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Abstract 15 

A new Al-bearing hydrous Mg-silicate which we named as 23 Å phase was synthesized at 10 GPa 16 

and 1000ºC, while also coexisting with diaspore and pyrope in the following system: phase A 17 

(Mg7Si2O8(OH)6) + Al2O3 + H2O. The chemical composition of this new 23 Å phase is 18 

Mg11Al2Si4O16(OH)12, and it contains about 12.1 wt% water. Powder X-ray diffraction and electron 19 

diffraction patterns show that this new 23 Å phase has a hexagonal structure, with a = 5.1972(2) Å, c = 20 

22.991(4) Å, and V = 537.8(2) Å3, and the possible space group is ܲ6തܿ2, ܲ6ଷܿ݉, or ܲ6ଷ/݉ܿ݉. The 21 

calculated density is 2.761 g/cm3 accordingly, which was determined by assuming that the formula unit 22 

per cell (Z) is 1. This crystal structure is quite unique among mantle minerals in having an 23 

extraordinarily long c axis. Several experiments revealed that its stability region is very similar to that of 24 

phase A. We further confirmed that this new 23 Å phase was stable in the chlorite composition at 10 GPa 25 

and 1000ºC. The present results indicate that this new 23 Å hydrous phase will form in an Al-bearing 26 

subducting slab, and transport water together with Al into the deep upper mantle or even into the upper 27 

part of the transition zone. 28 

   Keywords: New hydrous Mg-silicate, 23 Å phase, phase A, chlorite, subduction zone, upper mantle. 29 
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Introduction 31 

Water plays an important role in the deep mantle, as it influences the melting temperature (e.g., Inoue, 32 

1994), nature of seismic discontinuities (e.g., Higo et al., 2001; Chen et al., 2002; Chen et al., 2011), 33 

mineral composition of the mantle (e.g., Kanzaki, 1991; Ohtani et al., 1995; Frost and Fei, 1998), etc. A 34 

recently reported study has shown that, despite the dry upper mantle (Saal et al., 2002), the mantle 35 

transition zone is indeed hydrous, with a water content of about 1.5 weight percent in ringwoodite 36 

(Pearson et al., 2014). Water may be transported into the mantle transition zone or deeper by subducted 37 

slabs in the form of dense hydrous magnesium silicates (DHMS) (Ohtani et al., 2001), as well as 38 

nominally anhydrous phases, such as pyroxene, olivine, and garnet. 39 

Nowadays the MgO-SiO2-H2O (MSH) system is well defined, and it derives several hydrous 40 

minerals such as the alphabet phases A, B, superhydrous B (C), D (F, G), H (Ringwood and Major, 1967; 41 

Yamamoto and Akimoto, 1974; Akaogi and Akimoto, 1980; Liu, 1987; Kanzaki, 1991; Gasparik, 1993; 42 

Kudoh et al., 1993; Ohtani et al., 1997; Nishi et al., 2014), 10 Å phase, chondrodite, humite (Yamamoto 43 

and Akimoto, 1977), hydrous wadsleyite, and ringwoodite (Inoue et al., 1995, Inoue et al., 1998). These 44 

phases can be formed by the decomposition of antigorite (Irifune et al., 1998; Komabayashi et al., 2005) 45 

as the cold slab descends, which provides a way for water to enter into the deep Earth. Furthermore, in 46 

the sediment and mid-ocean ridge basalt compositions several hydrous phases like phase egg (Eggleton 47 
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et al., 1978), δ-AlOOH (Suzuki et al., 2000), topaz-OH (e.g. Wunder et al., 1993), lawsonite (e.g. Pawley 48 

et al., 1994; Okamoto and Maruyama, 1999), zoisite (e.g. Schmidt and Poli, 1994), and phengite (e.g. 49 

Domanik and Holloway, 1996) are also well recognized. 50 

However, few researches have been done to clarify the phase relations in the MgO-Al2O3-SiO2-H2O 51 

(MASH) system, which should also be an important system for the deep Earth. The hydrous minerals 52 

involving the MASH composition include mhlorite, MgMgAl-pumpellyite (Fockenberg, 1998; Artioli et 53 

al., 1999), later identified as Mg-sursassite (Bromiley and Pawley, 2002; Gottschalk et al., 2000), 54 

Mg-chloritoid, and Mg-carpholite (Chopin and Schreyer, 1983), a recently reported hydrous Al-bearing 55 

pyroxene (HAPY, Gemmi et al., 2011), etc. 56 

Previous studies (e.g. Rauch and Keppler, 2002; Litasov et al., 2007; Mierdel et al., 2007; Sakurai et 57 

al., 2014) have shown that Al can be incorporated into the structures of some hydrous and anhydrous 58 

phases, which, for example, can be expressed as 2Mg2+ = Al3+ + H+ or Si4+ = Al3+ + H+. The water 59 

content increases with increasing Al in the structures. 60 

In the present study, we conducted experiments on the Al incorporation into phase A, where Mg is 61 

6-coordinated and Si is 4-coordinated (Horiuchi, et al., 1983). By trying to increase the water content 62 

through the substitution of Al3+ and H+ for Si4+ and/or 2Mg2+ in phase A, we encountered a new hydrous 63 

phase with a significant amount of Al, which has an unknown X-ray powder diffraction pattern. We 64 
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successfully obtained the cell parameters and chemical composition of this new phase by means of X-ray 65 

diffraction (XRD), transmission electron microscopy (TEM), electron probe microanalysis (EPMA) 66 

(energy or wavelength dispersive X-ray spectroscopy (EDS or WDS)), and secondary ion mass 67 

spectrometry (SIMS). The phase transformations of chlorite have also been studied, in order to clarify 68 

the existence of this new phase in the Al bearing composition along subducting slabs. 69 

Experimental procedure 70 

High pressure and high temperature experiments were conducted using a Kawai type 2000 ton 71 

multi-anvil apparatus established at the Geodynamic Research Center (GRC) of Ehime University. 72 

Tungsten carbide cubes with a truncated edge length of 8 mm and Co doped MgO octahedron with an 73 

edge length of 14 mm were adopted as the second stage anvils and pressure medium, respectively. A 74 

cylindrical graphite sleeve was used as a heater, and the temperature was monitored using a 75 

W3%Re-W25%Re thermocouple. The cell assembly is shown in Fig. 1. 76 

For Al incorporation experiments, two starting materials were prepared, and they are called S1 and 77 

S2 throughout this paper. S1 was the mixture of Al(OH)3, Al2O3, and synthesized phase A 78 

(Mg7Si2O8(OH)6) with the molar ratio 1:1:1, and S2 was the mixture of MgO, Mg(OH)2, SiO2, Al2O3, 79 

and Al(OH)3 with the same chemical composition to S1. Both mixtures were crushed to less than ~1 μm 80 

grain size and preserved in a drying oven. In a typical run under 10 GPa and 1000ºC, two Au or Pt 81 
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capsules with two mixtures were loaded into the MgO sleeve, which was surrounded by the graphite 82 

heater. We prepared one more starting material named Syn for the synthesis experiment of this new 83 

hydrous phase, which has a composition of Mg5.7AlSi1.9O8(OH)6. The decomposition experiments on 84 

natural chlorite were also carried out at the same P-T condition. 85 

The recovered run products were sliced, polished, and then carbon coated to perform the chemical 86 

composition measurement, using EPMA (JEOL JSM-6510LV for EDS or JEOL 8800 for WDS) for 87 

MgO-Al2O3-SiO2 components at Ehime University. The water content was measured by a SIMS 88 

(CAMECA IMS-6f) installed at Hokkaido University, using a natural amphibole crystal as a standard 89 

(1.66 wt% of H2O. Miyagi and Yurimoto, 1995). In addition, San Carlos olivine was used for the 90 

background H intensities, due to its low H concentration (10–60 ppm. Kurosawa et al., 1997). 91 

The X-ray diffraction patterns of this new phase were obtained using a Micro-focused diffractometer 92 

(Rigaku MicroMax-007HF) and a powder X-ray diffractometer (Rigaku UltimaIV/DD). 93 

Monochromatized CuKα1 radiation was employed. For the TEM analysis, the recovered samples were 94 

Ar ion-thinned by an Ion Slicer (JEOL EM-09100 IS) at 3–5.5 kV, 7–20 μA, and glancing angle of 0–5º. 95 

These thin specimens were observed by TEM (JEOL JEM-2010) operating at 200 kV at the GRC, Ehime 96 

University. A two axis-tilting holder was used to obtain the selected-area-electron-diffraction (SAED) 97 

patterns and the transmitted images. The SAED patterns and the transmitted images were recorded by a 98 
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CCD detector. 99 

Results and discussion 100 

The new hydrous Mg-silicate was observed to coexist with pyrope (Mg3Al2Si3O12) and diaspore 101 

(AlOOH) in the phase A (Mg7Si2O8(OH)6) + Al2O3 + H2O system. In sample S1 a small amount of phase 102 

A (Mg7Si2O8(OH)6) and spinel (MgAl2O4) existed in the low temperature zone. This may be due to a 103 

temperature gradient. In sample S2 no phase A or spinel was observed. In both samples there were some 104 

minor phases (<5% in volume) such as brucite (Mg(OH)2) and gibbsite (Al(OH)3) in the low temperature 105 

zone, and we regarded these phases as disequilibrium products. The chemical compositions of the new 106 

phase and its coexisting phases, which were measured by EPMA (EDS) and SIMS, are listed in Table 1 107 

and shown in the ternary diagram in Fig. 2. For the EPMA measurements we noticed that the pyrope had 108 

a slightly high Mg content and low Si content compared with Mg3Al2Si3O12. The Mg/Si ratios of pyrope 109 

in sample S1 and S2 equal to 1.08(1) and 1.05(1), respectively. While we have carefully checked the 110 

standards (e.g. En and Ky in Table 1) before measuring our samples, the composition deviation may be 111 

caused by the OH component in the pyrope structure, with a possible substitution of 4H+ for Si4+. The 112 

chemical composition of the new phase was estimated to be Mg5.7AlSi1.9O8(OH)6. Due to the poor 113 

crystal qualities of new phase and diaspore, their compositions may be a little different from the 114 

stoichiometry. 115 
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Almost pure sample of the new phase with relatively high crystal quality was successfully 116 

synthesized in subsequent experiment under 10 GPa and 1000ºC, using Mg5.7AlSi1.9O8(OH)6 as the 117 

starting composition. A small amount of pyrope existed in the high temperature zone in the run product. 118 

The chemical compositions of both the new phase and pyrope were analyzed by EPMA (WDS) and 119 

SIMS and are listed in Table 1, which reveals that this new hydrous Mg-silicate has a chemical 120 

composition close to Mg11Al2Si4O16(OH)12. The calculated ideal water content for this composition is 121 

12.1%, which is very close to that of phase A (11.8%). Under the microscope this new phase had a 122 

plate-like shape, with the thickness of several micrometers. This crystal shape may have some effects on 123 

measuring the composition. Actually we have conducted several experiments on different pressure and 124 

temperature (i.e. 6 - 12 GPa, 700 - 1000ºC) conditions to confirm this composition. No clear 125 

dependences on pressure and/or temperature were observed in the composition of this new phase. The 126 

measured compositions were slightly scattering, with the Mg/Si ratios changing from 2.65 to 2.80, and 127 

Al/Si ratios from 0.49 to 0.51. The composition deviates may be due to the cracks, grain boundaries, or 128 

the measurement error. Thus we assume that this new phase has an ideal chemical composition given by 129 

Mg11Al2Si4O16(OH)12, which has the Mg/Si and Al/Si ratios equal to 2.75 and 0.5, respectively. 130 

The XRD pattern (Fig. 3) for this new phase is very different from those of phase A and any other 131 

hydrous or anhydrous phases. In order to derive its structure information, several electron diffraction 132 
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patterns were obtained using TEM (Fig. 4). 133 

Fig. 4a illustrates the SAED pattern of the new hydrous phase showing that this reciprocal lattice 134 

plane has hexagonal symmetry, and the other SAED patterns (Fig. 4b&e) show that the reciprocal lattice 135 

of this new phase has spots with a very short distance perpendicular to the plane of hexagonal symmetry. 136 

Further SAED patterns of the new hydrous phase reveal that all the diffraction spots can be indexed by 137 

the hexagonal lattice with the cell parameters a = 5.23(6) Å, c = 23.2(2) Å. At this stage, there still 138 

remains a possibility that this lattice may be hexagonal or trigonal. However, existence of the mirror 139 

planes perpendicular to both [100]* and [110]* (Fig. 4c and d) excludes the possibility of a trigonal 140 

system because in the trigonal system mirror planes perpendicular to both [100]* and [110]* are not 141 

possible. Besides, these diffraction spots have the extinction rule that l = 2n +1 (n = integer) is extinct 142 

only for h0l (equivalent to ݄ത݄݈) spots (Fig. 4b and e). Based on this extinction rule, the possible space 143 

group of the new hydrous phase is constrained to be ܲ6തܿ2, ܲ6ଷܿ݉, or ܲ6ଷ/݉ܿ݉ in hexagonal 144 

structures. The h0l spots with h = 3n + 1 and 3n + 2 (n = integer) are characterized by strong diffuseness 145 

(Fig. 4e), indicating some defects in the structure, which will be discussed in a separate paper. 146 

According to the above information the powder diffraction pattern was successfully indexed with the 147 

lattice parameters a = 5.1972(2) Å, c = 22.991(4) Å, and V = 537.8(2) Å3. The result is shown in Figure 148 

3, and the observed and calculated d-spacings for this new phase are listed in Table 2. This ~23 Å 149 
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elongated c-axis is characteristic in this phase, so here we name this new hydrous phase as “23 Å phase”. 150 

There are some weak peaks representing 1 0 7, 1 0 9 and 2 0 7 of the new 23 Å phase, which should be 151 

extinct by the extinction rules. Since in electron diffraction patterns h0l spots (h ≠ 3n) always show 152 

heavy streaking (Fig. 4e), this may also reflect in the powder diffraction, and hence cause the existence 153 

of h0l (h ≠ 3n, l = 2n + 1) peaks. There are still some unidentified peaks at 2θ of about 20.83°, 26.67° 154 

and 32.72°, we consider that those peaks do not belong to the new 23 Å phase, as there are no such 155 

peaks in the micro-focus X-ray diffraction patterns. We are now conducting the single crystal X-ray 156 

diffraction measurement. The result will be discussed in a separate paper. 157 

If we assume that the formula unit per cell (Z) equals 1, the calculated density for this new 23 Å 158 

phase (12.1 wt% H2O, 2.761 g/cm3) is similar or slightly higher than those of clinochlore (12 wt% H2O, 159 

2.65 g/cm3), talc (4.7 wt% H2O, 2.75 g/cm3), and phase E (16.9 wt% H2O, 2.88 g/cm3) considering the 160 

water contents. However, compared to the other dense hydrous magnesium silicates, such as phase A 161 

(11.8 wt% H2O, 2.96 g/cm3), phase B (2.4 wt% H2O, 3.37 g/cm3), superhydrous phase B (5.8 wt% H2O, 162 

3.33 g/cm3), and phase D (17.6 wt% H2O, 3.50 g/cm3), the density of this new 23 Å phase is slightly 163 

lower. It is also lower than that of phase HAPY (7 wt% H2O, 3.14 g/cm3). 164 

Several experiments have been conducted in order to identify the stability region of this new 23 Å 165 

Mg-silicate. As shown in Fig. 5, this new 23 Å phase is stable up to 12 GPa and 1000ºC, which is very 166 
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similar to the P, T stability region of phase A (Wunder, 1998), and along the cold slab condition, it can 167 

survive until it reaches the transition zone. At higher pressures it breaks down into Al-bearing 168 

superhydrous phase B ((Mg9.6Al0.4)(Si2.6Al0.4)O14(OH)4), Al-bearing phase E (Nonstoichiometric, 169 

confirmed by XRD), pyrope, and fluid, while at lower pressures it breaks down into chondrodite, pyrope, 170 

forsterite, and fluid. This means that this new 23 Å phase can transport H2O into the deep upper mantle, 171 

even into the upper part of the transition zone. 172 

Implications 173 

In the Mg-end antigorite composition (Mg3Si2O5(OH)4), along the cold slab condition, phase A is 174 

possibly the dominant hydrous phase in the whole upper mantle (Irifune et al., 1998; Komabayashi et al., 175 

2005). Since a significant amount of aluminum also exists in a real subduction environment, it is 176 

reasonable to suppose that aluminum bearing hydrous minerals will form during the metamorphism of 177 

minerals such as chlorite [(Mg5Al)(AlSi3)O10(OH)8]]. In such an Al-bearing situation we predict that this 178 

new 23 Å phase will form and become the dominant hydrous phase beyond the stability region of 179 

chlorite along the subducting slab, as the present study shows that phase A can easily react with Al3+ and 180 

produce this new 23 Å phase. Thus, it is necessary to clarify the stability of this new 23 Å phase in 181 

something related to a real mantle composition, such as chlorite. Accordingly, a decomposition 182 

experiment on natural chlorite, an important constituent of a metamorphosed mantle in an Al-bearing 183 



12 

system, was conducted at 10 GPa and 1000ºC to confirm the appearance of the 23 Å phase. The result 184 

showed that the chlorite decomposes into pyrope, chondrodite, the new 23 Å phase, phase A, and fluids 185 

(Fig. 6), suggesting that along the cold slab the 23 Å phase can coexist with phase A in an Al-bearing 186 

mantle composition. Thus, this new Al-bearing hydrous 23 Å phase should be an important hydrous 187 

phase together with phase A to transport water into the deep Earth. The present result of the coexisting 188 

new 23 Å phase and phase A shows that the amounts of these phases in the upper mantle depend on the 189 

bulk Al2O3 and H2O contents. 190 

Recently, phase HAPY was reported in the MASH system at 5.4 GPa and 720ºC (Gemini et al., 191 

2011), but no phase HAPY was observed at 10 GPa and 1000ºC in the chlorite composition. We are 192 

further investigating the stability of this new 23 Å phase in the chlorite composition, especially just 193 

beyond the stability region of chlorite (Staudigel and Schreyer, 1977; Fockenberg, 1995). The results 194 

will be reported in a separate paper in the near future. 195 

The discovery of this new hydrous 23 Å phase extends the stability region of the hydrous phase in 196 

the MASH system along the subduction zone. The stability region of this new 23 Å phase is similar to 197 

that of phase A. Thus, in the Al-bearing mantle composition, this new hydrous 23 Å phase should be an 198 

important water reservoir to transport water together with Al into the deep upper mantle, even into the 199 

transition zone. 200 
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Figure captions 332 

Figure 1. Cell assembly for high pressure and high temperature experiments. W3%Re-W25%Re 333 

thermocouple was used to monitor the temperature. 334 

Figure 2. The chemical composition of the new 23 Å phase in the MAS (+H2O) ternary diagram. The 335 

coexisting phases (pyrope and diaspore, open circles) were also plotted. A: phase A; B: hydrous phase B, 336 

super hydrous phase B, anhydrous phase B; D: phase D; E: phase E; Fo: forsterite; Egg: phase egg; Top: 337 

topaz-OH; Sp: spinel; Dia: diaspore; Chon: chondrodite; Atg: antigorite; Phg: phengite; Py: pyrope; Chl: 338 

Mg-chlorite; Sur: Mg-sursassite; Ctd: chloritoid; Sta: staurolite; Spr: sapphirine; HAPY: hydrous 339 

Al-bearing pyroxene; 23 Å: new 23 Å phase in this study. 340 

Fig. 3 Powder X-ray diffraction pattern of the new 23 Å phase Mg11Al2Si4O16(OH)12. The refined lattice 341 

parameters: a = 5.1972(2) Å, c = 22.991(4) Å, and V = 537.8(2) Å3. A: phase A; Br: brucite; Py: pyrope. 342 

The solid triangles mark those peaks (at 2θ of about 20.83°, 26.67° and 32.72°) that we cannot identify 343 

yet. 344 

Figure 4. The selected-area-electron-diffraction (SAED) patterns (a–e) and transmission electron image 345 

(f) of the new 23 Å phase. The SAED patterns were obtained from different grains except for c and d. 346 

The broken lines in c and d with m indicate a mirror plane perpendicular to the page. f shows the 347 

stacking fault-like defects. 348 
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Figure 5. Stability region of the new 23 Å phase determined in this study. Solid circles represent the 349 

presence of the new 23 Å phase, while open circles represent the absence of it. The synthesis condition 350 

for HAPY phase (Gemmi et al., 2011) is also shown in solid diamond. The reaction on line (1): New 23 351 

Å phase = Chon + Py + Fo + F; The reaction on line (2): New 23 Å phase = Al-shB + Py + F. The thin 352 

dotted line shows the lower pressure limit of phase A (Wunder, 1998), while the thick dotted line 353 

indicates the boundary between Chon + Py + Fo + F and Al-shB + Py + F. The phase boundary of 354 

coesite-stishovite is from Yagi and Akimoto (1976). The average mantle geotherm (Brown and 355 

Shankland, 1981) and the hypothetical P-T paths for the slabs (Kirby et al., 1996; Peacock, 1990) are 356 

also shown. 357 

Figure 6. The back-scattered electron image (BEI) of the dehydration products of natural chlorite under 358 

10 GPa and 1000ºC. The new 23 Å phase coexists with pyrope, chondrodite, and phase A. Py, pyrope; 359 

phA, phase A; 23 Å, new 23 Å phase in this study; Chon, Chondrodite. 360 

  361 
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Table 1 Chemical compositions of the new 23 Å phase and coexisting phases analyzed by EPMA (EDS 362 

or WDS). The compositions of selected standards are also listed. 363 

  364 

  S1a S2a Synb Stdb 

  Py Dia New Py Dia 23 Å Py 23 Å En Ky 

Weight percent       

MgO 31.5(4) 1.0(1) 48.9(7) 31.2(4) 2.0(6) 49.8(9) 30.1(2) 47.4(5) 40.1(5) 0 

Al2O3 25.6(6) 80.1(9) 11.1(4) 24.9(4) 77.7(6) 11.0(3) 24.2(3) 10.6(2) 0 61.8(4) 

SiO2 43.7(5) 1.0(1) 24.7(4) 44.3(4) 1.5(4) 25.1(4) 44.5(4) 25.7(2) 60.1(9) 37.4(1) 

Total 100.8(8) 82.0(9) 84.7(12) 100.4(10) 81.2(9) 85.9(15) 98.8(6) 83.7(4) 100.3(15) 99.2(4) 

H2Oc 0.26(4) - 11.2(2) 0.27(4) - 11.4(2) - 11.6(2) - - 

Atomic ratio       

Mg 3.14(3) 0.015(2) 5.65(3) 3.12(2) 0.031(9) 5.68(2) 3.05(3) 5.52(4) 1.00(1) 0 

Al 2.02(5) 0.976(3) 1.01(3) 1.96(2) 0.959(10) 0.99(2) 1.94(2) 0.97(2) 0 1.98(1) 

Si 2.92(2) 0.010(1) 1.92(2) 2.97(2) 0.015(4) 1.92(2) 3.02(1) 2.01(1) 1.00(1) 1.01(1) 

H 0 1 6 0 1 6 0 6 - - 

O 12 2 14 12 2 14 12 14 3 5 

Measured by: a, EDS at Ehime University; b, WDS at Ehime University; c, SIMS at Hokkaido University. 

- Not determined; Std, standard measurements at the same condition with Syn; Py, pyrope; Dia, diaspore; 23 Å, new 

23 Å hydrous phase; En, MgSiO3-enstatite; Ky, kyanite. 
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Tabel 2 The refined X-ray diffraction data of the new 23 Å phase Mg11Al2Si4O16(OH)12. Main peaks are 365 

listed. 366 

hkl dobs dcalc I/I0 

0 0 2 11.4782 11.4862 5 
0 0 4 5.7368 5.7431 5 
0 0 6 3.8259 3.8287 100 
1 0 4 3.5358 3.5419 5 
0 0 8 2.8696 2.8715 17 
1 1 1 2.5797 2.5813 65 
1 1 2 2.5323 2.5337 22 
1 1 3 2.4589 2.4600 63 
1 0 8 2.4205 2.4206 4 
0 0 10 2.2969 2.2972 14 
1 1 6 2.1488 2.1496 55 
1 1 7 2.0364 2.0368 52 
1 1 8 1.9265 1.9264 40 
1 1 9 1.8205 1.8207 3 
2 0 8 1.7707 1.7709 4 
2 1 0 1.7003 1.7006 8 
2 1 1 1.6969 1.6960 5 
2 1 4 1.6303 1.6306 13 
1 1 11 1.6278 1.6276 10 
1 0 14 1.5420 1.5416 14 
3 0 0 1.5006 1.4998 95 
3 0 6 1.3964 1.3965 12 
1 1 14 1.3880 1.3873 18 
1 1 15 1.3198 1.3193 7 

 367 

 368 

 369 
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Fig. 1 Cell assembly for high pressure and high temperature experiments. W3%Re-W25%Re 370 

thermocouple was used to monitor the temperature. 371 

 372 

Fig. 2 The chemical composition of the new 23 Å phase in the MAS (+H2O) ternary diagram. The 373 

coexisting phases (pyrope and diaspore, open circles) were also plotted. A: phase A; B: hydrous phase B, 374 

super hydrous phase B, anhydrous phase B; D: phase D; E: phase E; Fo: forsterite; Egg: phase egg; Top: 375 

topaz-OH; Sp: spinel; Dia: diaspore; Chon: chondrodite; Atg: antigorite; Phg: phengite; Py: pyrope; Chl: 376 

Mg-chlorite; Sur: Mg-sursassite; Ctd: chloritoid; Sta: staurolite; Spr: sapphirine; HAPY: hydrous 377 

Al-bearing pyroxene; 23 Å: new 23 Å phase in this study. 378 

 379 

Fig. 3. Powder X-ray diffraction pattern of the new 23Å phase Mg11Al2Si4O16(OH)12. The refined 380 

lattice parameters: a = 5.1972(2) Å, c = 22.991(4) Å, and V = 537.8(2) Å3. A: phase A; Br: brucite; Py: 381 

pyrope. The solid triangles mark those peaks (at 2� of about 20.83°, 26.67° and 32.72°) that we cannot 382 

identify yet. 383 

 384 

Fig. 4 The selected-area-electron-diffraction (SAED) patterns (a–e) and transmission electron image (f) 385 

of the new 23 Å phase. The SAED patterns were obtained from different grains except for c and d. The 386 
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broken lines in c and d with m indicate a mirror plane perpendicular to the page. f shows the stacking 387 

fault-like defects. 388 

 389 

Fig. 5 Stability region of the new 23 Å phase determined in this study. Solid circles represent the 390 

presence of the new 23 Å phase, while open circles represent the absence of it. The synthesis condition 391 

for HAPY phase (Gemmi et al., 2011) is also shown in solid diamond. The reaction on line (1): New 23 392 

Å phase = Chon + Py + Fo + F; The reaction on line (2): New 23 Å phase = Al-shB + Py + F. The thin 393 

dotted line shows the lower pressure limit of phase A (Wunder, 1998), while the thick dotted line 394 

indicates the boundary between Chon + Py + Fo + F and Al-shB + Py + F. The phase boundary of 395 

coesite-stishovite is from Yagi and Akimoto (1976). The average mantle geotherm (Brown and 396 

Shankland, 1981) and the hypothetical P-T paths for the slabs (Kirby et al., 1996; Peacock, 1990) are 397 

also shown. 398 

 399 

Fig. 6 The back-scattered electron image (BEI) of the dehydration products of natural chlorite under 10 400 

GPa and 1000 ºC. The new 23 Å phase coexists with pyrope, chondrodite, and phase A. Py, pyrope; phA, 401 

phase A; 23 Å, new 23 Å phase in this study; Chon, chondrodite. 402 



36

36

36

37

68 

Fig. 170 

thermo71 

 71 

 Cell assem

ocouple was us

mbly for high

sed to monitor

h pressure an

r the temperatu

 

25 

nd high tem

ure. 

mperature exp

 

periments. W3%Re-W25%%Re 



37

37

37

37

37

37

37

37

37

72 

Fig. 279 

The co80 

hydrou81 

forster82 

Atg: a83 

chlorit84 

23 Å p85 

 80 

2 The chemi

oexisting ph

us phase B, 

rite; Egg: ph

antigorite; P

toid; Sta: sta

phase in this

cal composi

ases (pyrope

super hydro

hase egg; To

Phg: phengit

aurolite; Spr:

 study. 

ition of the 

e and diaspo

ous phase B,

op: topaz-O

te; Py: pyro

: sapphirine;

 

26 

 

new phase 

ore, open circ

, anhydrous 

H; Sp: spin

ope; Chl: M

; HAPY: hyd

in the MAS

cles) were al

phase B; D:

el; Dia: dias

Mg-chlorite; 

drous Al-bea

S (+H2O) ter

lso plotted. A

: phase D; E

spore; Chon

Sur: Mg-su

aring pyroxe

rnary diagra

A: phase A; 

E: phase E; F

n: chondrodi

ursassite; Ct

ene; 23 Å: ne

am. 

B: 

Fo: 

ite; 

td: 

ew 



27 

 380 

Fig. 3 Powder X-ray diffraction pattern of the new 23 Å phase Mg11Al2Si4O16(OH)12. The refined lattice 381 

parameters: a = 5.1972(2) Å, c = 22.991(4) Å, and V = 537.8(2) Å3. A: phase A; Br: brucite; Py: pyrope. 382 

The solid triangles mark those peaks (at 2θ of about 20.83°, 26.67° and 32.72°) that we cannot identify 383 

yet. 384 
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