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Abstract

We have studied the H>O ice VII — ice X phase transition at room temperature by performing
three quasi-continuous synchrotron time-resolved X-ray diffraction experiments in the
dynamic Diamond Anvil Cell, reaching pressures of 180 GPa. The dense pressure-coverage of
our volume data allows us to directly derive the bulk modulus for H>O over the entire
pressure range. Our data document three major changes in compression behavior in the ranges
of 35-40, 50-55 and 90-110 GPa, likely corresponding to the formation of pre-transition
dynamically disordered ice VII and ice X, and static ice X, respectively. Our results confirm

that ice X has a very high bulk modulus.

1. INTRODUCTION

H>O ice is present in a large variety of planetary bodies, including the ice giants, Uranus and
Neptune, mini-Neptune exoplanets [1,2] and icy satellites [3,4], having a fundamental impact
on the heat and chemical exchange in their interiors [5—8]. H2O ice might also be present in
Earth’s deep mantle, as well as other terrestrial planets, where it can form through mineral
dehydration reactions occuring at relatively cold regions of the mantle [9—11]. The

polymorphs ice VII and ice X are the stable forms of H>O ice that exist at pressures (P) larger
1
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than 2 GPa, and their physical properties play a pivotal role in the structure and evolution of

H>O-rich planetary bodies.

Ice VII is a solid characterized by a body centered cubic (bcc) arrangement of oxygens, with
H>0O molecules linked via hydrogen bonds (O-H---O) such that the ice-rules are satisfied [12].
The high-P phase ice X is based on the same bcc oxygen lattice, but hydrogen atoms are
located symmetrically between two oxygen atoms (O-H-O). It has been proposed that the ice
VII - ice X transition proceeds through a proton order-disorder transition through which H,O
molecules dissociate, triggered by changes in the energy potential for the O-H---O bond with
P, leading to the formation of pre-transitional states prior to complete bond symmetrization in
ice X [13—16]. At low P, the energy potential determining the position of the protons has been
predicted to be of double-well character with a high energy barrier and a localized proton
position coinciding with one of the two minima [17]. Computational studies [13—17] describe
three main changes in the energy potential of the H-bond across the ice VII - ice X transition:
(1) A lowering of the energy barrier with P triggers proton tunneling between the two minima,
forming the translationally or dynamically disordered ice VII (ice VII’). (ii) As the potential
barrier approaches zero with P, the proton distribution shifts to the center, forming the
dynamically disordered ice X (ice X’). (iii)) Symmetrization is complete when the energy
potential adopts a narrow single-well form, localized at the mid-point between two oxygens

(O-H-0), forming static ice X.

Numerous experimental studies employing different techniques, including X-ray [18,19]
(XRD) and neutron diffraction [20], Raman [21] and infrared (IR) spectroscopy [22-25] as
well as refractive index measurements [26], reported anomalies between 40 and 75 GPa,
possibly associated with the formation of the dynamically disordered states.
Diffraction [18,20,27] and IR-measurements [23,25] have reported O-H-O bond

symmetrization in the P-range of 110-140 GPa, while Raman [28] and optical
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measurements [26] suggest an onset at P~ 90 GPa. However, these experimental techniques
do not probe proton dynamics directly, and the formation of the pre-transitional states cannot
be detected unambiguously. Recently, Meier et al. [29] reported first direct observations of
proton mobility for P=8-90 GPa by a line-shape analysis of Nuclear Magnetic Resonance

(NMR) experiments.

Here we perform dynamic compression experiments in combination with time-resolved XRD
in order to explore the compressive behavior of H>O across the ice VII — ice X transition up to
180 GPa using a dynamic Diamond Anvil Cell (dDAC) driven by a piezoelectric
actuator [30,31]. This setup provides quasi-continuous volume-P data, with hundreds of
diffraction patterns recorded in one experiment, and therefore allows us to compute
compressibility by numerical differentiation without invoking an equation-of-state model to
fit the data, a significant advance relative to prior static experiments with tens of data points.
We track the bulk modulus evolution across the ice VII — ice X transition, and explore
whether this transition as well as the pre-transitional states (ice VII’ and ice X’) can be

detected from changes in the compression behavior.

2. METHODS

2.1.  Experimental setup

Three symmetric piston cylinder-type DACs are equipped with 150, 100 and 80 pm diameter
culet anvils (dDAC-1, dDAC-2 and dDAC-3), with two different gasket configurations (Table
1): (i) In dDAC-2 and dDAC-3, regular Re gaskets are pre-indented to a thickness of 30 um
and holes of 50 and 40 pm diameters are drilled, respectively; (ii) In dDAC-1, an amorphous
gasket is employed in order to avoid the emergence of strong diffraction peaks from the Re
gasket that may overwhelm the diffraction patterns of HoO with smaller scattering factors. A

disk of an amorphous boron alloy (Feo.79S10.06Bo.1s) with a thickness of 30 pm and a 50 pm



75  diameter hole is inserted in a Re gasket, pre-indented to the same thickness, following the

76  procedure described in Méndez et al. [32].

77 Milli-Q H>O is loaded along with Au powder (99.99% pure from Sigma Aldrich) as P-marker
78 and a ruby chip to monitor P in the sample during pre-compression. DACs are inserted in a
79  “cap housing” coupled to a high-voltage piezoelectric actuator (PEA) as described in Jenei et
80 al [31] DAC and PEA are coupled by tightening the end cap at the back of the housing until a
81  P-increase of 1-2 GPa is observed. The PEA is connected to an amplifier (Piezosystem Jena
82  GmbH), remotely controlled via a waveform generator (Agilent 33522B). When voltage is
83 applied, the PEA in contact with the DAC expands, pushing directly onto the piston and
84  compressing the sample. Trapezoidal voltage-time waveforms are created by the Agilent
85  Benchlink waveform builder software by Keysight and sent to the PEA. We apply voltage-
86 time waveforms with a constant compression rate in each experiment, corresponding to
87  nominal P-rates of 0.4-0.6 GPa/s that permits for sufficiently long X-ray exposure times while

88  still achieving an excellent resolution in P-sampling (Table 1).

Table 1. Summary of experimental run conditions

Culet Gasket Sample- Maximum Experiment Nominal Exposure Number of images

size type detector  pressure total time  compression time analyzed
Run # di

(um) istance (GPa) (s) rate (ms)

(mm) (GPa/s)
dDAC-1 150 Amorphous 418.42 90 300 0.5 100 1800
dDAC-2 100 Re 166.31 160 850 0.4 1000 590
dDAC-3 80 Re 404.89 180 868 0.6 2000 305
89

90 2.2. X-ray diffraction

91  Monochromatic synchrotron X-rays with a fixed wavelength (0.4828 A) are used for time-
92 resolved diffraction experiments at the Extreme Conditions Beamline P02.2 at PETRA 1II,

93  Hamburg, Germany [33]. A compound refractive lens-focused X-ray beam (3 pm (h) x 8 um
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(v) FWHM) is aligned with the center of the sample chamber. GaAs 2.3 MPix LAMBDA
detectors, with a pixel size of 55 uym x 55 um and a repetition rate of up to 2 kHz, are
employed to perform fast collection of XRD images [34,35]. For dDAC-2, one detector is
aligned with the sample center and placed at a short sample-to-detector distance (Table 1),
ensuring the collection of full diffraction rings. For dDAC-1 and dDAC-3, two detectorsare
symmetrically offset from the direct beam, capturing sections of the Debye—Scherrer
diffraction rings. Tilting of the detector(s) and the sample-detector distance are calibrated
using a Cr203 standard (NIST 674b). With this setup we are able to collect more than 300
individual X-ray diffraction pattern in each compression experiment (Table 1). In-house data

analysis software is used for quick visualization of the collected data (Fig. 1).

Time (s)

(.

(111), (110),, (200),, (220) ,,

Figure 1. Contour plot showing the time-evolution of diffraction patterns (peaks) collected
for dDAC-1 in time-20 space; In our experiments, the (110) diffraction line of ice VII is the

most intense and can be traced over the full P-range of the individual experiments.

2.3. Diffraction pattern fitting

The detector images are radially integrated using the Dioptas software [36] to obtain 1D

diffraction patterns as a function of the 26-angle (Fig. 2). During integration, the dead areas of
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the detectors are masked to improve the signal/noise ratio. Additionally, the most intense
areas of the (101) diffraction ring of Re — (101)re — are masked in dDAC-2 in order to

minimize the convolution with the (110)icevir diffraction ring (Fig. 3).
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Intensities (scaled)

Figure 2. Exemplary integrated diffraction pattern for the dDAC-2 experiment at 26 GPa.
Blue shows the original pattern after integration of the detector image with Dioptas; orange

the pattern after application of an IIR filter with zero phase shift.

A python routine is developed to deal with the large number of diffraction patterns (Table 1)
and to automate peak fitting and tracking. Before integrated patterns are processed by the
routine, we average over three points in 20-space and apply an infinite impulse response (IIR)
filter forwards and backwards with zero phase shift to further improve the signal/noise ratio
and the reliability as well as the speed of the fitting routine (Fig. 2). In order to analyze the
recorded diffraction data, the peaks in the window 20=11.0°-20.0° are assigned to a crystal
structure, fitted and positions are tracked over the entire compression range in all diffraction
patterns. In a first step, the positions of the expected peaks (indices identified via peak
comparison with Dioptas) are calculated from the space group and a given initial compression
using a routine from the pymatgen (Python Materials Genomics) library [37]. The calculated

peak positions (CPP) are used as the initial positions for a model consisting of a Gaussian for
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each peak and a linear background correction. The model is optimized with a non-linear least-
squares fit to obtain optimal peak positions (OPP) employing the LMFIT package [38]. The
OPP of the individual Gaussians are subsequently compared with the prediction (CPP); if an
individual OPP is at larger (smaller) 260-angle than CPP, compression is increased (decreased)
until |OPP-CPP| < € is reached (with € a convergence parameter). The optimization of the

compression is performed with an adaptive step width to improve accuracy and runtime.

As the P-standard and the sample differ in compressional behavior, the peak positions are
optimized separately: P is calculated using the optimized position of (111)as, combined with
the equation-of-state of Fei et al. [39]. Volume (V) of H2O ice is determined from (110)icevi.
The (200)au peak of the P-standard and (101)re from the gasket (AIDAC-2 and dDAC-3) are
included to improve the model, but not considered in the optimization. In particular, (200)a, is
not suitable for that purpose as (i) it is small in amplitude, (ii) the amplitude decreases with P

and (ii1) it starts to overlap with the (110)icevii peak for P>50 GPa.
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Figure 3. Diffraction patterns collected from dDAC-2 after application of the IRR filter (blue)
at (a) 24 GPa and (b) 45 GPa with assigned indices and the calculated/theoretical peak

positions (CPP) shown as vertical lines. The solid curves represent the Gaussian model peaks.
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Diffraction patterns are individually loaded with user input on the initial compression
estimate. Although the program can handle each spectrum individually, it is significantly
more efficient to guess a starting compression from the previous P-step. This especially helps
to resolve overlapping peaks, where a good initial guess is crucial. Such an interaction
between (110)icevii and (101)re is shown in Fig. 3. At low P, (110)icevii appears at a smaller
20-value than (101)re; during compression, the peaks start to overlap at P > 20 GPa and

reverse order in 20 at P > 40 GPa.

The routine can resolve the individual peaks while they are partly overlapping by estimating a
linear compression rate. However, if the peaks are completely overlapping, a reliable fit is not
possible, and, for this reason, for dADAC-3 a small P-range (41-49 GPa) is not processed.
Nevertheless, we obtain, especially for dADAC-2 with a full diffraction ring, dense V(P) data
with only very small data scatter introduced by the fitting routine due to peak asymmetry and
overlap. The error in V is calculated from the minimal separable peak distance in the routine
(0.05° in 20). If the peak shift between two consecutive patterns is too small, the program
tends to keep the positions constant, followed by a sudden jump to another configuration. In
principle, this problem can be avoided by decreasing € from 102 to 10” for |OPP-CPP|-
determination. However, prohibitively increased computational requirements make fitting all
patterns with e=10~ impossible. Instead, we use every 25th diffraction pattern for dDAC-1,
every 10th for dDAC-2 and every 5th for dDAC-3, preserving an excellent P-resolution, i.e.,

1 GPa for dDAC-1 and 3 GPa for dDAC-2 and dDAC-3.

Fitting a series of Gaussians rather than performing a Rietveld or Le Bail refinement has large
advantages for the current datasets: (i) The standard refinement techniques rely on the peak
shape which may cause problems for the peak-overlap discussed above and (ii) processing the

data is even more challenging in terms of automation. Nevertheless, on a limited number of
8
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diffraction patterns from dDAC-1 and dDAC-2 we have tested that P and V" obtained from the
Gaussian fitting performed here and a Le Bail refinement. The results are consistent with one
another within the error coming from the minimal separable peak distance in our approach

(Table 1 in the Supplemental Material).

2.4.  Bulk modulus calculation

The isothermal bulk modulus (K7) can be directly calculated from our dense V(P) dataset via
Kr = -V-0P/0V, with the advantage that no assumption has to be made with respect to the
analytical form of an equation-of-state. Previous DAC studies on ice VII and ice
X [18,19,27], by contrast, had to rely on an equation-of-state fit due to the significantly lower
number of data points. Here, using the increased P-spacing by not fitting all diffraction
patterns as discussed above, becomes a further advantage, as a small denominator (AV) can
lead to significant fluctuations in the calculated bulk modulus. We further apply spline
interpolation with smoothing [40,41] before calculating the bulk modulus to mediate still
existing unphysical fluctuations (Fig. S1 in the Supplemental Material) via a central
difference scheme. The smoothing factors are chosen such that smooth variations of Kr with P
are obtained, while simultaneously keeping the difference between data points and the spline

<1% over the complete compression-range for all experiments (Fig. 4b).

The error in K7 is propagated from the error in V" with a central difference scheme. As the
(111)aq reflection (P-marker) does not suffer asymmetry or overlap, P is assumed to be error-

free.

3. RESULTS AND DISCUSSION

3.1.  Volume compression curve of H>O ice
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Figure 4 shows the unit cell V' of H>O ice as a function of P from our experiments in
comparison with previous XRD measurements [18,19,27] and equation-of-state
predictions [42,43]. Differences between V' measured in our three runs fall within the
refinement uncertainties determined by the resolution limit of 0.05° in 20 for the diffraction
patterns (Fig. 4a), suggesting that the choice of the gasket material or the sample-detector
configuration do not affect the results significantly. Overall, our V(P) data are in good
agreement with previous experimental results [18,19,27] (Fig. 4c), and the observed
differences in V' between our three compression runs (dDAC-1, dDAC-2 and dDAC-3) are
similar to differences between previously published measurements [18,19,27], and between
the three single-crystal X-ray diffraction experiments reported in Loubeyre et al. [27]. The
scatter that we see in our data within one run is significantly smaller than in any of the

experiments previously reported [18,19,27].

Our data generally agree with equations-of-state based on both experimental data [43] and
computational results [42], even though some small but systematic deviations in P-trends
exist in the P-range 50-100 GPa (Fig. 4c). This range coincides with the formation of the
disordered ice state(s), likely triggered by nuclear quantum effects occurring in the range 50
S P < 70 GPa[13,14]. French & Redmer [42] computed an analytical thermodynamic
potential from ab-initio calculations based on classical proton trajectories; although their
calculations were supplemented with a quantum correction, they did not include tunnelling
effects, which affect the proton motion and can explain the deviation from our results. The
equation of state by Klotz et al. [43] is based on the extrapolation of neutron diffraction data
measured up to 14 GPa, which is a too low P for observing significant proton tunnelling

effects as indicated by the NMR results [29].
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Figure 4. (a) Volume-pressure points for H>O ice as derived from the reduced datasets of the
dDAC-1 (blue solid circles), dDAC-2 (black solid circles) and dDAC-3 data (grey open
circles). Error bands using the resolution limit (0.05° in 20) of the fitting routine are shown for
dDAC-1 and dDAC-2 (shaded regions). (b) Difference between the data points and the spline
with smoothing factors of 9.0 (dDAC-1), 1.0 (dDAC-2) and 18.0 (dDAC-3) is <1% over the
complete compression range for all experiments. (¢) Previous XRD measurements in static
DAC experiments by Wolanin et al. [19] (powder, squares), Sugimura et al. [18] (powder,
diamonds) and Loubeyre ef al. [27] (three single-crystal datasets, three differently pointing
triangles) are plotted in comparison to our data. The dashed (maroon) and dotted (blue) curves
represent the equations-of-state by French & Redmer [42] and Klotz et al. [43], respectively,

the latter extrapolated significantly beyond the P-range of the experiments (14 GPa).

3.2.  Bulk modulus of H>O ice at high pressures

Bulk moduli computed from our splined data (for clarity we only show K7-P from dDAC-2 in
Fig. 5, with the results for dDAC-1 and dDAC-3 in Fig. S2 of the Supplemental Material)
agree well with recent Brillouin spectroscopy measurements at P <35 GPa [44,45]. At higher

P, three major changes in the slope of K7-P are captured by our experiments (Fig. 5):
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Figure 5. Bulk modulus of H>O ice as a function of pressure calculated from the smoothed
spline interpolation of the V(P) data from dDAC-2 in comparison to previous studies (for
results from dDAC-1 and dDAC-3, see Fig. S2 in Supplemental Material). Right-pointing
triangles, solid squares, left-pointing triangles and solid circles represent Brillouin inelastic
scattering (BS) data [44—47]. The solid and dotted thin grey lines show equations-of-state for
ice VII and ice X, respectively [48]. Diamonds represent computational predictions of the
bulk modulus of ice X [49]. The dashed maroon line refers to computational results [42].
Background colours guide the eyes to the approximate P-ranges for the stability of ice VII, ice
VII’, ice X’ and ice X based on the P-ranges where a quasi-linear P-dependence of Kr is

observed in our work.

(1) A softening starting at P=35-40 GPa indicates a transition towards a more compressible
state (Fig. 5), supporting previous findings [18]. We associate this change with the
formation of disordered ice VII’. While Brillouin spectroscopy measurements disagree

with one another in terms of absolute values for K7, they show [45,46] — or at least
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hint [44] at — a P-range of high compressibility (40-50 GPa), supporting our observation
of highly compressible ice VII’. A possible reason for the disagreement between the
various Brillouin spectroscopy studies at all P is the marked elastic anisotropy of ice VII
and, as a consequence, the possibility that velocities along certain directions were favored
by crystallographic preferred orientation and/or selective elasto-optic coupling between
the probing laser and specific phonon propagation direction [50]. In the P-range where we
observe the softening, signal overlap with the diamond-anvils further complicates a
reliable determination of the bulk modulus by Brillouin spectroscopy [44].

(1)) A steep increase in Kr starting at P=50-55 GPa marks the formation of a less
compressible phase, in agreement with the onset of hydrogen symmetrization predicted by
computations at P=50 GPa[13], and may also be associated with anomalies in the
infrared spectra of H2O ice reported for P=55-62 GPa [23,51,52]. We attribute this feature
to the formation of ice X’ [18].

(iii) A distinct change in P-dependence of Kr at P=90-110 GPa, which is in excellent
agreement with computational predictions [42,49], but has not been documented by
previous experiments on the elastic properties of ice VII [18,24,26-28]. We attribute this

change to the formation of static ice X.

These changes in the P-behavior of Kr are also visible in the dDAC-1 and dDAC-3 data at

comparable onset P (Fig. S2 in the Supplemental Material).

The observed P-evolution of K7 across the ice VII — ice X transition in our experiments can be
correlated with the variations in proton mobility observed by Meier et al. [29] for the O-H---O
bond, and be rationalized by the predicted evolution of the energy barrier of a double-well
potential [17,53]. Meier et al. [29] documented a significant increase in tunelling probability
for P=20-50 GPa, i.e., in the P-range where the formation of ice VII’ is expected. Our

observation of a softening of Kr for ice VII observed for P=35-40 GPa may be explained by a
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decrease in the “proton pressure” caused by higher proton mobility [18,53]. The steep
increase in K7 that we observe for P>50 GPa (Fig. 5) may reflect the proton centering process,
and the formation of ice X’. Full proton localization may cause the change of the P-derivative

in our Kr -data for P=90-110 GPa.
4. CONCLUSIONS

We have collected quasi-continuous X-ray diffraction data across the ice VII — ice X
transition and up to P=180 GPa in three dynamically driven diamond-anvil-cell experiments.
We derive the bulk modulus of H>O ice directly from our V(P) data. We find three main
changes in the pressure-dependence at 35-40, 50-55 and 90-110 GPa and associate them with
the formation of ice VII’, ice X’ and ice X, respectively. These transitions are not sharp;
certainly not of first order (no volume collapse), unlikely of second order (no discontinuous
changes in bulk modulus). This association suggests that the compressive behavior of H>O at
high pressure is sensitive to proton ordering. Our results further confirm computational

predictions that the bulk modulus of ice X is distinctly higher than that of ice VII.
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This file contains supplemental information on the following:

(1) A comparison of P and ¥ obtained from our X-ray diffraction peak fitting with
Gaussian functions to LeBail refinement on a number of selected diffraction patterns
of the dDAC-1 and dDAC-2 experiments (Table S1).

(11) Further information on data reduction, i.e., the V(P) curves for the full dataset from the
dDAC-2 experiments and the calculations of the bulk modulus K7 (Figure S1).

(ii1)) A comparison of the bulk modulus K7 calculated from the smoothed splined results of

the dDAC-1, dDAC-2 and dDAC-3 experiments (Figure S2).
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Peak analysis: In our diffraction patterns, each peak is individually fitted to a Gaussian with a
linear background correction. This approach appears superior to a Rietveld or Le Bail
refinement (i) when it comes to peak-overlaps and (i1) automation of data processing. In order
to assess the consistency of our results, we have performed a Le Bail fit on a limited number
of diffraction patterns from dDAC-1 and dDAC-2 and compared the P and V obtained from
both approaches in Table S1. The Gaussian and Le Bail fits are consistent with one another
within the error coming from the minimal separable peak distance in our approach (26=0.05°)

using individual Gaussian.

Table S1. Comparison for ten points (five each for dDAC-1 and dDAC-2) for P and ¥ using
Le Bail and Gaussian fitting to X-ray diffraction patterns. The errors given in the V-estimate
from our Gaussian fit (¥ Gaussian) reflect the minimal separable peak (26=0.05°). Volume

uncertainties from the LeBail fit (VLepail) are below 1072 A3

Experiment/Frame VGaussian (A3) | PGaussian (GPa) | VieBail (A3) | PLeail (GPa)
dDAC-1/450 27.2(6) 19.8 27.3 19.9
dDAC-1/700 25.9(6) 259 26.2 25.5
dDAC-1/950 24.4(5) 343 24.8 34.2
dDAC-1/1275 22.4(5) 48.7 22.5 49.0
dDAC-1/1875 20.3(4) 71.1 20.4 71.1
dDAC-2/230 27.8(6) 19.9 27.9 19.7
dDAC-2/260 26.5(6) 25.3 26.5 25.2
dDAC-2/390 21.3(4) 64.0 21.3 64.0
dDAC-2/510 19.3(4) 105.0 19.3 104.4
dDAC-2/650 18.3(4) 135.2 18.4 134.7

Data reduction: The volume changes caused by the fine pressure steps that characterize our
quasi-continuous compression data are, in general, below the fitting resolution, especially for
high values of K7 where the sample is highly incompressible. Under such conditions, small
shifts in 20-space of the traced reflections cannot be resolved by the fitting program. These
factors can introduce artificial jumps in the V(P) data that are magnified in the derivative. In
order to avoid this, we increase the P-steps by skipping patterns in the fitting. An example of
such procedure is illustrated for dDAC-2 in Fig. Sla. The bulk modulus is then calculated

from the reduced dataset by three-point finite differences before smoothing, and compared
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with K7 obtained after applying a spline interpolation and smoothing for the reduced dataset
(Fig. S1b). The main features in the P-dependence of Kr are conserved after smoothing the

reduced dataset.
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Figure S1. (a) Pressure-volume curves for dDAC-2. Orange circles correspond to the
analysed full data consisting of 590 diffraction patterns, black circles represent V(P) data
obtained after fitting every 10th pattern (reduced dataset) as described in Section 2.3. Black
thin lines indicate the error in V. Black arrows point to small artificial jumps in the full V(P)
data set, introduced by the fitting routine. (b) Bulk modulus as a function of pressure derived
from the reduced dataset in dDAC-2, following two different procedures: (i) Computed by
three-point finite differences (white circles) and (ii) derived from the procedure described in

Section 2.4 using the reduced dataset (black circles).

Comparison of bulk modulus from different runs: Bulk moduli Kr derived from dDAC-1,

dDAC-2 and dDAC-3 are plotted against P in Fig. S2, in comparison to computational results
from French & Redmer [42]. Overall, the P-dependence of Kr agrees between the three
experiments and with the computational results. The three main changes in P-dependence of
K7 — discussed for the dDAC-2 data in the main text — are also visible in dDAC-3, despite
fluctuations noticeable above 100 GPa which originate from modulations in the V(P) curve
introduced by the fitting routine. The magnitude of these fluctuations falls within
experimental uncertainty. With a maximum P=90 GPa reached in the dDAC-1 experiment,

only the signature of the ice VII —ice VII’ and ice VII’ —ice X’ is observed.
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Figure S2. Bulk modulus as a function of pressure as derived from dDAC-1, dDAC2 and
dDAC-3 data. The dashed maroon line shows computational results [42]. Background colors
indicate approximate P-ranges for the stability of ice VII, ice VII’, ice X’ and ice X based on

the P-ranges where a quasi-linear P-dependence of K7 is observed in our work.
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