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Dear Editor

We would like to submit our manuscript "Metastable phase equilibria in the ice II stability field. A Raman study of synthetic high-density water inclusions in quartz" for publication in PCCP. This experimental work reports on three metastable phase equilibria within the ice II stability field: ice Ih + liquid, ice Ih+ ice IV, and Ih + ice III. It is the first time that high-pressure ices have been identified in fluid inclusions and to our knowledge, this is the first study reporting on the existence of a metastable ice Ih-ice IV equilibrium line terminating in a metastable ice Ih-ice IVliquid triple point at the intersection with the low-temperature metastable extension of the Ih melting curve at -32.7 C and 273 MPa. In fluid inclusions the pressures cannot be measured directly but in the present study we were able to calculate equilibrium pressures based on the peak positions of the ice Ih Raman bands. To do so the paper additionally presents a new calibration of the temperature-and pressure-dependent shift of the ice Ih Raman bands ((∂/∂T)p = const and (∂/∂p)T = const.).

Our manuscript presents a wealth of new experimental data and in the discussion part we correlate them with available literature data in order to draw a consistent picture of the phase relations in this specific region of the water phase diagram.

We believe that PCCP would be an appropriate journal to publish this study. We thank you for considering our manuscript and look forward to receiving constructive comments and criticisms from the reviewers.

Sincerely,

Yves Krüger

Introduction

The phase diagram of water ices is a fascinating topic of research because of the multitude of ice polymorphs with a corresponding multitude of equilibrium curves and triple points (cf. reviews [START_REF] Petrenko | Physics of ice[END_REF][START_REF] Bartels-Rausch | [END_REF] , and references therein). About 18 crystalline ice polymorphs (ice I (h and c) -ice XVII) and three amorphous ice phases (LDA, HDA, VHDA) have been identified so far. Owing to the large number of ice polymorphs and extensive metastability of these phases outside their range of stability (e.g. Bridgman [START_REF] Bridgman | Proc. Am. Acad. Arts and Sci[END_REF] , p. 530-533), the phase diagram of solid water is fairly complex. Moreover, two of the ice polymorphs, ice IV and ice XII, exist only in metastable form within the stability fields of other ice phases. The crystalline ices are subdivided in two structural groups, in those featuring protondisordered structures (ices Ih, III, IV, V, VI, VII and XII), and those with proton-ordered structures e.g. ices II, VIII, IX, XI. Ices with proton-disordered structures have all in common that they share a stable or metastable (ices IV and XII) phase boundary with liquid water. Extensions of these ice melting curves beyond their stability Please do not adjust margins Please do not adjust margins ranges into metastable domains are common and have been reported for several ice phases. [START_REF] Evans | [END_REF][5][6][7][8] Furthermore, it is also known that, liquid water can be super-cooled below its freezing temperature by up to 70 °C, 9 and the ice phase that eventually forms upon freezing is always proton-disordered. Experimental investigations of the ice phase diagram are typically performed in pressure cells in order to produce the high-pressure ice phases to be investigated (e.g. refs. [START_REF] Bridgman | Proc. Am. Acad. Arts and Sci[END_REF][START_REF] Evans | [END_REF][8][9][10] ). The occurrence of phase transitions (crystallisation or melting) induced by pressure and temperature changes are recorded by means of differential thermal analyses and/or by volume changes of the ice/water sample. The technique is relatively simple and allows full control on temperature, pressure and volume. Fluid inclusions, in contrast, are closed microscopic systems in a crystal, in which the pressure changes as a function of temperature and density (isochores), and hence, is not an independent variable of the experiment. The optical transparency of the host crystal, however, allows for direct visual observations of the phase transitions and an in-situ identification of the phases by Raman spectroscopy. In previous experimental studies synthetic fluid inclusions have successfully been used to explore the metastable super-heated domain of liquid water reaching negative pressures of up to -140 MPa. [11][12][13][14][15] The present study uses this experimental approach to explore metastable phase equilibria at temperatures below ice nucleation.

Recently, an extensive experimental study has been published by Qiu et al. 15 exploring the low-temperature metastable region of liquid water using synthetic fluid inclusions in quartz. By means of classical fluid inclusion microthermometry they measured temperatures (T) of a series of different phase transitions as a function of density (ϱ) in the temperature range between 150 and -43 °C determining the ϱ-T trends of 1. the ice nucleation curve at negative pressures, 2. the ice Ih melting curve at negative pressures, 3. the super-cooled saturation curve, and 4. the line of spontaneous vapour bubble nucleation (cavitation) at high negative pressures.

The present study ties in with the work of Qiu et al. by extending it to temperatures below ice nucleation. The nucleation of ordinary ice Ih in (nearly) isochoric systems like fluid inclusions forcibly results in an intense increase of pressure due to the larger volume of ice compared to liquid water. For high-density inclusions it is thus expected that the pressure increases well above 200 MPa upon ice nucleation, transferring the system into the ice II stability field (cf. ref. [START_REF] Bridgman | Proc. Am. Acad. Arts and Sci[END_REF] ). In consideration of such high pressures it was somehow surprising to see that irreversible volume changes of the inclusions due to brittle and/or plastic deformation were very small, indicated by only slight increases of subsequently re-measured liquid-vapour homogenisation temperatures (Th). Furthermore, it was observed that irreversible volume changes did not systematically increase with increasing water densities of the inclusions. The initial motivation for conducting this study, therefore, was to identify the ice phase(s) actually present in the inclusions after nucleation using Raman spectroscopy. In contrast to Qiu et al. who assumed that liquid water transforms completely to solid upon ice nucleation, attentive microthermometric observations revealed that a small fraction of liquid water remains in the inclusion coexisting with ice.

This finding has opened a new pathway to investigate both solidliquid and solid-solid phase relations in the water phase diagram by means of synthetic fluid inclusions. The Material and Methods section describes the synthetic fluid inclusion samples used for this study, the experimental setup, and the Raman measurements. We then report on the results of the microthermometric and Raman spectroscopic measurements, on a new calibration to quantify the shift of the ice Ih Raman bands as a function of temperature and pressure, and we present a p-T phase diagram. The results will then be discussed and compared to available literature data.

Materials and Methods

Fluid inclusion samples

For the present study we used new thick-sections cut from the same synthetic fluid inclusion samples that had been used by Qiu et al. 15 The synthetic fluid inclusions were produced in sealed gold capsules containing only deionised (air-saturated) water and prefractured inclusion-free natural quartz that was cut to prisms perpendicular to the quartz c-axis. No additives like silica gel or NaOH were used to enhance quartz solubility during hydrothermal synthesis and no excess air was trapped in the sealed capsules. Hydrothermal syntheses were performed in an internally heated pressure vessel in the HP-GeoMatS Laboratory at GFZ Potsdam. For our study we selected a high-density (984 kg/m 3 ) fluid inclusion with a size of approximately 120 µm 3 (inclusion A, sample MW15). Synthesis conditions of sample MW15 were at 460 °C and 860 MPa for a run duration of 54 hours. After hydrothermal synthesis, the quartz prism, now containing numerous fluid inclusions along the healed fractures, was cut to sections of approximately 300 µm thickness with the cutting faces approximately parallel to the quartz c-axis. The sections were then polished on both sides to make them transparent for microscopic observation of the fluid inclusions in transmitted light. For a detailed description of the synthesis procedure and sample preparation we refer to Qiu et al. 15 (Supplementary Material).

Inclusion A selected for this study is in a metastable liquid state at room temperature. Single ultra-short laser pulses were used to stimulate vapour bubble nucleation 16 , thus transferring the inclusion from a metastable liquid to a stable liquid-vapour twophase state. Subsequently, the density of the encapsulated water and the volume of the inclusion were determined based on of the measured liquid-vapour homogenisation temperature Th (L+Vap → L) and of the vapour bubble radius r(T) using a thermodynamic model that accounts for the effect of surface tension on liquidvapour homogenisation. 17 A second, low-density synthetic pure water inclusion (B) with ϱ = 826 kg/m 3 and a volume of about 2700 µm [START_REF] Bridgman | Proc. Am. Acad. Arts and Sci[END_REF] , was used to determine the temperature-dependent shift (∂n/∂T)p = 0 of the ice Ih Raman bands around 3100 cm -1 (O-H stretching mode) and at 220 cm -1 (lattice translational mode) along the water sublimation curve, i.e., virtually at zero pressure. Due to its low density inclusion B is in a
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Please do not adjust margins Please do not adjust margins stable liquid-vapour two-phase state at room temperature, and consequently, the pressure follows along the saturation curve upon cooling until ice nucleation occurs (L+Vap → ice Ih +Vap). There, the pressure drops from saturation to sublimation pressure and the vapour bubble becomes slightly compressed due to the larger volume of ice Ih compared to liquid water. Ice melting (ice Ih +Vap → L+Vap) was observed at 0.0 °C, showing the characteristic feature of the triple point transition, namely the instantaneous melting of all the ice within 0.1 °C.

Experimental setup

Microthermometic measurements were performed using a Linkam THMS 600 heating/cooling stage mounted on an Olympus BX-41 upright microscope. The microscope was equipped with an Olympus LMPlanFL 100x/0.8 long-working distance objective for visual observation of the inclusions during microthermometric measurements. Temperature calibrations of the heating/cooling stage were performed using synthetic H2O and H2O-CO2 fluid inclusion standards. The reference temperatures measured were the triple point of water (0.0 °C) and the triple point of CO2 (-56.6 °C). The temperature accuracy of our measurements is estimated at ± 0.1 °C around 0 °C and at ± 0.2 °C below -40 °C, while precision (reproducibility) was ± 0.05 °C.

The microscope with the heating/cooling stage was attached to a T64000 triple spectrometer (Horiba) equipped with a backilluminated, liquid nitrogen cooled CCD detector with 26 µm ´ 26 µm pixel size (SYMPHONY, Horiba). Calibration of the spectrometer was accomplished by means of the 521 cm -1 Raman peak of a silicon standard. In triple subtractive spectrometer configuration (three 1800 grooves/mm gratings) the setup allows the acquisition of Raman spectra in the low-frequency range as low as 10 cm -1 , though at the cost of signal intensity. For higher frequencies, a single spectrometer configuration was used (one 1800 grooves/mm grating and edge filter). A 514.5 nm argon-krypton laser (Coherent Innova 70 C) was used for Raman excitation. While the nominal output power of the laser is 300 mW, the effective laser power on the sample was about 20 mW and thus, low enough to avoid any measurable heating of the fluid inclusions, which was confirmed by the reproducibility of ice melting temperatures measured with and without laser irradiation of the sample. The spectral resolution of the system is 0.66 cm -1 at 220 cm -1 and 0.42 cm -1 at 3100 cm -1 . Raman measurements were performed in back-scattering geometry using the Olympus LMPlanFL 100x/0.8 objective for focussing the laser beam into the sample and for collecting the Raman-and Rayleigh-scattered light. Furthermore, the setup was designed for polarisation-dependent Raman measurements featuring a rotatable half-wave plate in the excitation light path and a fixed, vertically oriented polariser in the light path of the back-scattered Raman signal.

Raman measurements

Raman spectroscopy was used in this study to identify different phases occurring during the microthermometric runs and to determine the pressure in the inclusion based on the shift of the ice Ih peak position. Low-frequency Raman spectra were obtained in triple spectrometer configuration at temperatures between -0.4 and -80 °C. Using the 1800 grooves/mm gratings the spectral window ranges from 14 to 670 cm -1 and thus covers the lattice translational Raman bands of the different ice polymorphs. The spectra were obtained by averaging two measurements, each with 120 seconds acquisition time in order to reduce the signal-to-noise ratio. The crystallographic orientation of the quartz thick-section was set to extinction between crossed polarisers. Subsequently, Raman spectra were measured in xy (also denoted as HV) polarisation, where x (or H = horizontal) denotes the polarisation direction of the excitation laser and y (or V = vertical) the polarisation direction of the Raman signal measured in the spectrometer. Using this configuration, we were able to almost entirely suppress the strong A1 Raman band of the quartz host occurring at about 206 cm -1 that superimposes the translational bands of ice Ih.

In addition to spectra of the ice phases in the inclusion we also measured the spectra of the quartz host next to the inclusion, at the same depth, the same temperatures and with the same acquisition time. Although the measurements were performed with a confocal setup using a 100 µm pinhole the intensities of the remaining quartz peaks were only little lower when the laser was focussed into the inclusion, which apparently is due the small volume of inclusion A, particularly, due to its small z-extension (about 3 µm) in axial direction of the laser focus. In comparison to this, the 20 times larger low-density inclusion B showed a dramatic decrease of the quartz signal, when focussing into the inclusion. Furthermore, the small volume of inclusion A made it impossible to measure a low-frequency Raman signal of supercooled liquid water, except for a characteristic broadening of the Rayleigh mode.

In contrast to the low-frequency measurements, Raman spectra of the O-H stretching bands were measured in single spectrometer configuration and yy (HH) polarisation using also a 1800 grooves/mm grating. Three spectral windows were necessary to cover the frequency range from 2710 to 3890 cm -1 . Acquisition time was 2 ´ 30 seconds for each window, indicating a significantly higher Raman intensity compared to the lattice translational bands. Hence, at high frequencies, we could also obtain the Raman spectrum of liquid water even of very small amounts. A total of 276 individual Raman spectra were measured for this study.

Data treatment

The Raman raw spectra were corrected to account for shifts of the spectrometer using the reference peak position of the silicon standard measured at room temperature, as well as the position of the two low-frequency quartz bands at about 130 and 260 cm 

Results

Microthermometric measurements

Figure 1 shows a sequence of photographs illustrating the phase changes observed in the high-density fluid inclusion A upon cooling (upper panel) and upon subsequent heating (lower panel). At 23 °C (Fig. 1a) the water in the inclusion is in a metastable liquid state at negative pressure, i.e., the liquid water is under tensile stress. Upon cooling the pressure in the inclusion further decreases, following a pseudo-isochoric trajectory (see Marti et al. [START_REF] Marti | ECROFI XX Abstracts[END_REF] ), reaches a pressure minimum, and finally increases again to positive pressure as illustrated in Fig 2.

On its re-entrant branch the liquid-isochore intersects the metastable extension of the saturation curve (L+Vap) at about -27 °C, which is referred to as retrograde liquid-vapour homogenisation temperature Thr . 15,[START_REF] Marti | ECROFI XX Abstracts[END_REF] Upon further cooling, the nucleation of ice Ih (Tn Ih) was observed at about -41 °C (Fig 1b). Assuming that the nucleation temperature of ice Ih is close to the homogeneous nucleation limit TH, the pressure at Tn Ih was calculated at 28 MPa using Equation A1 of Holten et al. [START_REF] Holten | [END_REF] While ice nucleation takes place in the ice Ih stability field, the pressure in the inclusion increases abruptly upon freezing. Fig. 1c demonstrates that ice Ih does not entirely fill the inclusion volume but coexists with liquid water that has not completely transformed to solid. Thus, the phase transition occurring at Tn Ih is L → ice Ih + L. The presence of liquid water coexisting with ice Ih was confirmed by Raman spectroscopy (see Fig. 4b) and is corroborated by the convex shape of the ice Ih crystal boundary (Fig. 1c), which is characteristic for the liquid-solid interface. We note that the presence of liquid water promotes a rapid re-crystallisation of the initially polycrystalline ice to a single ice Ih crystal (cf. Fig. 1b and1c). Upon further cooling (Fig. 1d and1e) ice Ih grows at the expense of the liquid phase, indicating a metastable equilibrium between the two phases. Reversely, ice Ih melts continuously upon heating following the image sequence e-c, n-q and in turn grows again upon cooling. At about -80 °C, finally, a phase transition occurs that results in an abrupt pressure drop (see Fig. 2). Although this phase transition could not be observed directly (Fig. 1f) we observed the re-crystallisation and coalescence of a second solid phase upon subsequent heating, starting at about -55 °C (Fig. 1g). We found strong evidence indicating that this newly formed phase is ice IV, a metastable, proton-disordered form of ice (cf. Fig. 4a and particularly Fig. 8a,b). Fig. 1g-m illustrate the sluggish re- Please do not adjust margins Please do not adjust margins crystallisation and coalescence process of ice IV that apparently formed from the liquid water film between the ice Ih crystal and the inclusion walls (ice Ih+L → ice Ih+ice IV). We assume that the recrystallisation and coalescence of ice IV is likely caused by the Gibbs-Thomson effect, i.e., the depression of the equilibrium melting temperature as a function of the interfacial curvature of the ice crystals 20 that presumably are at the nanoscale when formed at -80 °C. The presence of an inter-crystalline liquid water film would promote re-crystallisation, resulting in an increase of the crystal grain size, and consequently, in an increase of the melting temperature. At about -34 °C (Fig. 1m) the two ice phases were completely separated featuring a nearly linear solid-solid interface between two single crystals, ice IV and ice Ih, respectively. In contrast to the ice Ih-liquid phase equilibria the volume ratio of ice IV and ice Ih does not perceivably change between -34 and -80 °C as illustrated in Fig. 3a. At -32.7 °C (Fig. 1n), ice IV melts to liquid water (ice Ih+ice IV → ice Ih+L), defining a triple point that, to our knowledge, has not been described in the literature so far. After melting of ice IV, the remaining ice Ih, now coexisting with liquid water, melts continuously with increasing temperature (Fig. 1n-q) until final ice melting (Tm Ih) was observed at +1.7 °C (Fig. 1r), indicating that the inclusion has returned to the negative pressure domain.

The reproducibility of the ice IV nucleation temperature (Tn IV) is ± 1 °C, whereas the precision of the triple point and the final ice melting temperature is ±0.05 °C. Although our observations and microthermometric measurements have proven to be highly reproducible, there is still one exception: In one of the very last microthermetric runs we performed for this study, we observed that, after cooling the inclusion to -80 °C, ice III had formed instead of ice IV (ice Ih+L → ice Ih+ice III). Initially, we supposed that the formation of ice III was caused by the higher cooling rate we had used for this specific run (40 °/min). However, it turned out that the formation of ice III could not be reproduced reliably and formed, if at all, rather by chance. Upon subsequent heating ice III underwent a re-crystallisation and coalescence process similar to that observed with ice IV. After separation of the two coexisting ice phases, we found the volume of ice III to be significantly larger than that of ice IV. But, similar to the ice Ih-ice IV assemblage, the ice III/ice Ih volume ratio did not perceivably change between -24 and -80 °C (see Fig. 3b). The coexistence of ice III and ice Ih finally terminates at -22.0 °C (Tm III) in a triple point (ice Ih+ice III → ice Ih+L), which is in agreement with the respective triple point temperature reported by Bridgman.

3

Raman spectra

Identification of phases. As mentioned above, the different phases occurring during the microthermometric runs were analysed by Raman spectroscopy and compared to reference spectra of different ice polymorphs reported by Minceva-Sukarova et al. 21 A compilation of Raman spectra of the different phases observed in this study is shown in Fig. 4a for the low-frequency lattice translational bands and in Fig. 4b for the high-frequency O-H The identification of ice IV (blue) was more difficult because of the low intensity of the translational bands in the Raman spectrum. The only ice IV reference spectra we could find in the literature are those reported by Salzmann et al. 22 , which were recorded between -193 and -133 °C at 1 bar pressure, and hence, at significantly different p-T conditions than our measurements (-58.4 °C, 281 MPa). Furthermore, their spectra were measured on polycrystalline samples, whereas in the present study, the spectra were taken from a single crystal of unknown crystallographic orientation. The lowfrequency spectrum of ice IV shown in Fig. 4a exhibits a weak but clear band at about 150 cm -1 and a broad, rather vague band around 170 cm -1 . The two bands appear in all our ice IV spectra of the lattice translational mode and are clearly absent in the underlying quartz spectrum. For comparison, the low-frequency spectrum of Salzmann et al. recorded at -138 °C displays two major bands at about 150 and 175 cm -1 plus two minor bands at about 125 and 205 cm -1 . While the two major bands, conform quite well with those observed in our spectra, the latter two are not identifiable in our spectra because of the low signal intensity and the superposition with quartz bands. Our high-frequency spectrum of the O-H stretching bands, on the other hand, displays two broad peaks at about 3210 and 3350 cm -1 . The respective peak positions reported by Salzmann et al. 22 Although the spectra obtained in this study do not allow a clear discrimination between the proton-disordered ice III and ice IX, its proton-ordered equivalent, it is unlikely that the proton-ordered ice polymorph formed directly by nucleation from liquid water. We also note that the spectrum shown in Fig. 4a (lilac curve) exhibits a slightly higher intensity of the A1 quartz band (206 cm -1 ) compared to the other spectra. This is only partly due to the adjacent ice III band but mainly caused by a slight misalignment of the quartz orientation with respect to the Raman polarisation directions (xy configuration), which became obvious from the corresponding quartz reference spectrum (not shown in Fig 4a). The Raman spectrum of ice III in the O-H stretching region reported by Minceva-Sukarova et al. 21 (see their Fig. 5a) displays a sharp peak about 3150 cm -1 and a high, broad shoulder at about 3300 cm -1 . In our own high-frequency spectrum (Fig. 4b), however, the intensity of the 3300 cm -1 stretching band is very low and does not form a pronounced peak. The identification of liquid water coexisting with ice Ih was possible only in the O-H stretching region (turquoise curve in Fig. 4b). At low frequencies, i.e., in triple spectrometer configuration, the signal intensity was too low and only the broadening of the Rayleigh band was observed.

Ice Ih peak positions. The broad Raman O-H stetching band of ice Ih is a superposition of 3 to 4 sub-bands with a dominant peak around 3100 cm -1 (e.g. 23,24 ). The exact position of this peak depends on temperature and pressure, and shifts towards higher wave numbers with increasing temperature and towards lower wave numbers with increasing pressure. For the (low-frequency) lattice translational Raman band, in contrast, the shift of the peak position as a function of p and T is exactly the opposite. The dominant ice Ih peak of the translational band is at around 220 cm -1 .

In the high-density inclusion A we observed ice Ih in three different phase assemblages: coexisting with liquid water (L), with ice IV, and with ice III. Additionally, ice Ih coexists with water vapour (Vap) in the low-density inclusion B. In Fig. 5 the measured ice I h peak positions listed in Table 1 are plotted along these four coexistence lines as a function of temperature, both for the lattice translational band (a) and for the O-H stretching band (b). The colours of the data points indicate the different coexistence lines (red = ice I h + L, orange = ice I h + ice IV, purple = ice I h + ice III, and blue = ice I h + Vap). The Raman spectra of ice Ih were measured after complete recrystallisation and separation of the coexisting ice phase (either ice IV or ice III). For the measurements along the sublimation curve inclusion B was heated to -0.1 °C to promote the re-crystallisation of ice Ih. Replicate measurements at specific temperatures were performed either at the end of a microthermometric cycle 2 -4 hours after the initial measurement or several days later during a new temperature run. The reproducibility of the measurements was good and the data points describe a monotonic (non-linear) trend of the ice Ih peak position along the individual coexistence lines without any steps or distinctive kinks. Empirical fits of the data along the ice Ih melting and sublimation lines and along the ice Ih + ice IV coexistence line (Eq. ( 1)-( 6)) are reported in Table 2. The data fits comply with a series of boundary conditions, 1. the ice Ih melting and the sublimation curve intersect at 0.01 °C, 2. the Ih melting curve and the ice Ih-ice IV coexistence curve intersect at -32.7 °C, 3. the deviation of the fit functions from the measured data 1)-( 6)). c) Deviation of the data from the corresponding fits. Except for one data point at -0.4 °C, all measurements are within the estimated precision (± 0.75 cm -1 for the lattice translational band (shaded area) and ± 1.5 cm -1 for the O-H stretching band (horizontal lines).
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For the ice Ih-ice III coexistence line we can report only four data points at -24.3 and -58.4 °C plus the triple point measurement at -22.0 °C. As previously mentioned, the appearance of ice III was observed for the first time at the very end of our Raman measurements and at the time we did not succeed to re-nucleate ice III after measuring the triple point temperature. Later on, we managed to produce ice III again by chance but using another microthermometric setup that was not coupled to a Raman spectrometer.

Temperature and pressure calibration of the ice Ih peak position. Numerical literature values of the temperature-and pressuredependency of the ice Ih peak position, (∂n/∂T)p = const and (∂n/∂p)T = const., respectively, are sparse and in poor agreement. 21,25,26 For this reason, we re-calibrated the shift of the Raman peak position of ice Ih as a function of temperature and pressure for both, the O-H stretching and the lattice translational band. The results are shown in Table 3.

The temperature-dependent shift (∂n/∂T)p = 0 was determined along the water sublimation curve using the low-density pure water inclusion B mentioned above. The data points (blue dots) shown in This non-linearity is in agreement with previous experimental data compiled by Shi et al. 27 (see their Fig. 7). The slope (∂n/∂T)p = 0 of the ice Ih peak position is given by equation ( 7) for the lattice translational band and by equation ( 10) for the O-H stretching band.

The pressure-dependent shift of the ice Ih peak position, in contrast, could not be determined from direct measurements at constant temperature. Instead we used inclusion A to record the Raman peak positions np,T along the ice Ih melting curve between 0 and -22 °C (see Fig. 5) and subtracted the temperature related nT portion of the shift using Eq. ( 7) and Eq. ( 10), respectively. The resulting ∆n value corresponds to the pressure-dependent portion np of the Raman shift. Since ∆n = np = np,T -nT we obtain positive np values for the lattice translational mode and negative np values for the O-H stretching mode. Using then the expression of Wagner et al. 28 for the p-T trend of the ice Ih melting curve (a polynomial fit to experimental data) we derived the pressure-dependent Raman shift (∂n/∂p)T = const of ice Ih for the lattice translational and for the O-H stretching mode. Although the slope (∂n/∂p)T = const was found to be nearly linear in the range between 0 and 208 MPa, we decided for a non-linear fit of the p-np data, which eventually results in higher pressures when extrapolated beyond 208 MPa. The triple point pressure of 611.657 Pa at ∆n = 0 was set as boundary condition for the data fit. The slopes of the resulting p-np curves are given by equations ( 8) and ( 11) for the lattice translational band and for the O-H stretching band, respectively. The validity range of equations ( 8) and ( 11) is from 0 to 208 MPa but we shall extrapolate them up to 460 MPa. Since np is the measured variable in our experiments we used equation ( 9) and ( 12) to calculate the ice pressure in the inclusions. 

The p-T phase diagram

Based on the fits of the n -T data shown in Fig. 5 we finally calculated the p-T trend of the melting curve (ice Ih + L) between 0 and -80 °C and of the ice Ih-ice IV coexistences line between -32.7 and -80 °C, using the temperature and pressure calibrations of the ice Ih Raman shift described in the previous paragraph. Equations (13) and ( 14) reported in Table 4 describe the resulting p-T curves that are shown in the phase diagram in Fig. 6. In addition, the diagram displays the approximate trend of the ice Ih-ice III coexistence curve, based on the four data points obtained at -58. Figure 6 additionally displays the stability fields of liquid water, ice Ih, ice II (grey shaded area), ice III, and ice V (see ref. [START_REF] Bridgman | Proc. Am. Acad. Arts and Sci[END_REF] ) as a reference framework to contrast our results with. The respective solid-liquid and solid-solid binodals are shown Please do not adjust margins Please do not adjust margins in blue with solid lines for stable and dashed lines for metastable phase equilibria. Bridgman was probably the first who reported on the "prolongation of the I-L curve" below -22 °C (see ref. 1)-( 6)) using the pressure calibrations (Eq. ( 9) and Eq. ( 12)) described in Section 3. In order to explain the nucleation of either ice IV or ice III at -80 °C Fig. 8a displays experimental data (blue dots) of the homogeneous nucleation limit TH. 9,31 The corresponding TH curves were calculated using data fits of Holten et al. [START_REF] Holten | [END_REF] (Eq. A1 and A2) that include additional experimental data in the range between 500 and 1500 MPa. 32 The homogeneous nucleation limit exhibits a break point at about -92 °C and 200 MPa. At low pressures the negatively sloped TH curve is associated with the nucleation of ice Ih, whereas at high pressures the TH curve has a positive slope and is associated with the nucleation of high-pressure ice polymorphs like ice III and ice IV.

The intersection of the high-pressure branch of the TH curve with our ice Ih melting curve (red) is at -78 °C. This is only two degrees higher than the nucleation temperature actually measured in this study. Our data, thus, suggest a slightly steeper slope of the TH line.

At this point we call the reader's attention to the fact that Mishima's data 8,29 indicate a continuation of the ice Ih melting curve at temperatures below the homogeneous nucleation limit. The reason is that Mishima observed in his experiments the compression-induced melting of ice Ih, starting with emulsified water droplets of 1-10 µm diameter, freezing them to ice Ih at low pressure and finally increasing pressure at constant temperature until the exothermic melting transition was recorded. Due to the small size of the droplets in the emulsion, the nucleation of secondary ice phases is kinetically suppressed, 32 which explains why the liquid produced by ice melting does not instantaneously freeze to a high-pressure ice phase. In case of the ice IV melting line, also shown in Fig. 8a, melting was induced by decompression of ice IV at constant temperature. And again, the melting curve seems to continue across the TH curve. In this case, however, it is not a continuation of the ice IV melting curve, as indicated by the clear change of the slope close to TH but, in fact, the data points below TH are associated with an "ice IV-to-ice Ih transition" (cf. ref. 29 ) that should not be confused with an ice IV-ice Ih equilibrium. Please do not adjust margins

Please do not adjust margins

To our knowledge this is the first experimental study reporting on the existence of an ice Ih-ice IV coexistence line (orange) that terminates in a metastable triple point at the intersection with the ice Ih melting curve. To complete the picture Fig. 8a displays experimental data of the corresponding ice IV melting curve. [START_REF] Evans | [END_REF]6,29,32,33 Since the measurements of Nishibata 6 (open squares) plot significantly below the other data points they were excluded from the data fit (pink dashed line). The resulting ice IV melting curve passes very close to the proposed triple point as illustrated in an enlarged view in Fig. 8b. At the triple point temperature of -32.7 ±0.1 °C the pressure of the fitted ice IV melting curve is about 10 MPa higher than the triple point pressure determined in this study. This pressure difference is within experimental uncertainties and we conclude that the three curves, in fact, intersect in the same p-T point. This finding confirms that the ice phase formed at -80 °C is in fact ice IV and that the ice Ih-ice IV coexistence curve is a thermodynamic, though metastable, equilibrium line.

Implications for fluid inclusion studies

Finally, we come back to the questions that initially motivated us to conduct the present study: Our results have clearly demonstrated that the ice phase present in the inclusion after nucleation is ice Ih even when pressure increases into ice II stability field. The lowtemperature metastable extension of ice Ih-liquid binodal furthermore implies that the maximum pressure in the inclusion cannot exceed the melting curve. This in turn explains why irreversible volume changes do not increase with increasing bulk water densities of the inclusions. Preliminary microthermometric experiments using a synthetic fluid inclusion with a density ϱ of 995 kg/m 3 , which is higher than that of inclusion A, shows larger L/ice Ih and ice IV/ ice Ih volume ratios, while Tn IV as well as the triple point temperature again were measured at -80 °C and -32.7 °C, respectively. This is a further proof that the pressure in the inclusion is controlled by metastable ice Ih-liquid and ice Ih-ice IV phase equilibria.

Our results also show that the quartz crystal hosting the fluid inclusions can withstand internal pressures of up to 466 MPa as well as abrupt pressure increases of 315 MPa upon nucleation of ice Ih without experiencing significant irreversible volume changes due plastic and/or brittle deformation. For inclusion A the resulting volume increase was found to be below 0.02 %, deduced from the increase of the liquid-vapour homogenisation temperature (Th) from 56.8 °C (initial value) to 57.1 °C (measured after several freezing/melting cycles). However, we need to bear in mind that inclusion A was rather small (120 µm 3 ) and that the extent of overpressure an inclusion can withstand decreases with increasing size, which has been demonstrated by high-temperature decrepitation experiments (see Roedder [START_REF] Roedder | Review in Mineralogy[END_REF] , p. 70 ff).

Conclusions

The present study provides a wealth of new experimental data related to the low-temperature phase diagram of water. On the one hand, our results confirm, though with slight deviations, previous experimental data of Mishima 8,29 concerning the metastable extension of the ice Ih melting curve below the ice Ih-ice III-liquid triple point. On the other hand, our study revealed a new metastable equilibrium curve of ice Ih and ice IV that terminates in a triple point at -32.7 °C and 273 MPa. This triple point interlinks three metastable equilibrium curves: ice Ih + ice IV, ice Ih + liquid, and ice IV + liquid. With regard to the ice Ih-ice III equilibrium curve, however, further measurements are needed to confirm or disproof the apparent deviation from Bridgman's data. [START_REF] Bridgman | Proc. Am. Acad. Arts and Sci[END_REF] And last but not least, the present study proposes a new, non-linear calibration of the temperature-and pressure-dependent shift of the ice Ih Raman bands for the lattice translational and for the O-H stretching mode.

Although the present study has demonstrated that synthetic fluid inclusions can be applied for investigations of solid-liquid and solidsolid phase equilibria in the water phase diagram, further potential applications in this field are rather limited due to the isochoric nature of the experiments, in which the pressure is not an independent variable. A potential example for further applications would be the determination of pressure along the super-heated ice Ih melting curve. This, however, requires an extrapolation of the calibration curves of the ice Ih Raman shift to positive temperatures and negative pressures (tensile stress). More than one century after Bridgman's pioneering work, our knowledge of the water/ice phase diagram, particularly with respect to metastable phase equilibria is still incomplete and the amount of available experimental data is moderate. New experimental studies are needed to confirm or improve the existing data, and potentially disclose new features of this enormously rich phase diagram of solid water. 
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 4 J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx Please do not adjust margins Please do not adjust margins known temperatures. The position of the dominant peak of the ice Ih O-H stretching band was determined directly from the spectrum with an estimated precision of about ± 1.5 cm -1 . The peak position of the lattice translational band of ice Ih was determined after subtraction of the normalised quartz spectrum taken at the same temperature. Here the uncertainty of the peak determination is estimated at ± 0.75 cm -1 .

Figure 1 :

 1 Figure 1: Series of photographs of inclusion A at different temperatures illustrating the phase transitions observed upon cooling and subsequent heating. A scale is indicated in image a. For a detailed description we refer to the text

Fig. 3 :

 3 Fig. 3: Photographs illustrating a) the ice IV/ice Ih and b) the ice III/ ice Ih volume ratios. The volume ratios of the coexisting ice phases do not perceptibly change with temperature.

Figure 2 :

 2 Figure 2: Schematic representation of the p-T trajectories (blue arrows) of inclusion A during the microthermometric runs. L+Vap: liquid-vapour equilibrium curve; Ih+L: ice Ih melting curve; Ih+IV: ice Ih-ice IV coexistence curve; Ih+III: ice Ih-ice III coexistence curve. Solid lines: stable phase states, dashed lines: metastable phase states. Below the liquid-vapour homogenisation temperature Th the monophase liquid state of the inclusion becomes metastable (dash-dotted isochore), first with respect to vapour, then, below Tm Ih with respect to both vapour and ice Ih, and finally below Thr with respect to ice Ih only. The orange star indicates the option to stimulate vapour bubble nucleation by means of ultra-short laser pulses, 16 which allowed us to measure Th and Thr, the temperatures of prograde and retrograde liquid-vapour homogenisation, respectively. Tn and Tm denote the nucleation, respectively the melting temperatures of the ice phases (Ih, III or IV). See text for further details.

Figure 4 :

 4 Figure 4: Raman spectra of ice Ih (red, orange and purple), ice III (light blue) and ice IV (blue) measured at -58.4 ºC. a) Low-frequency Raman spectra of the lattice translational bands. A quartz reference spectrum (black) measured in xy polariser configuration (see Section 2.3) is shown for comparison. b) Highfrequency Raman spectra of the O-H stretching bands. The spectrum of liquid water coexisting with ice Ih is depicted in turquoise. The spectra of ice Ih represent three different phase assemblages with liquid water (red), with ice IV (orange) and with ice III (purple). The positions of the ice Ih peak reflect the different pressures at which the three phase assemblages coexist.
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 8 J. Name., 2012, 00, 1-3 This journal is © The Royal Society of Chemistry 20xx Please do not adjust margins Please do not adjust margins points is less than ± 1.5 cm -1 for the O-H stretching mode and less than ± 0.75 cm -1 for the lattice translational mode, and 4. the fits of the low-and of the high-frequency data eventually yield the same pressures for the ice Ih melting curve and the ice Ih-ice IV coexistence curve, respectively. The deviation of the individual data points from the fits are shown in Fig 5c with filled symbols representing the low-frequency data and open symbols for the high-frequency data. Except for a single high-frequency data point at -0.4 °C, the resulting deviations are smaller than the estimated uncertainties.

Table 2 : 2 - 9 .510851×10 - 5 T 3 - 4 n 2 + 3 .

 22953423 Empirical fits to then-T data of ice Ih along the melting curve (ice Ih + L), the ice Ih-ice IV coexistence curve (ice Ih + ice IV) and the sublimation curve (ice Ih + Vap). Equations (1)-(3) refer to the lattice translational band and equations (4)-(6) to the O-H stretching band. Binodal Ice Ih peak position: Lattice translational band Validity range [°C] ice Ih + L n [cm -1 ] = 209.4476 -6.826855×10 -1 T -9.367985×10 -3 T [cm -1 ] = 3152.911 + 2.381942T + 3.202941×10 -2 T 243083×10 -4 T3 + 1.430337×10 -6 T 4 0 to -80 (4) ice Ih + ice IV n [cm -1 ] = 3115.885 + 5.562891×10 -1 T + 1.95237×10 -3 T 2 -32.7 to -80 (5) ice Ih + Vap n [cm -1 ] = 3152.92968 + 5.201679×10 -1 T + 1.9525139×10 -3 T 2 0 to -80 (6)

Figure 5 :

 5 Figure 5: Measurements of ice Ih peak positions as a function of temperature (and pressure). a) lattice translational mode (filled circles) b) O-H stretching mode (open circles). Colors tag the four phases coexisting with ice Ih: liquid water (red), ice IV (orange), ice III (purple) and water vapour (Vap) (blue). Solid lines are fits to the measured data (see Eq. (1)-(6)). c) Deviation of the data from the corresponding fits. Except for one data point at -0.4 °C, all measurements are within the estimated precision (± 0.75 cm -1 for the lattice translational band (shaded area) and ± 1.5 cm -1 for the O-H stretching band (horizontal lines).
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 5 indicate a slightly non-linear trend of the ice Ih peak position.

Table 3 :

 3 Calibration of the temperature-and pressure-dependent shift of the Raman peak position of ice Ih for the lattice translational and the O-H stretching band. Note, the slopes (∂n/∂T)p = 0 and (∂n/∂p)T = const are non-linear. Ice Ih peak position: Lattice translational band Validity range p = const. (∂n/∂T)p = 0 = -0.13671 -5.4761 × 10 -4 T 0 to -80 ºC (7) T = const. (∂n/∂p)T = const. = 0.0430 -6.108 ×10 -6 × p 0 to 208 MPa (8) p(np) p = 6.2681×10 -4 + 23.1338 × np + 9.295×10 -2 × np 2 0 to 208 MPa (9) Ice Ih peak position: O-H stretching band p = const. (∂n/∂T)p = 0 = + 0.520168 + 1.9525 × 10 -3 T 0 to -80 ºC (10) T = const. (∂n/∂p)T = const. = -0.1462 + 1.963 ×10 -5 × p 0 to 208 MPa (11)p(np) p = 6.1659×10 -4 -6.78448 × np + 7.99×10 -3 × np 2 0 to 208 MPa(12) 

  4 and -24.3 °C, and on the triple point temperature measured at -22.0 °C. Data points calculated from the measured low-frequency (filled circles) and high-frequency (open circles) peak position of ice Ih are shown in the respective colours. The deviation ∆p of the individual data points from the calculated curves is shown in Fig. 7. The Dp-plots indicate a precision of the pressure determination of about ± 10 MPa for both the lowand the high-frequency data.

  [START_REF] Bridgman | Proc. Am. Acad. Arts and Sci[END_REF] , p. 478). However, his ice Ih melting curve terminates at the ice Ih-ice III-liquid triple point. In the present study, we could trace the melting curve into the lowtemperature metastable region down to -80 °C (red dashed line). Below -22.0 °C the two phases, ice Ih and liquid water, become metastable first, with respect to ice III and then, below -30 °C, with respect to ice II. At -80 °C and 466 MPa, the super-cooled ice Ih melting curve eventually terminates due to the nucleation of either ice IV or ice III. The nucleation of ice IV results in a pressure drop of approximately 180 MPa, while the pressure drop associated with the nucleation of ice III is about 260 MPa.The ice Ih-ice IV coexistence curve calculated from the fits of the n -T data exhibits a linear p-T trend with a slightly negative slope. Both phases are metastable with respect to ice II and their coexistence terminates at the intersection with the metastable ice Ih melting curve, forming a triple point of three metastable phases (ice Ih, ice IV and L) at -32.7 °C and 273 MPa. The p-T trend of the ice Ih-ice III coexistence curve, finally, is not well constrained by our data. The two data points at -58.4 °C are located in the ice II stability field, and thus represent a metastable phase equilibrium, while the data points at -24.3 °C represent the stable phase equilibrium. The ice Ih-ice III-L triple point was measured at -22.0 °C and the pressure was determined at 207 MPa. While the triple point is in agreement with the measurements reported by Bridgman[START_REF] Bridgman | Proc. Am. Acad. Arts and Sci[END_REF] , we note that our data points at -58.4 °C plot clearly below Bridgman's ice Ih-ice III coexistence curve.

Figure 6 :

 6 Figure 6: Detail of the p-T phase diagram of water showing the stability fields of liquid water (L), ice Ih, ice II, ice III and ice V and the respective phase boundaries (blue) based on experimental data from Bridgman 3 . Solid lines denote stable, dashed lines metastable phase equilibria. The ice Ih melting curve (red) and the ice Ih-ice IV coexistence curve (orange) were calculated from the fits of the measured ice Ih peak positions (Eq. (1)-(6)) using the pressure calibrations (Eq. (9) and Eq. (12)) described in Section 3.3. Filled circles denote data points derived from low-frequency, open circles from high-frequency Raman measurements. The approximate trend of the Ih-ice III equilibrium line (based on four data points) is shown in purple.
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 3 Figure 6: Detail of the p-T phase diagram of water showing the stability fields of liquid water (L), ice Ih, ice II, ice III and ice V and the respective phase boundaries (blue) based on experimental data from Bridgman 3 . Solid lines denote stable, dashed lines metastable phase equilibria. The ice Ih melting curve (red) and the ice Ih-ice IV coexistence curve (orange) were calculated from the fits of the measured ice Ih peak positions (Eq. (1)-(6)) using the pressure calibrations (Eq. (9) and Eq. (12)) described in Section 3.3. Filled circles denote data points derived from low-frequency, open circles from high-frequency Raman measurements. The approximate trend of the Ih-ice III equilibrium line (based on four data points) is shown in purple.

Figure 7 :

 7 Figure 7: Deviation of the data points from the calculated ice Ih melting curve (red) and ice Ih-ice IV coexistence line (orange), respectively. The precision (not the accuracy) of the pressure derived from the Raman peak position of ice Ih is about ± 10 MPa, indicated by the shaded area. Filled circles represent data points derived from low-frequency Raman measurements, open circles those from high-frequency measurements.

Figure 8 :

 8 Figure 8: a) Detail of the p-T phase diagram of water like Fig. 6 but featuring additional experimental data from the literature: ice Ih melting pressures (yellow dots) 8,29 , ice IV melting pressures represented by pink symbols (diamonds 4 , open circles 33 , open squares 6 , dots 29 ), and p-T data of the homogeneous nucleation limit TH (blue) 9,31 . Three different representations of the ice Ih melting curve are shown based on: 1. the empirical expression of Wagner et al. 28 extrapolated below -22 °C (dark grey line), 2. the combination of the EoS for ice Ih 30 and the EoS for supercooled liquid water 19 (brown line) and 3. the peak positions of the ice Ih Raman bands (red; this study). The ice Ih-ice IV equilibrium curve is shown in orange. See text for further details. b) Enlarged detail of the marked area in a) illustrating the agreement of the ice IV melting curve with the ice Ih-ice IV-liquid triple point (tp) measured at -32.7 ±0.1 °C.
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  pressure (MPa) T temperature (°C) Th liquid-vapour homogenisation temperature Thr retrograde liquid-vapour homogenisation temperature TH (temperature of the) homogeneous nucleation limit Tn nucleation temperature of ice Ih, III or IV Tm melting temperature of ice Ih, III or IV n Raman shift (cm -1 ) nT temperature-dependent Raman shift (cm -1 ) at p = const. np pressure-dependent Raman shift (cm -1 ) at T = const. ϱ density (kg/m 3 )

  at -193 °C and 1 bar are at 3200 and 3330 cm -1 . The identification of ice III (light blue) again appears quite clear, based on the distinct low-frequency Raman bands at about 65, 95, and 190 cm -1 , which are qualitatively in agreement with the corresponding spectrum reported by Minceva-Sukarova et al. 21 taken at -27 °C and 280 MPa. For comparison, the ice III spectra shown in Fig 4 were measured at -58.4 °C and 208 MPa.

Table 1 :

 1 Low-and high-frequency Raman peak positions of ice Ih measured for four different phase assemblages as a function of temperature

			Lattice translational band			O-H stretching band	
	Temperature	Ice Ih	Ice Ih	Ice Ih	Ice Ih	Ice Ih	Ice Ih	Ice Ih	Ice Ih
	[°C]	peak pos.	peak pos.	peak pos.	peak pos.	peak pos.	peak pos.	peak pos.	peak pos.
		(Ih + L)	(Ih + IV)	(Ih + III)	(Ih + Vap.)	(Ih + L)	(Ih + IV)	(Ih + III)	(Ih + Vap.)
		[cm -1 ]	[cm -1 ]	[cm -1 ]	[cm -1 ]	[cm -1 ]	[cm -1 ]	[cm -1 ]	[cm -1 ]

Table 4 :

 4 Empirical equations describing the p-T trend of the ice Ih melting curve and the ice Ih-ice IV coexistence curve shown in Fig.6.

	Binodal	Equation: p [MPa], T [°C]	Validity range	
	ice Ih+L	p = 1.28108604×10 -1 -12.74778 × T -1.915212×10 -1 × T 2	0 to -80 °C	(13)
		-2.01501×10 -3 × T 3 -8.775×10 -6 × T 4		
	ice Ih+ice IV	p = 262.294 -0.316 × T	-32.7 to -80 °C	(14)
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