b axis with some tilt towards a axis along the X-ray beam. With a DAC 

of 39° opening angle, only one reciprocal plane was observed and for the observed index 

of peaks, k is always 0 (Figure 2). In run-2, the vector along DAC axis is (0.943, -0.199, 
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0.265). Because hydrogen atoms scatter X-ray very weakly at the energy used in the 

experiment and the DAC opening angle was limited, we couldn’t reliably refine the 

position of the hydrogen atoms in the crystal structure and only oxygen was included for 

structure refinement. For those two data points at starting pressures (5.5 GPa in run-1 and 

3.5 GPa in run-2), 21 and 20 reflections were refined, respectively, which give the R_int 

factor 13.28% and 7.3%. The refinements of 7 out of 21 and 8 out of 20 reflections gives 

R1 factor 6.3% and 6.69%, respectively, suggesting the structure is consistent with the 

cubic ice-VII (CIF in deposit materials).    

The XRD patterns of the high-quality single crystal became smeared after 

compression and heating due to quasi-hydrostatically conditions in DAC. The number of 

peaks also become insufficient for crystal structure refinement at higher P-T conditions. 

Therefore, the crystal structure refinement was reported up to 47.2 GPa, 700 K in run-1 

(Figure 2b). In run-2, only the data at 3.5 GPa were refined, mainly due to the installation 

of a vacuum enclosure above that pressure, whose SiO2 glass window affects the intensity 

of XRD peaks. However, as shown in Figure 3, the peaks of the integrated single-crystal 

XRD remain sharp and can be used to determine the unit-cell parameters with small 

uncertainties.  

Peak splitting or broadening can be used to detect small structural distortion from 

cubic prototype to lower-symmetry structures. For powder XRD, however, whether a peak 

splitting or broadening is due to structural change or non-hydrostatic stress is sometimes 

difficult to be distinguished. The single crystal XRD method can distinguish the peaks of 

degenerated d-spacing such as (200) and (002). Thus, if the structural change results in 

peak splitting/broadening, the d spacing of these two single crystal spots would deviate; 
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conversely if the non-hydrostatic stress causes peak splitting/broadening, both single-

crystal spots would broaden and their d spacing will remain the same. In this study, no 

splitting of (110), (200), (211) peaks, as mentioned in previous powder and single-crystal 

XRD measurements (Grande et al., 2022; Kadobayashi et al., 2014; Somayazulu et al., 

2008), was observed from our XRD data up to 78.2 GPa, 700 K in run-1 and 31.4 GPa, 

1000 K in run-2 (Figure 3). We also calculated the strain tensors ε11 and ε33 of a and c 

axes at 300 K, assuming the indexed (200) & (-200) reflection correspond to the a axis/ε11, 

and (002) & (00-2) correspond to the c axis/ε33. The reference axial length of the ideal 

cubic structure was obtained from the average volume calculated using d spacing of these 

peaks. Up to the highest pressure that we have reached, no obvious change of strain was 

observed, which means that there is no clear indication for a non-cubic metric from these 

two axes (Figure S4). However, the information of b axis is missing from our data due to 

the orientation of the synthesized ice-VII crystal, which prevented us from obtaining 

information on ε22 and to search potential peak splitting between b and a/c axis. At present, 

a phase transition from cubic to tetragonal structure was not observed based on our data, 

but the possibility of this transition cannot be ruled out due to the missing axis. We didn’t 

observe the kink of the ratio of intensity of (220)/(110) peaks which indicates the interstitial 

proton model above 13 GPa by Guthrie et al. (2013). Our single-crystal XRD patterns show 

no obvious evidence for the transition from ice-VII to ice X. This is because Ice-VII and 

ice X have similar bcc-type oxygen arrangement and their difference are the hydrogen 

positions. Since hydrogen scatters X-ray weakly, XRD patterns of ice-VII and ice-X are 

difficult to be distinguished, while Raman, IR, NMR methods and theoretical calculation 
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may have better resolution to detect this transition. (Aoki et al., 1996; Goncharov et al., 

1999; Grande et al., 2022; Meier et al., 2018; Shi et al., 2021).   

In run-2, the ice-VII sample was detected to be molten at 10.9 GPa and 12.5 GPa, 

900 K, as indicated by the absence of all single-crystal diffraction peaks (Figure 2c). The 

diffraction peaks reappeared at 14.6 GPa, 900 K. The melting point was thus bracketed at 

13.6(10) GPa and 900 K. In addition, the diffraction peaks of ice-VII remained at 24.2 GPa, 

1000 K (decompression point) and 31.4 GPa, 1000 K, which further constrain the melting 

curve (Figure 2d and 4). Due to the fast graphitization of diamond anvils at high 

temperature, we cannot directly measure the melting point at > 20 GPa. Compared with 

previous studies on melting curve of ice-VII, our results are consistent with the melting 

curve by Schwager et al. (2004), which is the highest among all the melting curves reported 

in previous studies. The relatively high melting curve of ice-VII would potentially cross 

the geotherm of some cold water-rich exoplanets and cold subducted slabs in deep Earth 

(Bina and Navrotsky, 2000), supporting the idea of finding ice-VII in the interior of icy 

cosmic bodies and the Earth.  

Isothermal equation of state at 300 K 

The refined unit-cell parameters of high-pressure ice at 300 K show no obvious 

volume discontinuity caused by the presumed ice-VII to ice X transition up to the highest 

pressure investigated, probably due to the subtle and gradual nature of these transition 

(Figure 5a). Normalized stress (FE) as a function of the Eulerian finite strain (fE) (F-f plot) 

is plotted in Figure 5b, where fE=[(V/V0)-2/3-1]/2 and FE= P/[3fE(1+2fE)5/2] and the EoS can 

be simplified as FE =K0+3K0/2(K0’-4)fE, neglecting the high order terms (Angel, 2000). 

Fixed V0 = 40.86 Å3 and fitted V0 = 41.58 Å3 were used to calculate the F-f plot to see if 



Revision	1	

	 12	

there are any subtle changes (Figure 5b and S6). The F-f plot also shows no obvious 

discontinuity over the entire pressure range. In addition, F-f plot can also be used to verify 

which order of the B-M EoS is sufficient to satisfactorily represent the compression 

behavior of the sample (Angel, 2000). The quasi-linear F-f relationship and the fitted slope 

close to 3K0(K’-4)/2 suggest the adequacy of using the third-order B-M EoS and the 

positive slope indicates K0’ > 4 (Figure 5b).  

Since there are no indications of discontinuity from our P-V data and F-f plot, it is 

reasonable to fit the P-V data at 300 K up to 78.2 GPa by single third-order Birch-

Murnaghan Equation of State (B-M EoS) and Vinet Equation of State (Vinet EoS). The 

fittings are weighted by the uncertainties in both pressure and volume (Figure 5a, Table 1). 

Since ice-VII is not quenchable at ambient pressure, the zero-pressure volume V0 of ice-

VII has no physical meaning and is less constrained, which only serves as a reference 

parameter to reproduce the volumes at high pressure. From previous studies, V0 of ice-VII 

varies in the fitting of B-M EoS and Vinet EoS (~12.3 cm3/mol for B-M EoS and ~14.52 

cm3/mol for Vinet EoS except for two giving ~12.1 and ~12.8 cm3/mol), and sometimes 

was fixed for comparison (Bezacier et al., 2014; Fei et al., 1993; Frank et al., 2004; Grande 

et al., 2022; Hemley et al., 1987; Loubeyre et al., 1999; Somayazulu et al., 2008; Sugimura 

et al., 2008; Wolanin et al., 1997). Here, to fulfill the purpose of better reproducing data 

and comparing with other studies, we reported EoS parameters by both fitting and fixing 

zero-pressure volume(Table 1). We also employed a modified third-order B-M EoS to fit 

the data using (PR, VR) at 3.5 GPa instead of (P0, V0) as the starting point.  
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where PR is the pressure of the reference point, VR, KR and K’R are the volume, bulk 

modulus and its pressure derivative of reference point.  

The fitting parameters obtained from B-M EoS at room temperature in our study 

are close to those in previous studies (Table 1, Figure 5a). It is noted that the fitting of  

Bezacier et al. (2014) deviates from other studies at the high-pressure end because their 

data coverage are below 10.1 GPa and second-order B-M EoS is used for high-pressure 

extrapolation. When fitting our data using Vinet EoS with a fixed volume of ~14.52 

cm3/mol, we found that the data at 3.5 GPa is below the fitting curve (Figure S5). The 

fitting quality is improved when the V0 was fitted. The fitted V0 is close to those reported 

by Wolanin et al. (1997) and Grande et al. (2022) and the K0 and K0’ agree well with 

Wolanin et al. (1997). In all, the B-M EoS with fixed and fitted V0, Vinet EoS with fitted 

V0, and modified third-order B-M EoS all give similar and good fitting results to our data 

(Figure S5).  

Thermal equation of state of ice-VII 

K0, K0’ and V0 were obtained by fitting 300 K data to a third-order B-M EoS as 

described above. In order to obtain the thermal expansion aT and dK/dT, high P-T data at 

400K, 500K, 600K, 700K, 800K, 900K and 1000K were together fitted by a high-

temperature Birch-Murnaghan EoS (Berman, 1988) (Figure 6). Assuming that dK/dT is 

constant through the fitted temperature ranges, KT0 and KT0’ can be described as: 

KT0 = K0 + dK/dT ´ (T-300)            (2) 

KT0’ = K0’            (3) 
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and the temperature dependence of volume can be expressed by the empirical polynomial 

equation (Berman, 1988) as: 

VT0 = V0(1 + a0(T - 300) + 	+
$
a1(T - 300)2 )             (4) 

Taking the first derivative of the Equation (3) gives the thermal expansion coefficient aT = 

a0+a1(T-300) by approximation. The fit to the P-V-T data (Table S1) gives dK/dT = -

0.009(4) GPa/K and thermal expansion aT = 15(5)´10-5+15(8)´10-8´(T-300) K-1.  

It is difficult to compare the parameters of thermal EoS because several different 

thermal EoSs were used in previous studies (Table 1). Thus, we plot the original data from 

previous studies for comparison (Figure 6). For showing temperatures in different studies, 

a continuous colored scale was used. From the color consistency, the high-temperature data 

and fitted thermal EoS from our study are overall in good agreement with the ones in other 

studies. High-temperature volumes relative to the volume at 300 K are plotted in the inset 

of Figure 6, and the pressure residuals of the fitting was plotted in Figure 6, which both 

show that our experimental data are well reproduced by the fitted thermal EoS. The 

pressure and temperature range of the thermal EoS in this study are extended compared 

with previous studies, especially for the temperature points higher than 800 K, due to the 

usage of vacuum enclosure on EHDAC. The wider temperature and pressure coverage will 

provide better constraints on thermal expansion and elasticity for calculation and modeling.    

 

GEOPHYSICAL IMPLICATIONS  

Ice-VII phase may be present in various planetary environments, especially in the 

interiors of icy planets or satellites. The ice shell of these planets or satellites, if reaching a 

pressure higher than 2.1 GPa, will stabilize ice-VII (temperature > ~293 K) or ice VIII 
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(temperature < ~293 K) as its major phase. Therefore, ice-VII was proposed to widely exist 

in icy bodies such as Titan, Gliese 436b and GJ1214b whose sizes are relatively large. 

Ganymede has a ~800-900 km icy shell and the boundary pressure of icy shell and mantle 

is around 1.7-2.2 GPa depending on the model (Kronrod and Kuskov, 2006; Kuskov and 

Kronrod, 2001); therefore whether or not a thin ice-VII layer can exist is still unclear. 

Modelling the internal structures of these icy bodies requires the density data of the phases 

in each layer to fit the moment of inertia, and the pressure-density data of high-pressure 

ices like ice-VII are essential for the modelling, especially for those larger icy bodies. For 

example, the homogeneous model of Ganymede and Titan in earlier study used the EoS of 

ice-VII (Lupo, 1982). It is noted that the internal temperatures of these icy bodies are highly 

uncertain, e.g., the highest temperature of Ganymede was estimated around 300 K in Lupo 

(1982)’s study while in Kronrod and Kuskov (2006)’s study the temperature at ice-silicate 

boundary was around 800 K. Therefore, the thermal EoS determined in this study could 

provide better constraints for those different models.  

Ice-VII is a newly named mineral after its discovery in superdeep diamond 

inclusions (Tschauner et al., 2018). Ice-VII inclusions, although rare, provide direct 

evidence of the depths that deep water cycle can reach and the formation environment of 

host diamonds. The thermal EoS of ice-VII reported in this study, together with the thermal 

EoS of H2O fluid and diamond, are the key parameters for the determination of the 

originated depth and temperature of the ice-VII inclusions of diamonds originated from the 

deep mantle (Tschauner et al., 2018; Wang et al., 2021). We recalculated the isomeke P-T 

paths of superdeep diamond GRR1507 and M5766 reported by Tschauner et al. (2018) 

utilizing the thermal EoS parameters of ice-VII and diamond from this study and Angel et 
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al. (2015), respectively. The remanent pressures of ice-VII inclusions for calculation were 

7.9 GPa and 9.2 GPa for GRR1507 and M5766, respectively. The calculated P-T paths 

mostly fall in the range of the P-T paths by Wang et al. (2021) based on first-principle 

calculation, with a slightly steeper slope (Figure 7). It indicates that the thermoelastic 

parameters by this study and the theoretical calculation are consistent with each other and 

those parameters can be used for the calculation of entrapment pressure of H2O in 

superdeep diamond. 

The discovery of ice-VII also makes it a potential mineral phase in the deep mantle. 

Since pure H2O can easily react with dry silicates to form hydrous phases, ice-VII is not 

likely to be a global water host in the mantle. It could only be stabilized within extremely 

water-rich regions, such as the several dehydration zones of the coldest slabs. The seismic 

anomaly induced by ice-VII, if any, would thus be interfered by the presence of the 

complex mineral and fluid products from dehydration and is not likely to be visible during 

the seismic detection. 
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FIGURE CAPTIONS 

Figure 1 Crystal structure of ice-VII. Red spheres represent oxygen atoms, pink spheres 

represent hydrogen atoms and dashed lines represent hydrogen bonds. The solid cube 

presents the unit cell boundary of ice-VII (space group Pn3 m, Z = 2). Some atoms in the 

unit cell were hided to show a clear configuration of two interpenetrating, but not 

interconnecting anti-cristobalite sublattice. The arrangements of hydrogen is illustrated 

obeying the ice rule. 

 

Figure 2. Representative XRD patterns of ice-VII and H2O fluid at high pressures 

and(or) high temperatures. (a) Single-crystal XRD patterns of ice-VII at 5.5 GPa and 

300 K in run-1. Inset: enlargement of (00-2) and (10-1) peaks. (b) Single-crystal XRD 

patterns of ice-VII at 50.4 GPa and 700 K in run-1. Inset: enlargement of (00-2) and (10-

1) peaks. (c) XRD patterns at 12.5 GPa and 900 K in run-2. Single-crystal diffraction 

peaks of ice-VII disappeared due to the melting. (d) Single-crystal XRD patterns of ice-

VII at 31.4 GPa, 1000 K in run-2. Diffraction peaks of the ice-VII were marked by black 

boxes. Red labels correspond to Miller indices (hkl) of the diffraction peaks. Most of 

other single-crystal peaks are from single-crystal diamond anvils of the EHDAC and 

several peaks are from impurities outside the sample chamber (Figure S2). The rings in 

background in (c) and (d) are identified to be the diffraction patterns of the SiO2 glass of 

the enclosure and/or Re gasket.  

 

Figure 3. Representative integrated single-crystal XRD patterns at 300 K. The 

intensity was normalized by the max intensity of ice-VII/ice VII’/ice X (110) peak. The 

indexing of XRD peaks of ice-VII and diamond (Dia) from diamond anvils are also shown. 
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Figure 4. Pressure-temperature conditions of our single-crystal XRD measurements 

compared with melting curves determined in previous studies (Datchi et al., 2000; 

Dubrovinskaia and Dubrovinsky, 2003; Frank et al., 2004; Lin et al., 2004; Schwager et 

al., 2004). Solid circle represents the P-T conditions at which XRD patterns of high-

pressure ice were observed. Open circle represents the P-T conditions at which XRD 

patterns of ice-VII were missing, indicating the melting of ice-VII. The error bars in 

pressure are within the symbols. 

 

Figure 5. Volume as a function of pressure in this study compared with previous 

studies and the F-f plot of data at 300 K. (a) P-V data fitted using third-order Birch-

Murnaghan EoS (K0 = 21.0(4) GPa, K0’ = 4.45(6), V0 = 40.86 Å3, solid black line) and 

Vinet EoS (K0 = 15(2) , K0’ = 5.6(2), V0 = 42.2(6) Å3, solid grey line) in our study 

compared with fittings using third-order Birch-Murnaghan EoS and Vinet EoS in other 

studies (dashed lines) (Bezacier et al., 2014; Fei et al., 1993; Frank et al., 2004; Grande et 

al., 2022; Hemley et al., 1987; Loubeyre et al., 1999; Somayazulu et al., 2008; Sugimura 

et al., 2008; Wolanin et al., 1997). The error bars in pressure and volume are within 

symbols. (b) The F-f plot of data at 300 K using the parameters of the third order B-M 

EoS with a fixed V0 in this study. Solid line is the linear fitting. 

 

Figure 6. Volumes of high-pressure ice at high pressures and high temperatures. The 

pressure and volume uncertainties are shown by the horizontal and vertical error bars. The 

isothermal curves at 300 K-1000 K with a step of 100 K are calculated by the high-
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temperature Birch-Murnaghan EoS in this study. Solid circles represent the data in this 

study. The hollow circles, diamonds, squares, and triangles represent data from (Bezacier 

et al., 2014; Fei et al., 1993; Frank et al., 2004; Sugimura et al., 2010), respectively. 

Pressure residuals are shown on the right side of the figure. The error bars in pressure and 

volume are within symbols. Inset: Volumes relative to the volume at 300 K. The volumes 

at 300 K are calculated by the Birch-Murnaghan EoS in this study.  

 

Figure 7 Isomeke P-T paths of ice-VII in superdeep diamonds calculated using 

thermoelastic properties of ice-VII in this study compared with a previous study 

(Wang et al., 2021). 
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Table 1 Thermoelastic properties of ice-VII compared with previous studies 

P-T range  K0 (GPa) K’ V0 
(cm3/mol) 

Thermoelastic 
parameters Method Reference 

BM EoS 
3.5-78.2 GPa, 
300-1000 K 

21.0 (4) 4.45(6) 12.3 
(fixed) 

a0 = 15(5)×10-5 K-1 

a1 = 15(8)×10-8 K-2 

dK/dT = -0.009(4) 
GPa/K 

SCXRD This study 

3.5-78.2 GPa, 
300 K 

19.2(15) 4.6(2) 12.4(2)  SCXRD This study 

3.5-78.2 GPa, 
300 K 

34.3(6)a 4.26(7)a 10.9a 
(fixed) 

 SCXRD This study 

4.3-128 GPa, 
RT 

23.7(9) 4.15(7) 12.3(3)  PXRD Hemley et 
al. 1987 

6-20 GPa, 
300-650 K 

23.9(7) 4.2(5) 
 

12.3(2) g0 = 1.2(1) 
qD = 1470(50) K 
q = -2(1) 

PXRD Fei et al. 
1993 

~5-106 GPa, 
RT 

14.9(8) 
(fixed) 

5.4(1) 12.37(8)  PXRD Wolanin et 
al. 1997 

6-60 GPa,  
850 K 

21.1(13) 4.4(1) 
 

12.4(1) a0 = -4.2×10-4 K-1 

a1 = 1.56×10-6 K-2 

h = 1.1 

PXRD Frank et al., 
2004 

2.1-10.1 GPa, 
300-450 K 

20.15(17) 4(fixed) 12.49(1) a0 = 11.58(54)×10-
5 K-1 

 

PXRD Bezacier et 
al., 2014 

Vinet EoS 
3.5-78.2 GPa, 
300 K 

15(2) 5.6(2) 12.7(2)  SCXRD This study 

3.5-78.2 GPa, 
300 K 

5.4(3)b 7.2(2)b 14.52b 
(fixed) 

 SCXRD This study 

~5-106 GPa, 
RT 

14.9(8) 
(fixed) 

6.2(1) 12.1(3)  PXRD Wolanin et 
al. 1997 

2-170 GPa, 
RT 

4.26 7.75 
 

14.52  SCXRD Loubeyre et 
al. 1999 

16.8-40 GPa, 
300K 

5.02(43) 7.51(28) 
 

14.52 
(fixed) 

 PXRD 
 

Sugimura, 
2008 

10-120 GPa 5.10(20) 7.50(12) 14.52 
(fixed) 

 Theoreti
cal 

Sugimura, 
2008 

3-48 GPa, RT 4.21(4) 7.77(2) 
 

14.52(5)  PXRD, 
rXRD, 
SXRD 

Somayazulu 
et al. 2008 

19-50 GPa, 
300-873 K 

5.02 7.51 
 

14.52 
(fixed) 

a0=150(19)×10-5 
K-1 

dT = 5.1(2) 

PXRD Sugimura, 
2010 
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Note: SCXRD and PXRD are acronyms of single-crystal XRD and powder XRD 
aParameters are obtained by a modified third-order B-M EoS. 
bFixed volume for better comparison with other studies, while the data at 3.5 GPa is below 
the fitting curve, suggesting that our Vinet EoS fitting results with the volume not fixed is 
better. 

  

2.7-5.1 GPa, 
RT 

18.5(40) 2.5(16) 12.79(27)  PXRD Grande et 
al.,2022 

5.1-30.9 GPa, 
RT 

20.8(25) 4.49(35) 12.37(16)  PXRD Grande et 
al., 2022 

30.9-60 GPa. 
RT 

50.5(42) 4.50(15) 10.18(13)  PXRD Grande et 
al., 2022 
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Figure 1 
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Figure 2 
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Figure 3 
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Figure 4 
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Figure 5 
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Figure 6 
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Figure 7 

 

 

 

 




