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Abstract The Earth's mantle contains significant amounts of water in the form of hydroxyl in hydrous
minerals, nominally anhydrous minerals, and hydrous silicate melts. H2O fluid is thought to be present only in
the shallow regions because it will always dissolve tens of weight percent of silicates by forming hydrous
silicate melt in the deep mantle. Here I investigated the phase relations in the MgO‐SiO2‐H2O system by high‐
pressure experiments at a pressure of 23 GPa and a temperature of 2,000 K, corresponding to the conditions at
the bottom of the mantle transition zone and the topmost lower mantle. The experimental results indicate that
hydrous melt can contain more than 90 wt.% of H2O, that is, it becomes H2O‐rich fluid when coexists only with
stishovite. In contrast, silicate‐rich hydrous melt is formed when the system is enriched with MgO component.
Therefore, H2O‐rich fluid may be stabilized in locally SiO2‐enriched rocks even at the topmost lower mantle,
acting as a water source for the deep lower mantle by slab subduction. The H2O fluid also provide a possible
cause for the occurrence of natural ice‐VII originated from 660 km depth.

Plain Language Summary Although liquid H2O is widely distributed on the Earth surface and
shallow mantle, it is supposed to be absent in the deep mantle (>100 km depth) because it will dissolve several
tens weight percent of silicates from minerals and form hydrous silicate melts. Here I investigated the
compositions of hydrous silicate melt coexisting with mantle minerals under the topmost lower mantle
conditions near 660‐km depth. I found that when hydrous silicate melt coexists with stishovite, a high‐pressure
form of quartz in the subducted slabs at lower mantle depth, the composition of the hydrous silicate melt will be
close to pure H2O, that is, H2O fluid only dissolves a very tiny amount of SiO2 (<10 wt.%) even under the
topmost lower mantle pressure and temperature conditions. Therefore, liquid H2O may be stabilized in the
Earth's deep interior, especially in the subducted crust, which is enriched with silica. The liquid H2O could be a
water source for the deep lower mantle by slab subduction.

1. Introduction
Water is circulated and dynamically equilibrated between the Earth's surface and deep interior by geological
processes such as slab subduction and magma upwelling (Hirschmann, 2006; Karato et al., 2020; Ohtani, 2021).
The fundamental issue about water transportation and circulation is how water is stored in the deep mantle. It is
known that water in the mantle is primarily held as bonded hydroxyl in the crystal structures of hydrous (Ghosh &
Schmidt, 2014; Ohtani et al., 2001; Pamato et al., 2015) and nominally anhydrous minerals (e.g., olivine, wad-
sleyite, and ringwoodite) (Bell & Rossman, 1992; Bolfan‐Casanova, 2005; Druzhbin et al., 2021; Fei & Kat-
sura, 2020, 2021; Kohlstedt et al., 1996) and as hydroxyl species in water‐induced hydrous silicate melts
(Fei, 2021; Ghosh & Schmidt, 2014; Hirth & Kohlstedt, 1996; Kushiro, 1972; Melekhova et al., 2007; Nakajima
et al., 2019; O'Hara, 1965; Schmandt et al., 2014). In contrast, the pure or nearly pure H2O fluid phase is thought
to be present only in the shallow mantle (e.g., less than about 100 km depth) (Bureau & Keppler, 1999; Shen &
Keppler, 1997; Wang et al., 2021). That is because at deep mantle temperatures (usually higher than ∼1,500 K at
more than ∼100 km depth), H2O fluid will always dissolve several tens weight percent of silicates from minerals
and form silicate‐rich hydrous melts (Fei, 2021; Ghosh & Schmidt, 2014; Myhill et al., 2017; Nakajima
et al., 2019; Stalder et al., 2001) due to the miscibility of silicate melt and H2O fluid (Bureau & Keppler, 1999).

Experimental investigations show that the water content in hydrous silicate melt depends on the pressure and
temperature conditions (Drewitt et al., 2022; Fei, 2021; Ghosh & Schmidt, 2014; Nakajima et al., 2019). It de-
creases significantly from about 50 wt.% to 10 wt.% with increasing temperature from 1,600 to 2,300 K at 23–
23.5 GPa, corresponding to the pressure conditions at the bottom of the mantle transition zone and the
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topmost lower mantle near 660 km depth (Fei, 2021; Nakajima et al., 2019). The composition of the silicate melt
will be close to H2O fluid at 23–23.5 GPa only if the temperature is lower than ∼1,400 K when very tiny amounts
of silicate can be dissolved in H2O (Fei, 2021), that is, a temperature condition significantly lower than the mantle
geotherm at 660 km depth (∼2,000 K, Katsura, 2022). On the other hand, since the solidus temperatures of
peridotite increase with pressure (Takahashi, 1986; Zhang & Herzberg, 1994), the water content in hydrous melt
within the peridotite–H2O system is expected to increase with increasing pressure.

The decrease of water content in hydrous melt with temperature, however, is against the recently reported positive
temperature dependence of water solubility in stishovite at 22–28 GPa, 1,300–2,270 K (Ishii et al., 2022; Purevjav
et al., 2024). Since the melt fraction in the silicate mineral + hydrous melt system increases with increasing
temperature, the water content in melt decreases (Fei, 2021), leading to a decrease in water activity in melt. As a
result, the water content in the solid minerals should decrease, as confirmed experimentally in most mantle
minerals (e.g., wadsleyite, ringwoodite, and majorite, Demouchy et al., 2005; Fei & Katsura, 2020, 2021; Litasov
et al., 2011; Liu et al., 2024). In contrast, the positive temperature dependence of water solubility in stishovite
(Ishii et al., 2022; Purevjav et al., 2024) (and in olivine at <1,520 K as well, Bali et al., 2008; Smyth et al., 2006;
Zhao et al., 2004) suggests that the melt fraction does not increase significantly with temperature. Namely, the
melt composition might be close to pure H2O fluid in the stishovite + melt system.

Naturally formed ice‐VII inclusions originated from the mantle transition zone or topmost lower mantle near the
660‐km depth boundary were recently discovered within diamond (Tschauner et al., 2018). Since hydrous silicate
melts contain ∼20 wt.% of H2O and ∼80 wt.% silicates when coexisting mantle minerals (bridgmanite, ferro-
periclase, or ringwoodite) at 660‐km depth temperatures of 2,000 K (Amulele et al., 2021; Drewitt et al., 2022;
Fei, 2021; Ghosh & Schmidt, 2014; Nakajima et al., 2019), ice‐VII and silicate mineral inclusions should be
formed simultaneously during the solidification of hydrous melt. Therefore, although the ice‐VII inclusions could
be precipitated from hydrous melt, they might be also formed directly from H2O fluid as well since they are
isolated from other silicate inclusions.

The above factors suggest the possibility that a nearly pure H2O phase, that is, a H2O‐rich fluid with a composition
close to pure H2O, might be stabilized under deep mantle conditions in a SiO2‐rich system. This is also supported
by the variation of melt composition from SiO2‐rich to MgO‐rich with increasing pressure (Ghosh &
Schmidt, 2014; Kawamoto et al., 2004; Kawamoto et al., 2004, 2004; Komabayashi et al., 2004; Melekhova
et al., 2007; Myhill et al., 2017; Novella et al., 2017; Stalder et al., 2001). Obviously, the phase relation and the
water content in melt, in particular for the SiO2‐rich system, are the key for understanding the stability of H2O‐
rich fluid in the deep mantle.

For a SiO2‐rich bulk composition, the water content in the melt of the SiO2‐H2O endmember system was found to
increase with pressure at<1 GPa (Kennedy et al., 1962). However, the phase relations and water contents in melts
at higher pressures are poorly constrained. Here I investigated the phase relation in the silicate–H2O system under
both MgO‐rich and SiO2‐rich conditions by high‐pressure multi‐anvil experiments at a pressure of 23 GPa and a
temperature of 2,000 K, corresponding to the 660‐km depth conditions. To uniquely constrain the phase rule,
experiments were performed in a simplified system (MgO–SiO2–H2O ternary system).

2. Methods
2.1. Starting Materials

Mixtures with various bulk compositions (various Mg/Si molar ratios and various bulk H2O contents as listed in
Table 1) prepared from commercial MgO, SiO2, and brucite powders, as well as SiO2‐gel beads, with purity of
>99.9 wt.% were used as the starting materials. The MgO, SiO2, and brucite have initial grain sizes of about 1 μm,
while the SiO2‐gel beads have particle sizes of 3–5 mm and were grinded to powder with a ∼10‐μm particle size.
The MgO and SiO2 powders were dried at 1,270 K, the brucite powder was dried at 400 K, and the SiO2 gel
powder was dried at 350 K prior to use. The water content in the 350‐K dried SiO2‐gel was about 8.4 wt.%
measured by mass loss after dehydration at 1,270 K. All powders were weighed following the desired bulk
compositions withMg/Si ratios and water contents controlled by the ratios ofMg(OH)2, MgO, SiO2, and SiO2‐gel
(Table 1). They were well mixed by repeatedly grinding in an agate mortar and further dried at 350 K to remove
the absorbed moisture during grinding.
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2.2. High Pressure Experiments

By arc‐welding, the mixtures were sealed in Pt‐Rh capsules with outer and inner diameters of 1.2 and 1.0 mm,
respectively. The lengths of the capsules were 1.0–1.2 mm. In each high‐pressure run, one or two capsules were
placed into a 10/4 multi‐anvil cell assembly with a LaCrO3 furnace and a ZrO2 thermal insulator (standard 10/4
assembly at Bayerisches Geoinstitut). The assembly was compressed to a pressure of 23 GPa using a Kawai‐type
multi‐anvil apparatus at room temperature, followed by heating at 2,000 K for a duration of 20–300 min,
monitored by a D‐type (W75%Re25%–W97%Re3%) thermocouple. After heating, the assembly was quenched to
room temperature by shutting off the heating power and decompressed to ambient pressure over a duration of
>15 hr.

By slightly puncturing the sample capsules after high pressure experiments, running fluid water was observed to
escape from the capsules, indicating water‐saturated conditions. Transparent crystals and white powders were
observed within the capsules. In two runs (H5521A and H5606A), large caves with very tiny amounts of
quenched crystals were found instead of white powder (Figure 1). Since running water was also observed in these
two runs, the large caves were expected to be filled with H2O. It should be emphasized that the absence of white
powder is not caused by any material loss during cross‐section preparation because the caves were observed

Table 1
Compositions of the Starting Materials, Phase Assemblages of the Run Products, and Compositions of the Liquid Phases

Run no.

Starting material Run product

Starting material Bulk compositiona
Bulk
CH2O

Mg/Si molar
ratio Phases

Liquid
fraction

CH2O in
liquid

Mg/Si molar ratio in
liquid

H4797 SiO2, brucite Mg2Si1.1O4.2 + 24.6 wt.
%H2O

19.7 wt.% 2/1.1 L 100 (− ) wt.% 19.7
(− ) wt.%

1.75 (10)

H4795 SiO2, brucite Mg2Si1.1O4.2 + 24.6 wt.
%H2O

19.7 wt.% 2/1.1 L 100 (− ) wt.% 19.7
(− ) wt.%

1.77 (14)

H4775b MgO, SiO2, brucite Mg2SiO4 + 5 wt.%H2O 4.76 wt.% 2/1 L + Rwd 20.3
(11) wt.%

21.4
(38) wt.%

2.35 (18)

H4805b MgO, SiO2, brucite Mg2SiO4 + 15 wt.%H2O 13.0 wt.% 2/1 L + Rwd 57.0 (38)
wt.%

22.2
(18) wt.%

1.89 (5)

H5476 MgO, SiO2, brucite MgSi2O5 + 8.7 wt.%H2O 8.0 wt.% 1/2 L + Sti + Aki 29.7 (6) wt.% 26.9 (5) wt.% 2.49 (9)

H5478 brucite, SiO2‐gel MgSi5O11 + 13.4 wt.%H2O 11.8 wt.% 1/5 L + Sti 25.9 (6) wt.% 45.5
(11) wt.%

2.92 (18)

S7794 brucite, gel MgSi10O21+ 11.4 wt.%H2O 10.2 wt.% 1/10 L + Sti 25.6
(80) wt.%

40.0
(90) wt.%

1.97 (72)

H5521A SiO2‐gel SiO2 + 9.2 wt.%H2O 8.40 wt.% 0/1 L + Sti 8.4 (5) wt.% 99.6
(55) wt.%

0.03 (5)

H5606A brucite, SiO2‐gel MgSi30O61 + 9.9 wt.%H2O 9.05 wt.% 1/30 L + Sti 10.2 (1) wt.% 88.6
(80) wt.%

0.05 (10)

H5606B brucite, SiO2‐gel MgSi3O7 + 15.7 wt.%H2O 13.5 wt.% 1/3 L + Sti 41.8
(16) wt.%

32.4
(12) wt.%

2.44 (15)

S7797A MgO, SiO2, brucite Mg20SiO22 + 15 wt.%H2O 13.0 wt.% 20/1 L + Per 33.9 (8) wt.% 38.4 (9) wt.% 4.07 (8)

S7797B SiO2, brucite Mg10SiO11+ 38.9 wt.%H2O 28.0 wt.% 10/1 L + Per 66.3
(45) wt.%

42.3
(27) wt.%

5.66 (48)

H5521B MgO, brucite MgO + 29.8 wt.%H2O 23.0 wt.% 1/0 L + Per 43.9
(55) wt.%

52.2
(22) wt.%

181 (46)

Note.All experiments were performed at 23 GPa and 2,000 K with starting materials prepared fromMgO, SiO2, brucite, and SiO2‐gel. The uncertainties about the liquid
fractions and CH2O in the liquids are calculated based on the uncertainties in the EPMA analyses of the liquid phases. L, liquid phase; Rwd, ringwoodite (Mg2SiO4); Aki,
akimotoite (MgSiO3); Per, periclase (MgO); Sti, stishovite (SiO2).

aThe bulk composition means 100 wt.% silicate plus 5–38.9 wt.% H2O, for example,
Mg2Si1.1O4.2 + 24.6 wt.% H2O means 100 wt.% Mg2Si1.1O4.2 + 24.6 wt.% H2O, therefore, the bulk H2O content is 19.7 wt.%. bThe runs H4775 and H4805 are already
reported in Fei (2021). The Fe‐bearing experiments in Fei (2021) are not discussed here because the FeO (and Fe2O3) component will introduce additional degrees of
freedom in the phase rule. But the water content in Fe‐bearing melt was within experimental uncertainty comparable to or only slightly lower than Fe‐free melt
(Fei, 2021).
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Figure 1. Backscattered electron images of all the recovered samples. The liquid phases appear as H2O‐rich fluid in H5521A and H5606A instead of quenched textures
in other runs. A few crystals in H5606Awere lost during polishing due to the poor sintering under water‐saturated conditions. The capsule of S7797B is broken, which is
caused by blow out during decompression. L, liquid phase (hydrous melt or H2O‐fluid); Sti, stishovite; Per, periclase; Aki, akimotoite.
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during opening the capsule before polishing. Afterward, cross sections of capsules were prepared for the
following analyses by mounting in epoxy and polishing with sandpaper and 1/4 μm diamond powder.

2.3. Sample Analyses

The phases in the run products were examined using a scanning electron microprobe (SEM) equipped with an
energy‐dispersive detector (EDS) (Zeiss LEO‐1530) and a microfocus X‐ray diffractometer (XRD) equipped with
a Co source (Brucker AXS D8 Discover). The detailed analysis conditions for SEM and XRD are given elsewhere
(Fei, 2021; Fei & Katsura, 2020, 2021). SEM images of all recovered samples are given in Figure 1, while ex-
amples of XRD spectra are shown in Figure 2.

The SiO2 and MgO contents in the liquid phases were analyzed by a JEOL JXA‐8200 electron probe micro-
analyzer (EPMA) with a wavelength‐dispersive spectrometer (WDS). The acceleration voltage and current of the
EPMA were 15 kV and 15 nA, respectively. A defocused beam with a 30–50 μm size was used. An enstatite
crystal was used for the standard calibration. The EPMA results for the liquid phases are given in Table 1. The
solid phases were examined by EPMA as well, using a focused beam. Since they are nearly pure periclase (MgO),
akimotoite (MgSiO3), ringwoodite (Mg2SiO4), or stishovite (SiO2), their compositions are not listed here, but the
original data for both liquid and solid phases are given in Fei (2024).

2.4. Calculation of CH2O in the Liquid Phases and the Experimental Uncertainty

Since crystallization of the silicate melt is inevitable during quenching in high‐pressure experiments (Bondar
et al., 2020), it is impossible to measure the water contents in the liquid phases directly in the recovered samples.
Therefore, precise determination of the water contents of the liquid phases is challenging. A common method to
estimate the water contents in crystallized liquid phases is mass balance calculation (Fei, 2021; Ghosh &
Schmidt, 2014; Hirschmann et al., 2009; Novella et al., 2014), that is, the total amounts of SiO2, MgO, and H2O in
the run products are equal to those in the starting materials. Thus, first, the mass fractions of the liquid phases were
calculated from the MgO and SiO2 contents in the starting materials (controlled by starting material preparation)
and in the run products (obtained from EPMA analyses). Then, by assuming no water loss during experiments, the

Figure 2. Examples of the X‐ray diffraction spectra of the recovered samples. The stishovite, brucite, and periclase in the
liquid phases should be formed by crystallization during quenching. Sti, stishovite; Brc, brucite; Per, periclase; Pt, platinum
from the capsule.
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water contents in the liquid phases were obtained from the bulk water contents in the starting material, fractions of
the liquid phases in the run products, and water contents in the solid phases.

The water contents in the solid phases were taken from the water solubility experiments reported previously, that
is, ∼1.0 wt.% in ringwoodite (Fei & Katsura, 2020), ∼0.04 wt.% in akimotoite (Bolfan‐Casanova et al., 2000),
<0.01 wt.% in periclase (Bolfan‐Casanova et al., 2000), and <0.1 wt.% in Al‐free stishovite (Liu et al., 2021;
Purevjav et al., 2024) at 2,000 K. Note that, in comparison to the water contents in the liquid phase (several tens
wt.% (Fei, 2021; Nakajima et al., 2019)), the solid phases have much lower water contents. Therefore, although
the water solubilities in some minerals (e.g., bridgmanite) are still under debate (Fu et al., 2019; Liu et al., 2021),
they have relatively small effects on the mass balance calculation. Additionally, it was reported that Al‐free
stishovite may have either very low water solubility (<0.1 wt.%) based on infrared analyses of single crystals
recovered frommulti‐anvil high pressure experiments (Litasov et al., 2007; Liu et al., 2021; Purevjav et al., 2024)
or very high water solubility (∼3.5 wt.% H2O) based on the large unit cell volume compared to anhydrous
stishovite in diamond anvil cell experiments (Lin et al., 2020, 2022; Nisr et al., 2020). The observed low water
content was proposed to be caused by the ambient‐pressure instability of high water‐content stishovite (Li
et al., 2023). However, recent in‐situ multi‐anvil experiments suggests that stishovite with large water‐induced
volume is metastable (Takaichi et al., 2024). Meanwhile, if stishovite in this study contains 3.5 wt.% of water
(Lin et al., 2022), the silicate content in the liquid phase of H5606A would be ∼40 wt.%, which is against the
observation of the absence of quenched crystals. Therefore, a water content of <0.1 wt.% in stishovite is more
likely in this study.

As mentioned above, the calculation of water contents in the liquid phases requires the assumption of no water
loss during experiments. Here I emphasize that, although protons in the form of H2 may penetrate the metal
capsules at high pressures easily, those in the form of hydroxyl or H2O fluid can be well sealed (Eugster, 1957;
Shaw, 1963). Especially, reduction of H2O to H2 is unlikely to occur in the Fe‐free samples in this study. As
detailed in the recent study (Fei, 2021), the water loss in high‐pressure experiments is insignificant in case both
ends of the capsules are well closed by arc‐welding and the sample is free of or with relatively low contents of
reducing components (such as organic carbon, metallic Fe, and FeO, all of which could reduce H2O to H2 easily).
The insignificant water loss in this study is confirmed by the comparable melt fraction in experiments with
different heating durations (from 5 to 1,800 min), by the systematic increase of melt fraction with increasing bulk
water content in the starting materials, and by the consistent melt fractions and melt water contents obtained in
different runs in Fei (2021). Therefore, the calculated water contents in the liquid phases by mass balance should
be convincing despite the relatively large scattering of data points (Fei, 2021). Note that it is impractical to
confirm the water loss or not by weighing the sample capsules before and after high pressure experiments because
the sample volumes are extremely small. Meanwhile, the sample capsules were always stuck with tiny amounts of
MgO from the high‐pressure cell assemblies, denying the validity of measuring the capsule weight for the
confirmation of water loss or not.

3. Results
3.1. Phase Assemblages in the Run Products

The transparent crystals (solid phases) are periclase (MgO) when the bulk Mg/Si molar ratio in the starting
material is high, as demonstrated by X‐ray diffraction (XRD) and SEM observations combined with energy
dispersive spectroscopy (Figures 1 and 2, Table 1). By decreasing the Mg/Si ratio (adding the SiO2 component),
the solid phases appear to be one or two phases of ringwoodite (Mg2SiO4), akimotoite (MgSiO3), and stishovite
(SiO2) sequentially. The grain sizes of the solid phases were tens to hundreds of microns (Figure 1). Fluid in-
clusions were observed in some of the stishovite crystals (Figure 1). Such inclusions should be trapped within the
crystals during growth at high temperatures, but not due to the reduction of water solubility in stishovite during
decompression (Lin et al., 2022), since diffusion of water in the crystals at room temperature should be limited
and thus difficult to form large inclusions. The solid phases were absent in two runs (H4795 and H4797 in
Table 1), which is reasonable because their bulk water contents were comparable to the water contents in hydrous
melt (∼20 wt.%) under the experimental conditions (Fei, 2021), thus, complete melting had occurred. Large
brucite crystals were absent in the capsules (only small crystals in the liquid phase regions with quenched texture
formed by crystallization of melt during quenching, Figure 2), indicating the decomposition of brucite at high
temperatures.
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3.2. Mg/Si Molar Ratios of the Liquid Phases

When complete melting has occurred, the compositions of the liquid phases are within analytical uncertainty
identical to the starting materials (runs H4795 and H4797 with Mg/Si molar ratios of 1.75–1.77, Table 1). On the
other hand, in the experiments performed in the SiO2‐H2O (MgO‐free) and MgO‐H2O (SiO2‐free) endmember
systems, their liquid phases have extremely low and extremely high Mg/Si molar ratios, respectively (H5521A
and H5521B, with Mg/Si molar ratios of 0.03 and 181, respectively, Figure 3, Table 1). Additionally, negligible
amounts of silicates were detected in the liquid phase of H5606A (Table 1).

Except for the above runs, the Mg/Si molar ratios of the liquid phases are always ≥1.9 (Figure 3), which is more
MgO‐rich than the peridotitic composition (Mg/Si molar ratio ≈ 1.3). Even with extremely SiO2‐rich bulk
compositions of starting materials (Mg/Si molar ratios of 1/5 and 1/10 in H5478 and S7794, respectively), the
liquid phases are still enriched in MgO with Mg/Si molar ratio = 2–3 (Figure 3), leading to large amounts of
stishovite crystals as the solid phase (Figure 1). These observations agree with the MgO‐enrichment of hydrous
melt reported previously (Amulele et al., 2021; Fei, 2021; Litasov & Ohtani, 2002; Nakajima et al., 2019).

3.3. Water Contents of the Liquid Phases

Because of the limited precision of mass balance calculations, the data points are relatively scattered, while the
uncertainty of the data points primarily comes from the uncertainty of EPMA analyses (Table 1). Despite the
experimental uncertainty, it is found that the water content of the liquid phase in the MgO‐SiO2‐H2O system
strongly depends on the coexisting solid phases (Figure 4).

3.3.1. Coexistence of Liquid + Ringwoodite/Akimotoite/Bridgmanite

When the liquid phase coexists with ringwoodite or bridgmanite/akimotoite, it always contains 20–25 wt.% of
water under pressure and temperature conditions of 23–23.5 GPa and 2,000 K, respectively (Figure 4 and
Fei, 2021). In particular, with three coexisting phases (liquid + akimotoite + stishovite in H5476) in the MgO‐
SiO2‐H2O ternary system, the water content in the liquid should be uniquely fixed by the phase rule. The water
content value of about 20 wt.% is also confirmed by the occurrence of close to complete melting in experiments

Figure 3. The composition of the liquid phase as a function of bulk composition of the starting material. The vertical axis is
the molar fraction of MgO [calculated from Mg/(Mg + Si)] and Mg/Si molar ratio of the liquid phases in the recovered
samples, while the horizontal axis is the bulk molar fraction of MgO andMg/Si molar ratio in the starting materials. The Mg/
Si molar ratios of the liquid phases are always larger than about 2.0 except those under extremely SiO2‐rich conditions. L,
liquid phase; Sti, stishovite; Per, periclase; Rwd, ringwoodite; Bdm, bridgmanite; Aki, akimotoite.
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with bulk water contents of 18 wt.% (Fei, 2021) and complete melting in experiments with bulk water contents of
20 wt.% (H4795 and H4797 in this study).

A water content of about 20–40 wt.% in the liquid phase has been reported previously when coexisting with
bridgmanite, akimotoite, davemaoite, and ferropericlase (Ghosh & Schmidt, 2014; Nakajima et al., 2019).
Although they did not systematically investigate the temperature dependence of water content, their results
generally agree with Fei (2021), which shows a temperature‐dependent water content of ∼10–50 wt.% at 1,600–
2,300 K. In contrast, Amulele et al. (2021) reported a water content of 1–15 wt.% in liquid at 1,870 K and 25 GPa,
a value comparable with the bulk water contents in their starting materials. This is unreasonable because the solids
(primarily bridgmanite) have limited amounts of water, thus, the water in the system should be concentrated into
liquid, leading to a much higher water content in the liquid phases than the bulk water contents in the starting
materials.

3.3.2. Coexistence of Liquid + Periclase

With a high bulk MgO content in the system (Mg/Si molar ratio ≥10), the run products appear as coexistence of
only liquid phase and periclase (Table 1). Since two phases coexist in the three‐component system, the water
content of the liquid phase is varied by the Mg/Si molar ratio of the starting material. With increasingMg/Si ratio,
the water content in liquid increases from 20–25 wt.% (the invariant point when coexisting with ringwoodite,
akimotoite, or bridgmanite) to about 54 wt.% under SiO2‐free conditions (H5521B) (Figure 4).

3.3.3. Coexistence of Liquid + Stishovite

With high bulk SiO2 content in the system (Mg/Si molar ratio ≤1/3), the run products show the liquid phase
coexisting with only stishovite (Table 1). The water content in the liquid phase increases with increasing bulk
SiO2 content from 20 to 25 wt.% when coexisting with ringwoodite/akimotoite/bridgmanite in the MgO‐SiO2‐
H2O ternary system to about 99 wt.% (nearly pure H2O in run H5521A) in the SiO2‐H2O binary system (Figure 4).

Figure 4. The water content of the liquid phase as a function of the bulk composition of the starting material. The horizontal
axis represents the bulk mole fraction of MgO calculated from Mg/(Mg + Si) and the bulk Mg/Si molar ratio in the starting
materials. The water content is found to be strongly dependent on the coexisting phases. It could reach ∼90% (nearly pure
H2O fluid) when coexisting with only stishovite. L, liquid phase; Sti, stishovite; Per, periclase; Rwd, ringwoodite; Bdm,
bridgmanite; Aki, akimotoite.
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It is noted that with high bulk SiO2 content in the system (Mg/Si molar ratio ≤1/30 in H5521A and H5606A), the
water contents in the liquid phase are 88–99 wt.% (Figure 4). Although this value may contain large uncertainty

due to the uncertainties in EPMA analyses on the liquid phases and the limited
precision of mass balance calculations, the following observations clearly
demonstrate the stability of the H2O‐rich liquid phase in H5521A and
H5606A: (a) The total weight percentage of the liquid phase from electron
microprobe analysis is less than ∼11 wt.% (Table 2). (b) Running water was
observed when opening the sample capsules before polishing, leaving large
caves instead of the crystallized melts observed in other runs. Specifically, the
caves should be initially filled with water. (c) With increasing SiO2 content in
the starting material, the Mg/Si molar ratio of the liquid phase is always close
to∼2.0 (Figure 3), namely, the composition of the liquid phase briefly follows
the formula of Mg2SiO4·nH2O. Therefore, the hydrous melt has an extremely
high water‐content when it coexists only with stishovite.

4. Discussions
4.1. Phase Relation of the MgO‐SiO2‐H2O System

Using the Mg/Si molar ratios and water contents in the liquid phases deter-
mined in this study, we can draw the phase diagram of the MgO‐SiO2‐H2O
ternary system under the experimental pressure and temperature conditions
(23 GPa, 2,000 K). As shown in Figure 5, when the bulk composition is MgO‐
enriched, the liquid phase coexists with periclase. It contains 20–54 wt.%
water, depending on the bulk composition of the system. By increasing SiO2
content in the system, ringwoodite, bridgmanite, or akimotoite appear, while
the liquid phase contains 20%–25 wt.% water, uniquely constrained by the
phase rule. Ringwoodite and akimotoite are stable at pressures below
∼23 GPa and transfer to bridgmanite + periclase at higher pressures (Ishii
et al., 2018). By further increasing SiO2 content, periclase, ringwoodite, and

Table 2
Compositions of the Liquid Phases Obtained by EPMA Analyses

Run no. N MgO (wt.%) SiO2 (wt.%) Total (wt.%) Mg (atomic) Si (atomic)

H4797 15 42.6 (20) 36.3 (8) 78.9 (21) 11.20 (33) 6.40 (17)

H4795 13 43.7 (18) 37.0 (21) 80.8 (23) 11.24 (47) 6.38 (24)

H4775a 9 43.3 (9) 27.6 (24) 70.9 (28) 12.96 (47) 5.52 (24)

H4805a 13 42.7 (9) 33.8 (0.8) 76.5 (14) 11.64 (17) 6.18 (9)

H5476 31 43.6 (12) 26.1 (9) 69.7 (17) 13.30 (23) 5.35 (11)

H5478 28 40.3 (10) 20.6 (10) 60.9 (11) 14.24 (35) 4.88 (17)

S7794 30 22.1 (53) 18.2 (59) 40.3 (85) 11.54 (210) 6.23 (105)

H5521A 31 0.1 (1)b 11.2 (50) 11.3 (50) 0.30 (56) 11.85 (28)

H5606A 23 0.02 (3) 0.7 (11) 0.7 (11) 0.52 (100) 11.74 (50)

H5606B 30 37.8 (14) 23.2 (18) 60.9 (30) 13.18 (36) 5.41 (18)

S7797A 18 48.5 (5) 17.8 (4) 66.2 (8) 16.09 (10) 3.96 (5)

S7797B 18 53.2 (14) 14.1 (9) 67.3 (10) 17.71 (39) 3.15 (19)

H5521B 25 47.8 (22) 0.4 (1)b 48.2 (21) 23.72 (7) 0.14 (3)

Note. N is the number of analyzed points. The error bar is one standard deviation from the N analyses. The atomic con-
centration is normalized to oxygen = 24. The totals are obtained by EPMA, which reflect the total mass of MgO and SiO2 in
EPMA analysis. aThe compositions of H4775 and H4805 are from in Fei (2021). bThe MgO component in H5521A and the
SiO2 component in H5521B are probably caused by contamination during sample polishing because their starting materials
were respectively free of MgO and SiO2.

Figure 5. Phase relations of the SiO2‐MgO‐H2O ternary system at 23 GPa,
2,000 K in mole %. The water content in the liquid phase could reach>90 wt.
% (H2O‐rich fluid) when the bulk composition is SiO2‐rich. The invariant
point (marked by a red ellipse) is expected to move downward by either
increasing the temperature or decreasing the pressure. L, liquid phase; Sti,
stishovite; Per, periclase; Rwd, ringwoodite; Bdm, bridgmanite; Aki,
akimotoite; P, pressure; T, temperature.
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bridgmanite/akimotoite disappear sequentially because the MgO component is all taken by the liquid phase, as a
result, only stishovite is stabilized as the solid phase (Figure 5). The coexisting liquid phase contains ∼20 to
∼99 wt.% of water, depending on the Mg/Si ratio in the system.

Based on the water contents in the liquid phases, it is expected that when the bulk Mg/Si molar ratio in the system
is 2.0 (olivine composition), a bulk water content of about 20 wt.% is required for complete melting at 2,000 K.
With an either higher or lower bulk Mg/Si molar ratio, a higher bulk water content is required. Complete melting
will not occur in the SiO2‐H2O binary system if the bulk water content is below 90 wt.%.

Of course, the phase relations in Figure 5 should be temperature‐ and pressure‐dependent. At temperatures higher
than 2,000 K, more silicate will be dissolved into the liquid phase, leading to a decrease of water content in the
liquid phase (Fei, 2021; Ghosh & Schmidt, 2014; Melekhova et al., 2007). As a result, the stability field of the
liquid phase will be expanded (the thick blue curve in Figure 5 moves downward with increasing temperature). In
opposite, by decreasing temperature, the field of the liquid phase will shrink, while dense hydrous magnesium
silicate (DHMS) phases will appear at temperatures below ∼1,600 K (Ghosh & Schmidt, 2014; Nishi et al., 2014;
Ohtani et al., 2000, 2001). On the other hand, the Mg/Si molar ratio of the liquid phase (or (Mg+ Fe)/Si ratio in a
Fe‐bearing system) may decrease slightly with increasing temperature (Fei, 2021; Ghosh & Schmidt, 2014;
Melekhova et al., 2007). Meanwhile, because the solidus and liquidus temperatures of rocks increase with
increasing pressure (Zhang & Herzberg, 1994), the silicate content in the liquid phase should decrease, resulting
in the shrinking of the liquid phase stability field in Figure 5. Therefore, the water content in the liquid phase could
be lower than 90 wt.% (hydrous silicate melt) if the experimental temperature is much higher or the pressure much
lower than this study even in the endmember SiO2‐H2O system.

The liquid phases in the stishovite–H2O system were also investigated in Litasov et al. (2007), which showed a
water content of 30–50 wt.% (based on their total mass of EPMA analysis) rather than a H2O‐rich fluid. However,
it is not against the results in this study. That is because their experiments were performed either under lower
pressure and higher temperature conditions than this study (20 GPa, 2,073 K) and thus more silicate can be
dissolved into water, or with significant amounts of Al2O3 component (Al/Si molar ratio of 1/7–1/10, comparable
to the Mg/Si molar ratio of 1/10 in run S7794 from this study).

4.2. Stability of H2O‐Rich Fluid in the Lower Mantle

Significant amounts of water could be transported to the deep mantle by subducted slabs (Hirschmann, 2006;
Ohtani, 2020, 2021; Ohtani et al., 2018). The bulk slabs usually have a Mg/Si molar ratio of >0.2 (Gale
et al., 2013), much higher than the SiO2‐rich experiments in this study (Mg/Si molar ratio ≤1/30). However,
stishovite content may reach 25% in the basaltic layer and could be even higher (30%–40%) in the sedimentary
layer of the subducted crusts at the mantle transition zone and topmost lower mantle depths (Irifune & Ring-
wood, 1987; Irifune et al., 1994; Ishii et al., 2022; Ono et al., 2001). Although other components such as MgO,
FeO, Fe2O3, Al2O3, and CaO in the mantle may affect the phase relations of the SiO2‐H2O system (upon the
concentrations of those components, silicate‐rich melt may be stabilized instead of H2O‐rich fluid), SiO2
component could be concentrated locally in the SiO2‐rich rocks (e.g., quartz, agate, and opal aggregates in the
crusts) and H2O‐rich fluid could be stabilized in such SiO2‐enriched regions. Therefore, in addition to the pre-
viously widely considered hydrous minerals, nominally anhydrous minerals, and silicate‐rich hydrous melts
(Bercovici & Karato, 2003; Hirschmann, 2006), water could be stored in the deep mantle in the form of H2O‐rich
fluid as well.

The H2O fluid phase may migrate upwards driven by buoyancy due to its smaller density than the solid phases
(Sakamaki, 2017). It may dissolve the MgO component when encountering ultramafic mantle minerals (such as
bridgmanite and ferropericlase) during upwelling, leading to the convection of H2O‐rich fluid into hydrous sil-
icate melt. On the other hand, the subducted sediments may have lower density than the lower mantle materials
near the 660‐km boundary (Kawai et al., 2009, 2013), leading to the stagnation of the silica‐rich sediments. The
H2O‐rich fluid in the stagnated sediments may be trapped by diamond, providing a possible cause of the ice‐VII
inclusions originated from 660‐km depth (Tschauner et al., 2018). Additionally, the H2O fluid may be trapped in
stishovite as inclusions (Figure 1), transported to the deep mantle by slab subduction and act as a water source for
the lower mantle until the phase transition from stishovite to post‐stishovite, which can dissolve significant
amounts of water (1–3.5 wt.%, Ishii et al., 2022; Lin et al., 2022). Namely, all H2O will be incorporated into the
crystal structure of post‐stishovite if the bulk water content is below the water solubility of post‐stishovite.
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5. Conclusions
In summary, high pressure multi anvil experiments at 23 GPa and 2,000 K on the phase relations of the MgO‐
SiO2‐H2O system indicate that the water content of hydrous silicate melt is strongly correlated to the coexist-
ing phases, which is controlled by the Mg/Si molar ratio in the system. When the system is enriched with SiO2,
hydrous silicate melt coexists with only stishovite, while its water content increases with increasing SiO2 content
in the system and may reach >90 wt.% in case the molar ratio of Mg/Si is smaller than 1/30. In contrast, the
hydrous melt contains significant amounts of silicate when the bulk composition is mafic or ultramafic. Namely, a
H2O‐rich fluid phase could be stabilized in the locally stishovite enriched regions at the mantle transition zone and
topmost lower mantle depths.

Data Availability Statement
The EPMA and XRD data used in this paper are available at (Fei, 2024).
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