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ABSTRACT 20 

Understanding the stability of magnesite in the presence of a hydrous fluid in the Earth’s 21 

upper mantle is crucial for modelling the carbon budget and cycle in the deep Earth.  22 
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This study elucidates the behavior of magnesite in the presence of hydrous fluids. We 23 

examined the brucite-magnesite (Mg(OH)2-MgCO3) system between 1 and 12 GPa by using 24 

synchrotron in situ energy dispersive X-ray diffraction experiments combined with textural 25 

observations from quenched experiments employing the falling sphere method. By subjecting 26 

magnesite to varying pressure-temperature conditions with controlled fluid proportion, we 27 

determined the stability limits of magnesite in the presence of a fluid and periclase.  28 

The observed liquidus provides insights into the fate of magnesite-bearing rocks in 29 

subduction zones. Our findings show that magnesite remains stable under typical subduction 30 

zone gradients even when infiltrated by hydrous fluids released from dehydration reactions 31 

during subduction. We conclude that magnesite can be subducted down to and beyond 32 

sub-arc depths. Consequently, our results have important implications for the carbon budget 33 

of the Earth’s mantle and its role in regulating atmospheric CO2 levels over geological 34 

timescales. 35 
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INTRODUCTION 41 

The fates of carbon and hydrogen in the mantle are intimately linked to each other. For 42 

instance, the release of CO2,aq from carbonaceous lithologies in the slabs during subduction is 43 

enhanced by dehydration reactions, because water acts as catalyst and solvent in 44 

decarbonation and dissolution reactions (summarized in Galvez and Pubellier 2019). With 45 

increasing water activity, the solidus of carbonate-bearing rocks is drastically reduced 46 

promoting the formation of carbonate melts (Wyllie and Tuttle 1960; Poli 2015; Poli et al. 47 
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2009). Thus, infiltration of aqueous fluids (e.g. released in dehydration reactions) into slab 48 

sediments can produce a carbonate-bearing fluid/melt. The extent to which these processes 49 

operate is controversial (Kelemen and Manning 2015; Orcutt et al. 2019). Due to the 50 

breakdown of dolomite with increasing pressure, magnesite (MgCO3) is the most dominant 51 

carbonate phase in the CO2-peridotite system above ~4 GPa (Falloon and Green 1989; 52 

Dasgupta and Hirschmann 2006; Dasgupta et al. 2004; Shen et al. 2018) and plays an 53 

important role in the cycle of oxidized carbon into the deep Earth. However, to date, the 54 

stability of magnesite in the presence of a H2O-bearing fluid is still poorly constrained.  55 

Carbonates in the upper mantle are nominally anhydrous, meaning their crystal structure does 56 

not incorporate H2O, and their stability has been studied intensively (see Shatskiy et al. 2015 57 

and references therein). In the (dry) MgO-CO2 system, magnesite dissociates up to 2.3 GPa 58 

and 1550 ℃, where magnesite begins to melt incongruently forming periclase and carbonate 59 

liquid (Huang and Wyllie 1976; Irving and Wyllie 1975). Earlier studies reported congruent 60 

melting of magnesite at pressures ≥2.7 GPa (Huang and Wyllie 1976; Shatskiy et al. 2016; 61 

Katsura and Ito 1990). Sieber et al. (2022) recently revised the melting reaction, 62 

demonstrating incongruent melting for magnesite in the anhydrous system at 6 and 9 GPa. 63 

A better investigation of the stability of magnesite in the presence of a free fluid phase is 64 

needed, because only a marginally lower liquidus in the water bearing system (1700-1750 ℃) 65 

compared to anhydrous conditions (1750-1800 ℃) was obtained from experiments on 66 

hydromagnesite at 6 GPa employing the falling sphere technique in ex situ experiments 67 

(Müller et al. 2017). Compared to silicate-bearing system, such a small reduction of the 68 

liquidus temperature by H2O is surprising (e.g. Green et al. 2014). Interpretation of the 69 

equilibrium assemblage from quenched experiments based on crystal sizes and textural 70 

features is problematic due to the reactivity of the quenched vapors and solids (Walter et al. 71 

1962). For instance, quenched periclase (MgO) reacts with a H2O-fluid at high pressure to 72 
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brucite (Mg(OH)2) (Della Roy and Roy 1957) and with a CO2-H2O-fluid to magnesite, 73 

brucite, and/or nesquehonite (Walter et al. 1962). Therefore, in situ X-ray diffraction 74 

investigations of the melting conditions of magnesite in the presence of an aqueous fluid are 75 

strongly needed, because until now melting conditions and phase equilibria are only available 76 

from quenched experiments.  77 

 78 

We investigate the stability of magnesite in the presence of a hydrous fluid under mantle 79 

conditions between 1 and 12 GPa carrying out synchrotron in situ energy dispersive X-ray 80 

diffraction experiments and quenched experiments employing the falling sphere technique. 81 

Our study confirms the previously published dehydration and melting curves of brucite 82 

(Fukui et al. 2005; Johnson and Walker 1993) and determines the pressure and temperature 83 

conditions at which magnesite breaks down in the presence of periclase and a free fluid 84 

phase. 85 

EXPERIMENTAL AND ANALYTICAL METHODS 86 

Experimental strategy and starting material 87 

By subjecting magnesite to varying pressure-temperature conditions under controlled fluid 88 

proportion, we elucidate the breakdown and liquidus of magnesite coexisting with hydrous 89 

fluids. High pressure and temperature experiments were performed in large volume presses 90 

utilizing either in situ energy dispersive X-ray diffraction (EDXRD) or the falling sphere 91 

technique to determine the reactions in the brucite-magnesite system between 1 to 12 GPa. In 92 

both experimental approaches the magnesite/fluid-ratio was kept constant by using a mixture 93 

of natural magnesite powder (Mg9.9Fe0.1Ca0.03(CO3)10 from Brumado, Brazil) and 16 wt% 94 

laboratory-grade brucite as starting material. At 0.4 GPa, the eutectic composition of the 95 

brucite-magnesite system is at ~2 wt% brucite (Walter et al. 1962). The starting composition 96 
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was chosen to establish a constant amount of ~5 wt% H2O in the capsule after dehydration of 97 

brucite during the heating paths, e.g. at 3.6 GPa and ~1000 °C (Johnson and Walker 1993; 98 

Okada et al. 2002; Fukui et al. 2005). Further, by adding 16 wt% brucite to the starting 99 

material, sufficient periclase (11 wt%) is formed in the dehydration reaction to be detectable 100 

with EDXRD. Periclase (MgO) served as pressure marker inside the capsule of the in situ 101 

experiments. Starting mixtures were ground in acetone for ~0.5 h and dried at ~120 ℃ for 102 

several days before being loaded into the capsules. 103 

High pressure experiments 104 

The falling sphere method was applied in a Walker style multi-anvil apparatus at the German 105 

Research Centre for Geosciences (GFZ) and in offline experiments using the ‘Aster-15’ 106 

3 x 5 MN six-ram multi-anvil press at the P61B Large Volume Press (LVP) end-station at the 107 

Deutsches Elektronen-Synchrotron (DESY). Details of the multi-anvil press at GFZ are 108 

reported in Deon et al. 2011. An 14/8 assembly with double stepped graphite heater was used 109 

in the Walker multi-anvil press (GFZ) and an 14/8 assembly with Re-heater in the offline 110 

experiments in the Aster-15 LVP (for technical drawings used in the offline experiments see 111 

Sieber et al. 2022). Inside the capsules, a Pt-sphere was placed at the top of the starting 112 

mixtures but well below the lid. The sample was brought to the target pressure (P) and 113 

temperature (T) for <30 min before being quenched. The location of the Pt-sphere after the 114 

experiment and/or the texture of the product after the run was used as melting criterion. If the 115 

Pt-sphere is located at the bottom of the capsule, the amount of melt formed is sufficient to 116 

allow the sphere to move through the capsule. If the crystal shape of brucite grains was 117 

dendritic, they were interpreted as having been formed by quenching from a MgO-rich 118 

aqueous fluid/liquid. 119 

In situ EDXRD in the Aster-15 was used to monitor changes in the mineral assemblage of the 120 

start material as a function of PT. Using EDXRD the onset of melting is indicated by rapid 121 
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changes in the peak intensity of solids as a function of heating and this approach has been 122 

shown to be very useful to precisely determine the onset of melting (Andrault et al. 2006). 123 

Details on the operation of the Aster-15 LVP at the P61B end-station are reported in Farla et 124 

al. (2022). One additional ‘dry’ in situ experiment was performed at ~6 GPa without the 125 

addition of brucite. This demonstrates the applicability of the experimental approach and 126 

allows comparison between in situ experiments and published (offline) experiments 127 

employing the falling sphere technique (Müller et al. 2017; Shatskiy et al. 2018).  128 

Each starting material was loaded in a single crystal diamond cylinder enclosed on top and 129 

bottom by Pt-lids (Figure 1) - similar to the design described in Yamada et al. (2007). The 130 

diamond cylinder is X-ray transparent and inert to carbonatitic melts. The ductile behavior of 131 

platinum enclosed and sealed the diamond cylinder under compression and upon heating. For 132 

in situ experiments, a 14/8-assembly with either graphite or Re-foil as resistivity heater was 133 

used. Two holes were drilled into the Re-foil for better X-ray transmission and the material of 134 

the outer sleeve (ZrO2) was replaced by MgO (Figure 1). The sample was brought to the 135 

target pressure and then heated stepwise. 136 

Temperature was monitored in all experiments and over the entire run duration with a Type C 137 

thermocouple (WRe5%-WRe26%-wires). In case of thermocouple failure, the temperature 138 

was estimated from electrical power versus temperature calibrations of identical cell 139 

assemblies. The temperature gradient from the thermocouple to the center of the sample is 140 

expected to be about 30 ℃ using Re-heater, according to cell-assembly heating simulations 141 

(Hernlund et al. 2006). The temperature gradient is expected to be reduced when using 142 

double stepped graphite as heater. Since diamond, which is used as the capsule material, is an 143 

excellent thermal conductor we expect a negligible thermal gradient in the sample.  144 

An overview of the performed experiments is provided in Table 1. 145 

Figure 1 146 

Table 1 147 
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Analytical techniques 148 

Time-resolved EDXRD measurements and radiography images under high PT 149 

conditionswere collected at the P61.B end-station (DESY). Two EDXRD systems each 150 

consisting of a Ge solid-state detector with a 4096 multichannel analyzer and for radiographic 151 

imaging an X-ray microscope with sCMOS camera and a GGG:Eu scintillator (40 µm) are 152 

available. The size of the X-ray beam was 50 x 500 µm and 50 x 300 µm for measurements 153 

of the sample and periclase, respectively (Figure 1). The exposure time for EDXRD 154 

measurements ranged between 300 to 400 s at the sample position and was 200 s for 155 

periclase. The diffraction patterns were collected at a fixed 2Θ angle of ~5° and, in 156 

experiments with a run number ≥153, also at ~3° using a second detector. During EDXRD 157 

measurements the entire LVP was oscillated between -2.5 deg and +2.5 deg.  158 

At the target pressure, the sample was heated by 50-200 ℃ steps until ~1000 ℃ was reached 159 

and then heated in intervals of +25 ℃. EDXRD spectra of the sample were collected at each 160 

heating step for phase identification. Our criterion for an unambiguous identification of a 161 

mineral phase was the occurrence of at least two reflections that can be indexed by the 162 

mineral. Exceptions are indicated in the results. Changes in the mineral assemblage during 163 

heating were confirmed in a second EDXRD measurement at a different position in the 164 

sample. Heating to higher temperatures continued until all reflections of the samples 165 

disappeared in the EDXRD spectra, or until no further change in the mineral assemblage was 166 

expected. Afterwards the sample was cooled down gradually.  167 

Pressure was calculated from the positions of the periclase reflections using the 168 

pressure-volume-temperature equation of state of Tange et al. (2009). Between 900 and 169 

1100 ℃, periclase formed in the sample due to the incongruent breakdown of brucite. This 170 

enables comparison of the pressure obtained from the periclase reflections inside the diamond 171 

sleeve with the pressure obtained from periclase reflections of the assembly parts (outside the 172 
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diamond sleeve). Within the uncertainty, the pressure inside and outside of the diamond 173 

sleeves are equal at these high temperatures (Figure S1 in the supplementary information), 174 

confirming that above 1000 °C diamond softens sufficiently to equalise the pressure inside 175 

and outside of the diamond cylinder. The periclase pressure sensor was measured 176 

continuously during heating and over the whole run duration. 177 

 178 

Capsules recovered from the offline experiments were mounted, polished and carbon-coated 179 

for Scanning Electron Microscopy (SEM) at the University of Potsdam. The post-run phases 180 

and textures in samples extracted from the in situ experiments were investigated with a FEI 181 

Quanta 3D Dual Beam SEM at the Potsdam Imaging and Spectral Analysis (PISA) Facility at 182 

the GFZ. Raman spectroscopy (HORIBA Jobin Yvon LabRAM HR 800) was used at the 183 

University of Potsdam for phase identification. Raman spectra over a spectral range of 184 

100-2000 and 3000-4000 cm−1 were accumulated over 50 s using an Nd:YAG (532 nm) laser 185 

with a 50× objective lens and a 300 grating. 186 

RESULTS 187 

Falling sphere experiments: texture and position of Pt-sphere 188 

In the falling sphere experiments, the Pt-sphere’s descent from the top to the bottom of the 189 

capsule under high PT conditions indicates the formation of a sufficient amount of melt, 190 

enabling the sphere’s movement within the capsule. However, the production of small 191 

amounts of melt may prevent the sphere from reaching the bottom. Another indicator of melt 192 

occurrence under high PT is the texture of quenched phases. In the following we will use 193 

both, the position of the Pt-sphere and the texture, as indicators for melting.  194 

 195 
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In run 87 performed at 10.8 GPa and 1800 ℃, the Pt-sphere is found at the bottom of the 196 

capsule. In contrast, in run 88 performed at the same pressure but lower temperature 197 

(~1485 ℃), the Pt-sphere remains at the top, while magnesite, periclase and brucite exist. 198 

Therefore, the liquidus at 10.8 GPa lies somewhere between 1485 °C and 1800 °C.  199 

The same pair of experiments was conducted at 6 GPa. At 1300 °C (run 120), the sphere 200 

remains at the top, and the presence of periclase suggests the dehydration of brucite. An 201 

hourglass texture is observed (Figure 2a), likely resulting from a thermal gradient in the 202 

capsule. Magnesite + periclase occur in the colder region, while brucite + periclase along 203 

with significant pore space exist in the hotter region of the capsule. This hourglass texture is 204 

commonly observed in cases involving thermal gradients as seen in melting experiments with 205 

the same experimental setup (Sieber et al. 2020; Sieber et al. 2022), experiments involving 206 

large amount of fluids (e.g. Deon et al. 2011) and experiments on brucite dehydration 207 

(Johnson and Walker 1993). Irregularly shaped periclase crystals (5-25 µm) are found next to 208 

magnesite, while smaller periclase grains (<5 µm) exist less frequently near dendritic brucite 209 

grains. The dehydration of brucite produces periclase + fluid (see discussion), and the fluid 210 

diffuses toward the hottest regions of the capsule, while MgO diffuses along the periclase 211 

solubility and/or due to thermophoresis (Soret effect) towards the colder regions (Johnson 212 

and Walker 1993). Consequently, periclase grains accumulate in the colder regions, 213 

surrounded by magnesite, while brucite in the warmer regions may result from a kinetically 214 

fast back-reaction (hydration) of periclase with the fluid after quenching. This also explains 215 

the lower abundances and smaller grain size of periclase in the hotter region compared to 216 

periclase in the colder regions (Johnson and Walker 1993).  217 

At 1760 ℃ (run 121), the sphere remained at the top, but the texture of elongated magnesite 218 

grains and dendritic brucite crystals indicates the presence of a melt (Figure 2b). Periclase 219 

crystals are found at the bottom of the capsule, indicating their crystallization in the lower 220 
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temperature region, a common phenomenon for subliquidus phases (Fukui et al. 2005; Sieber 221 

et al. 2020; Sieber et al. 2022; Inoue 1994). The dendritic texture of brucite crystals in 222 

run 121 is attributed to quenching from a MgO-H2O-bearing melt. Thus, the textural 223 

observations imply that at 6 GPa the liquidus is surpassed at 1760 ℃, despite the Pt-sphere 224 

remaining at the top of the capsule (Figure 2b) likely because of frictional forces.  225 

Figure 2 226 

Although such texture observations are helpful in determining whether melting has occurred 227 

or not, determining the melting temperature requires many runs to narrow down the melting 228 

temperature. Thus, in situ experiments that allow direct observation of phase stability are 229 

advantageous.  230 

In situ experiments: phase assemblage 231 

The mineral phases present in the starting material (magnesite + brucite or magnesite in the 232 

dry experiment run 156) were identified though EDXRD at both ambient condition and high 233 

pressure (representative X-ray diffraction profiles are shown in Figure 3). In run 130, 234 

magnesite and brucite were identified under ambient conditions, while only the (110) line of 235 

brucite remained visible at high pressure before heating.  236 

 237 

At the target pressure, the samples were gradually heated to monitor changes in the mineral 238 

phases. In the hydrous system, the first change observed with increasing temperature is the 239 

transition from magnesite + brucite to magnesite + periclase. This phase transition is clearly 240 

defined by the disappearance of brucite reflections and appearance of periclase reflections 241 

(Figure 3). The identification of periclase by EDXRD marks an upper bound since the 242 

amount of formed periclase must be sufficient to be detectable. Brucite is stable up to 850 ℃ 243 

at 1.8 GPa (run 158) and up to 1100 ℃ at 3.4 GPa (run 157). Above ~4 GPa, brucite exists 244 

up to ~1150 ℃. Note that only the (110) line of brucite indicates its presence in run 130 for 245 
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temperatures between ~1000 and ~1100 ℃ and in run 153 up to ~1000 °C. Periclase is 246 

observed in all experiments, expect for run 127, where its absence in the EDXRD spectra 247 

may be attributed to poor packing of the starting powder or the loss of some fluid after 248 

brucite dehydration. Small amounts of periclase crystals were observed in the post-run 249 

sample by SEM for all experiments.  250 

 251 

The second change in mineral assemblage observed with increasing temperature is the 252 

disappearance of magnesite. Between 1 and 6 GPa, the stability of magnesite extends to 253 

higher temperature with increasing pressure. For instance, magnesite remains stable up to 254 

~1200 ℃ at 1.6 GPa (run 158), to ~1400 ℃ at 3.5 GPa (run 157) and ~1500 ℃ at 4.7 GPa 255 

(run 153). Between 6 and 9 GPa, magnesite occurs up to ~1650 ℃. Magnesite disappears 256 

with further temperature increase.  257 

 258 

At pressures below 6 GPa, periclase remains stable even at the highest investigated 259 

temperatures (Figure 3a). At 6.6 and 8.3 GPa, and a temperature above ~1690 ℃, all mineral 260 

reflections disappear from the EDXRD spectra (Figure 3b, 3c). 261 

Figure 3 262 

 263 

In the anhydrous experiment (run 156) performed at ~6 GPa, magnesite remains stable up to 264 

1725 ℃. At slightly higher temperature (1750 ℃), periclase forms as a result of the 265 

breakdown of magnesite.  266 

 267 

During cooling, the reversed phase transformation occurs at significant lower temperature 268 

due to hysteresis. The post-run samples recovered from the in situ experiments mainly 269 

contain magnesite, along with some periclase and brucite (Figure 2c,d). The presence of 270 

brucite or an OH-bearing phase in the post-run assemblages verifies that the capsules 271 
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remained sealed throughout the experiment, except for runs 128 and 131, which were 272 

excluded from the analysis (Table 1). At the rim to the diamond cylinder, small amounts of 273 

graphite were observed in the post-run assemblage of run 127, potentially originating from 274 

the laser cutting of the diamonds. If graphite had formed during the experiments, we would 275 

expect to find it in more samples and for it to be randomly distributed within the sample. 276 

These features are not observed. 277 

DISCUSSION 278 

Brucite – out and periclase in 279 

The EDXRD data reveal the formation of periclase at the expense of brucite. The reported PT 280 

conditions at which brucite decomposes and periclase forms align well with their stability 281 

fields determined by techniques such as differential thermal analysis, quenched experiments 282 

(Johnson and Walker 1993), in situ X-ray observations (Okada et al. 2002) and a combination 283 

of quenched and in situ experiments with thermodynamic calculations (Fukui et al. 2005) 284 

(Figure 4b). However, one exception is run 130 (6.6 GPa) where periclase occurs at a 285 

temperature which is ~100 ℃ lower than expected based on the aforementioned previous 286 

studies.  287 

The decomposition mechanism of brucite depends on the pressure (Fukui et al. 2005; Okada 288 

et al. 2002; Johnson and Walker 1993). Up to at least 4 GPa, brucite dehydrates. As pressure 289 

increases, the decomposition mechanism of brucite changes due to the enhanced solubility of 290 

MgO in an aqueous fluid. This results in incongruent melting of brucite to periclase and 291 

liquid at higher pressure (reaction 2) (Fukui et al. 2005). However, from our in situ 292 

experiments we cannot determine the nature of the mobile phase (vapour, fluid, liquid; see 293 

Hermann et al. 2006 for a definition).  294 

Brucite  Periclase + H2O  (1) 295 
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Brucite  Periclase + Liquid  (2) 296 

 297 

The in situ X-ray experiments conducted by Okada et al. (2002) confirmed periclase 298 

formation after reaction 1 at 3.6 GPa and 1050 ℃. Unlike our findings, Okada et al. (2002) 299 

did not observe periclase crystallization associated with brucite breakdown at higher 300 

pressures (≥6.2 GPa), leading them to conclude that brucite completely melted. We favor an 301 

alternative interpretation mentioned by the authors themselves, which suggests that the size 302 

of periclase grains formed at high pressures in Okada et al. (2002) was too large to be 303 

detectable by EDXRD. In our study, we overcome this issue by using a lower amount of 304 

brucite in the starting material, oscillating the press, measuring at two different locations 305 

within the sample, and, in some experiments, employing two diffraction angles. These 306 

measures helped us overcome the aforementioned problem and obtain more accurate results. 307 

 308 

In the magnesite + periclase + fluid stability field, the CO2 content in the fluid will increase 309 

(isobarically) with increasing temperature, because the solubility of magnesite into the fluid 310 

increases until the liquidus is reached. 311 

Melting of magnesite 312 

We interpreted the disappearance of all reflections in the EDXRD measurements as the 313 

liquidus. With a fixed diffraction (2theta) angle, the absence of reflections in the diffraction 314 

pattern signifies that no crystal within the diffraction volume meets the reflection geometry. 315 

The growth of crystals during heating can hinder the accurate determination of a melting 316 

curve through EDXRD, as the crystals may become less likely to be oriented in the reflection 317 

geometry compared to a sample with numerous small crystals. To address this issue, we 318 

employed three strategies: (1) oscillating the press throughout the measurement, (2) 319 

conducting measurements at two positions within the sample when a phase change was 320 
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observed, and (3) using two detectors at different diffraction angles. Note that the last point 321 

only applies to experiments with a run number ≥153. The results from the measurements at 322 

different locations in the sample and the XRD patterns from the two detectors give conclusive 323 

results. It should be noted that the experimental set-up was not optimized for the observation 324 

of weak signals due to only partial melting. Therefore, diffuse scattering from the liquid 325 

phase was barely visible (Figure S2 in the supplementary information) and could not the 326 

utilized as a melting criterion.  327 

 328 

Anhydrous-system 329 

The melting point of magnesite has been well constrained and is depicted as solid black curve 330 

in Figure 4b, combining data from our anhydrous in situ experiment and previous quenched 331 

experiments (Irving and Wyllie 1975, Müller et al. 2017, Katsura and Ito 1990  and Shatskiy 332 

et al. 2018).  333 

Earlier studies have revealed that the decomposition mechanism of magnesite is pressure 334 

dependent (Huang and Wyllie 1976; Irving and Wyllie 1975; Ellis and Wyllie 1979). Up to 335 

the PT conditions of an invariant point situated at 2.3 GPa and 1550 ℃ in the anhydrous 336 

system, magnesite undergoes incongruent decarbonation via the subsolidus reaction 3, 337 

resulting in the formation of periclase (Huang and Wyllie 1976; Irving and Wyllie 1975; Ellis 338 

and Wyllie 1979).  339 

Magnesite  Periclase + CO2 (3) 340 

At pressures exceeding this invariant point, magnesite melts incongruently (reaction 4) (Ellis 341 

and Wyllie 1979).  342 

Magnesite  Periclase + Liquid (4) 343 

Recently, Sieber et al. (2022) demonstrated that incongruent melting of magnesite persists up 344 

to 6 and 9 GPa. Our in situ experiment confirm this finding, as periclase formation associated 345 
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with the breakdown of magnesite is detected by EDXRD. Thus, at 5.8 GPa and in the absence 346 

of a fluid, magnesite melts incongruently between 1725 and 1750 ℃. These PT conditions 347 

are lower than those reported from falling sphere experiments for dry melting of magnesite 348 

(1750-1800 ℃ at 6 GPa; Müller et al. 2017). The requirement of relatively large melt 349 

proportions in experiments employing the falling sphere technique may explain the slight 350 

overestimation of the liquidus reported in Müller et al. (2017).  351 

 352 

Hydrous system 353 

Under hydrous conditions, magnesite is stable up to pressures and temperatures following the 354 

solid blue curve in Figure 4b. In the following we discuss the magnesite-out reactions from 355 

low (<2.3 GPa), to medium (2.3 GPa ≤ P <6.6 GPa) to high (≥6.6 GPa) pressures. 356 

 357 

At 1.5 GPa (run 158), magnesite decomposes at ~1200 ℃ (Figure 4). This decomposition 358 

temperature is significantly higher compared to the earlier study conducted by Foustoukos 359 

and Mysen (2015). Foustoukos and Mysen (2015) performed in situ Raman measurements 360 

utilizing hydrothermal diamond-anvil cells and reported hydrous melting of magnesite 361 

coexisting with periclase to occur at ~850 ℃ and 1.5-2 GPa. The contrasting results might be 362 

attributed to the higher water content in Foustoukos and Mysen (2015) (MgCO3+MgO to 363 

H2O volumetric ratio of ~2:1). Oxygen fugacity may also affect the melting point (Lazar et 364 

al. 2014), although Foustoukos and Mysen (2015) did not observe a change in the melting 365 

temperature when utilizing Re-ReO2 (oxidizing) and Ti-TiO2 (reducing) as mineral redox 366 

buffer.  367 

 368 

As mentioned above, an invariant point exists in the anhydrous system at 2.3 GPa and 369 

1500 ℃ (Huang and Wyllie 1976; Irving and Wyllie 1975). However, we cannot determine 370 
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the presence and PT conditions of a brucite-absent invariant point in the hydrous system, as 371 

we are unable to distinguish between fluid and melt. If an invariant point does exist in the 372 

hydrous system, a change in the reaction slopes of reaction 3 and 4 would be expected. Note 373 

that reaction 3 (and also reaction 1) becomes divariant in the presence of a H2O-CO2 mixture 374 

(Ellis and Wyllie 1979; Walter et al. 1962). If we consider the pressure of 2.3 GPa 375 

determined for the anhydrous system, this invariant point would be located at ~1320 ℃ 376 

(labelled ‘(Br-I)’ in Figure 4b) in the H2O-bearing system. In such a scenario, magnesite 377 

would melt in the presence of a CO2-H2O fluid, resulting in periclase and carbonate-melt 378 

formation between 2.3 GPa and ~6.6 GPa. Alternatively, it is possible that magnesite breaks 379 

down to form periclase and a fluid up to ~6.6 GPa. In this interpretation, the point labelled 380 

Br-I in Figure 4b would not exist. Thermodynamic calculations do not provide conclusive 381 

presumptions in this regard. For instance, an assemblage of magnesite, periclase and a fluid is 382 

predicted at 1600 ℃ and 5 GPa. However, this cannot be confirmed by our data as, at these 383 

PT conditions, only periclase was observed in the EDXRD spectra (run 153). The 384 

thermodynamic predications also differ from the experimental results at higher pressures. 385 

 386 

The liquidus temperature of hydrous magnesite at 6.6 GPa is between 1650 and 1675 ℃ 387 

(run 130). At the same pressure, with a slightly higher temperature of an additional 25 °C, 388 

periclase becomes unstable. Above ~7 GPa, the evaluation of the EDXRD data becomes 389 

somewhat ambiguous. This is due to the fact that, at elevated PT conditions, the positions of 390 

the main reflections from periclase and magnesite (e.g. periclase (200) with magnesite (113) 391 

and periclase (220) with magnesite (211)) almost overlap (Figure 3b). Additionally, the 392 

increased solubility of solids weakens the intensity of EDXRD reflections during heating.  393 
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Comparison between the anhydrous and hydrous system 394 

For pressures up to ~6 GPa and coexisting with ~5 wt% of a H2O-bearing fluid, the stability 395 

of magnesite is reduced by about ~100 ℃ compared to the anhydrous system. For example, 396 

~6 GPa, the melting point of hydrous magnesite is determined to be between 1650 and 397 

1675 ℃, while the melting point of anhydrous magnesite falls within the range of 1725 to 398 

1750 ℃. This appears to be more reasonable than the smaller reduction of ~50 ℃ in the 399 

melting temperature obtained for hydromagnesite by Müller et al. (2017) from falling sphere 400 

experiments. The differences in fluid/magnesite ratio, temperature uncertainties, and/or 401 

potential (partial) fluid loss in the earlier experiments might contribute to this variation. 402 

Furthermore, by utilizing EDXRD, the onset of melting is indicated by rapid changes in the 403 

peak intensity of solids, enabling precise determination of the onset of melting (Andrault et 404 

al. 2006). In contrast, when employing the falling sphere technique in quenched experiments, 405 

the melting point needs to be determined through multiple experiments, resulting in a larger 406 

temperature gap between non-melting and melting experiments. 407 

Figure 4 408 

 409 

IMPLICATIONS 410 

This experimental study demonstrates that magnesite remains stable in the presence of a 411 

hydrous fluid up to ~1200 ℃ at 1.6 GPa, ~1400 ℃ at 3.5 GPa and 1650-1675 ℃ between 6 412 

to 9 GPa. As a result, it is unlikely for magnesite to undergo hydrous melting under typical 413 

temperature and pressure conditions observed in normal and hot subduction zones (Syracuse 414 

et al. 2010). These findings carry significant implications. For example, magnesite can persist 415 

within the subducting slab and be transported to sub-arc depths, even in the presence of fluids 416 

containing H2O released during dehydration reactions from hydrous phases during 417 
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subduction. Importantly, these results and conclusions differ from the previous findings of 418 

Foustoukos and Mysen (2015), who suggested that magnesite melts in the presence of a fluid 419 

and periclase below ~3 GPa. The discrepancy between the conclusions of these two studies 420 

emphasizes the importance of further investigating the H2O-carbonate system under various 421 

PT conditions and fluid/solid ratios.  422 

 CONCLUSION 423 

Through synchrotron in situ EDXRD experiments and quenched experiments utilizing the 424 

falling sphere technique, this study validates the published dehydration and melting curves of 425 

brucite and elucidates the disintegration of magnesite in the presence of periclase and an 426 

H2O-bearing fluid within the pressure range of 1 GPa to 12 GPa. 427 

Consistent with previous studies, our findings demonstrate that brucite undergoes 428 

incongruent dehydration, resulting in the formation of periclase and an aqueous fluid up to 4 429 

GPa and around 1130 ℃. As pressure increases to 12 GPa, brucite decomposes, leading to 430 

the generation of periclase and a supercritical fluid / liquid at similar temperatures. 431 

In the presence of periclase and an aqueous fluid, we have observed that magnesite remains 432 

stable up to temperatures such as approximately 1200 ℃ at 1.6 GPa and around 1400 ℃ at 433 

3.5 GPa. Between 6 GPa and 9 GPa, magnesite coexists with periclase and a fluid/liquid up 434 

to temperatures ranging from 1650 to 1675 ℃. The addition of approximately 5 wt% of H2O 435 

to the system lowers the stability of magnesite by approximately 100 ℃ for pressures below 436 

6.5 GPa. For pressures exceeding 6.5 GPa, the liquidus temperatures of the anhydrous and 437 

hydrous systems diverge as pressure increases. 438 

Based on these findings, we can conclude that hydrous melting of magnesite is improbable 439 

under the typical temperature and pressure conditions observed in both normal and hot 440 
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subduction zones. Consequently, magnesite has the potential to be transported within the 441 

subducting slab to sub arc depths and beyond. 442 
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TABLES CAPTION 586 

Table 1: Overview of the performed falling sphere and in situ experiments. 587 

FIGURE CAPTION 588 

Figure 1: Technical drawing of the 14/8 assembly used for in situ experiments (viewing 589 

direction is in line with X-ray beam as indicated).  590 

Figure 2: (a + b) backscatter electron (BSE) images of polished samples from falling sphere 591 

experiments. (a) Hour-glass texture with needle-shaped brucite crystals and small periclase 592 

grains in hot areas of the capsule and larger grained periclase and magnesite in colder areas of 593 

the capsule. This texture reports breakdown of brucite without hydrous melting of magnesite 594 

(details in text) (b) partial melting is evidenced texturally but the Pt-sphere remained at the 595 

top of the capsule; (c-f) recovered samples from in situ experiments (c) overview of the 596 

samples surrounded by the diamond cylinder, which is broken in half while extracting the 597 

sample from the assembly; (d) close up view of a sample from in situ experiments. 598 

Abbreviations: Mgs: magnesite; Per: periclase; Pt: Pt-sphere 599 

Figure 3: Selected EDXRD spectra during heating cycle; (a) run 153 at 4.9 GPa where 600 

periclase was stable up to the highest investigated temperature, 2theta angle is 4.9834°; (b) 601 

run 132 at 8.3 GPa indicating hydrous melting of magnesite, 2theta angle is 5.1670°. (c) 602 

enlargement of EDXRD spectra from the three highest temperatures shown in (b). Boxes 603 

mark the appearance and disappearance of mineral reflection associated with a change in the 604 

stable mineral assemblage.  605 

Figure 4: (a) Phase assemblages as observed by in situ EDXRD and PT conditions of falling 606 

sphere experiments; (b) Interpreted reaction curves (sketched by eye) and stable mineral 607 

phases in comparison to literature data (references in text). (1) Mgs + Per = melt; (2) 608 

Mgs = melt 609 
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 610 

SUPPLEMENTARY INFORMATION 611 

Thermodynamic calculations 612 

For comparison between the experimental results and thermodynamic predictions, phase 613 

diagrams were calculated using the bulk MgO-CO2-H2O composition of our starting material. 614 

In the modelling a gridded minimization strategy and linear programming for optimization 615 

(Connolly 2005) was applied with Perple_X. The thermodynamic dataset from Holland and 616 

Powell (1998) and Holland and Powell (2011) were used. 617 

 618 

 619 

Figure S1: Good correlation of the pressure obtained from EDXRD measurements of 620 

periclase from the sample (inside the diamond cylinder) to the pressure of the assemblage 621 

(outside the diamond cylinder) for temperature ≥1000 ℃. Symbols in grey point to 622 

experiments that were excluded from the data interpretation due to loss of volatiles under 623 

high PT. 624 

 625 

Figure S2: shows normalized intensities as a function of the scattering vector (Q) for 626 

EDXRD measurements of run 132 at different temperatures. The intensities are normalized to 627 

a spectrum acquired at high PT of the same experiment where the starting material 628 

(magnesite + brucite) was still stable. A weak diffuse scattering signal of the liquid can be 629 

seen at 1690 ℃. This confirms the presence of melt independent of our main melting 630 

criterion (see text). However, the results shown here are not unambiguous, because the 631 

experimental design was not optimized for this approach.  632 

 633 
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Figure S3: For better comparison between the experimental data and our interpretation of 634 

phase boundaries, we show here an overlap of panel a and b of Figure 4 from the main 635 

manuscript. 636 















start material method multi-anvil press heater

87 magnesite-brucite falling-sphere LVP @ P61.B Re
88 magnesite-brucite falling-sphere LVP @ P61.B Re

120 magnesite-brucite falling-sphere LVP @ GFZ graphite
121 magnesite-brucite falling-sphere LVP @ GFZ graphite

* for heating cycle and temperatures ≥1000 ℃
** T (temperature) uncertainty has been calculated to be ~30 ℃

OH* : a fine grained phase containing OH was observed (OH-band detected by Raman s

graphiteLVP @ P61.B

graphite

in situ EDXRDmagnesite-brucite LVP @ P61.B graphite
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RT: room temperature; LVP: Large Volume Press; P61.B: beamline at the Deutsches Ele
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mean* SD*℃ bar GPa GPa GPa GPa
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Pt failed ~1485 260 10.8 Mgs, Per, Brc
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graphite Type C 1760 6 Mgs, Per, Brc

RT 85 5.1
1025 100 3.8 0.3
1350 120 4.2 0.1
RT 255 12.3

1500 255 10.8 0.7
600 255 10.1

1700 300 11.1 0.4
RT 150 8.6

1725 150 6.6 0.2
RT 70 3.3

1300 90 5.6 4.1 0.2
RT 200 10.3

1734 200 8.3 0.6
RT 135 6.6

1650 135 4.9 0.4
RT 150 8.9
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RT 100 5.1
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1300 50 1.5 0.03
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