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 ABSTRACT 15 

The crystal structure of the two dense hydrous magnesium silicates Phase D, 16 

MgSi2H2O6, and Phase H, MgSiH2O4, synthesized at 45 GPa and 1000 °C and coexisting in 17 

the same micron-sized grain, was investigated by single-crystal X-ray diffraction to study the 18 

preferential partition of Al between the two structures. In agreement with the literature, Phase 19 

D was found to be trigonal, space group P3 1m, with lattice parameters a = 4.752(2), c = 20 

4.314(2) Å, V = 84.37(6) Å3 (R1 = 0.020), and Phase H was found to be orthorhombic, space 21 

group Pnnm, with lattice parameters a = 4.730(2), b = 4.324(2), c = 2.843(2) Å, V = 58.15(5) 22 

Å3 (R1 = 0.024). The estimated proportion (vol.%) of the two phases from the refinement is 23 

27(2)PhD – 73PhH. The analysis of the geometric details of the two structures shows that Phase 24 

D hosts almost all the Al available, whereas Phase H is nearly identical to pure MgSiH2O4. 25 

Overexposed electron-microprobe X-ray maps of the same grain used for the X-ray 26 

diffraction study together with WDS spots on the two phases confirmed the structural results. 27 

Thus, our results suggest that when Phase D and Phase H coexist, Al is strongly partitioned 28 

into Phase D at the expense of coexisting Phase H. At pressure above ~50 GPa, where Phase 29 

D is no longer stable, Phase H is able to incorporate the high aluminum contents present in 30 

hydrous peridotitic compositions in the deep lower mantle and be stabilized at the expense of 31 

Phase D and magnesium silicate perovskite. 32 
 33 
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INTRODUCTION 37 

Dense hydrous magnesium silicates (DHMS) play a crucial role in the delivery of a 38 

significant amount of water to the lower mantle by the subduction of oceanic slabs thus 39 

influencing the structure and dynamics of the deep Earth. Until recently, Phase D, 40 

MgSi2H2O6, has been considered to be the highest-pressure phase among the DHMS (Frost 41 

and Fei 1998; Shieh et al. 1998). However, Tsuchiya (2013) and Nishi et al. (2014) found that 42 

at pressures above ~50 GPa, Phase D transforms to a new dense hydrous silicate, MgSiH2O4, 43 

labeled Phase H. The crystal structure of Phase H has been recently investigated by Bindi et 44 

al. (2014) by means of single-crystal X-ray diffraction and its stability field, in relation to the 45 

hydrous AlOOH component, has been studied in detail by Ohira et al. (2014) and Ohtani et al. 46 

(2014). These Authors hypothesized the MgSiH2O4 – AlAlH2O4 (Al-Phase H) solid solution 47 

as potentially the most important hydrous phase present under deep lower mantle conditions. 48 

The key role of Al in expanding the stability of DHMSs at higher temperatures has been 49 

also demonstrated for Phase D independently by Ghosh and Schmidt (2014) and by Pamato et 50 

al. (2015). The incorporation of high amounts of Al in the structure of Phase D makes this 51 

phase stable at temperatures extending to over 2000 °C at 26 GPa (Pamato et al. 2015), 52 

implying that subducted oceanic crust could be a significant long-term water reservoir in the 53 

convecting lower mantle.  54 

Both Phase D and Phase H have been proven to host Al replacing Mg in solid solution. 55 

However, no structural studies have been carried out on the two phases in coexistence to 56 

study the preference of Al for one at high pressure. Electron microprobe studies alone could 57 

be affected by large uncertainties in the identification of the phases given the very small size 58 

and the close chemical formulae.  59 

Here we report the fortuitous recovery of a single micron-sized grain in a run product 60 

synthesized at 45 GPa and 1000 °C exhibiting an intergrowth of Phase D and Phase H. This 61 

grain gave us the chance to study the partition of Al in the two phases by simultaneous 62 

structure refinements of the two phases.  63 

 64 

EXPERIMENTAL 65 

Synthesis  66 

Synthesis experiments were conducted using a 1,500-t multi-anvil apparatus 67 

(MADONNA-II) at Ehime University (Matsuyama, Japan). We used sintered diamond anvils 68 

with a truncated edge length of 1.5 mm as the second-stage anvils. The sample was loaded 69 

into a gold capsule. The sample assembly was composed of sintered (Mg,Cr)O and MgO 70 
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pressure media, with a cylindrical LaCrO3 heater, and a molybdenum electrode. Temperature 71 

was monitored by a W97Re3-W75Re25 thermocouple. The pressure media and the heater were 72 

dried at 1000 °C for 3 hours before assembling the high-pressure cell. Details of the sample 73 

assembly are shown in the supplementary information of Nishi et al. (2014). The experiment 74 

was performed in the Mg(OH)2-SiO2-Al2O3 system with Mg:Si:Al=1:1.5:0.5 molar ratios. 75 

The sample was compressed to 45 GPa at room temperature. Then the temperature was 76 

increased to 1000 °C and held constant for 6 h. Phase H prevailed in the run product, being 77 

accompanied by minor proportions of Phase D (Fig. 1). 78 

Data collection and crystal-structure refinement 79 

A small crystal (28 × 34 × 52 μm), hand-picked under a reflected light microscope from 80 

the run product (Fig. 1), was examined with an Oxford Diffraction Xcalibur 3 diffractometer 81 

(X-ray MoKα radiation, λ = 0.71073 Å) fitted with a Sapphire 2 CCD detector (see Table 1 82 

for details). The crystal was found to be composed of Phase H and Phase D in a proportion 83 

(vol.%) roughly estimable to be 73(2)/27, respectively. The lattice parameters for the two 84 

phases are: a = 4.730(2), b = 4.324(2), c = 2.843(2) Å, V = 58.15(5) Å3, and a = 4.752(2), c = 85 

4.314(2) Å, V = 84.37(6) Å3, respectively. The crystal did not show any sign of deterioration 86 

under the X-ray beam. Intensity integration and standard Lorentz-polarization corrections 87 

were done with the CrysAlis RED (Oxford Diffraction 2006) software package. The program 88 

ABSPACK of the CrysAlis RED package (Oxford Diffraction 2006) was used for the 89 

absorption correction. Particular care was devoted to the data collection and reduction of 90 

reflections of the two phases given the close geometric relationships between (001)PhH and 91 

(210)PhD. The number of extracted, independent reflections was sufficient to identify the 92 

correct space group and begin the structure refinement for both phases, which was carried out 93 

using the program SHELXL-97 (Sheldrick 2008), starting from the atomic coordinates given 94 

by Bindi et al. (2014) for Phase H (space group Pnnm) and by Yang et al. (1997) for Phase D 95 

(space group P3 1m). Site-scattering values for the two phases were refined using scattering 96 

curves for neutral species (Ibers and Hamilton 1974) as follows: Si vs.  at the metal sites and 97 

O vs.  at the anion sites. The O sites were found to be fully occupied, and the occupancy 98 

factors were then fixed to 1.00. An isotropic model for both the phases led to R1 = 0.024 for 99 

37 observed reflections [Fo > 4σ(Fo)] and R1 = 0.020 for 35 observed reflections [Fo > 100 

4σ(Fo)], for Phase H and Phase D, respectively. No hydrogen atoms were located in the 101 

difference Fourier maps (ΔF) for the two phases. Fractional atomic coordinates, atomic 102 
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displacement parameters, bond distances, and geometric parameters for the two phases are 103 

shown in Table 2. Table 31 lists the observed and calculated structure factors.  104 

Chemical composition 105 

Given the fact that only one crystal with coexisting Phase H and Phase D was available, 106 

it was considered too risky to embed and polish it. For this reason, the crystal was placed on a 107 

graphite disk on a stub. Kα X-ray intensity maps of Al, Mg, and Si (Fig. 2) were obtained 108 

using a JEOL JXA-8600 electron microprobe operating at an accelerating voltage of 15 kV 109 

and a beam current of 300 nA. Beam current variations during map acquisition were ≤ 4 nA. 110 

Acquisition times of 180 ms were used. Maps only show X-ray intensity (i.e., neither 111 

calibrations nor background corrections were applied).  112 

WDS spots on the two phases were collected at 15 kV accelerating voltage and 20 nA 113 

beam current (and a 1 μm beam diameter), with 30 s as counting times. Matrix correction was 114 

performed using the Bence and Albee (1968) program modified by Albee and Ray (1970). 115 

The standards used were forsterite (Mg) and albite (Al, Si). The two phases were found to be 116 

homogeneous within the analytical uncertainty. The average chemical composition is (wt%), 117 

SiO2 47.0(4); MgO 34.0(2); Al2O3 3.0(2); total 84.0(2) (four analyses on different spots) 118 

corresponding, on the basis of Σ(Si+Mg+Al) = 2, to Mg1.00(3)[Si0.93(5)Al0.07]O4H2 (H2O 119 

calculated by difference) for Phase H, and SiO2 50.50(48); MgO 22.58(32); Al2O3 14.27(28); 120 

total 87.35(40) (three analyses on different spots) corresponding, on the basis of 121 

Σ(Si+Mg+Al) = 3, to Mg1.00(6)[Si1.50(7)Al0.50]O6H2 (H2O calculated by difference), for Phase D.  122 

 123 

RESULTS AND DISCUSSION 124 

Crystal-chemical features of coexisting Phase H and Phase D 125 

The structures of Phase H and Phase D were found to be nearly identical to those 126 

reported by Bindi et al. (2014) and Yang et al. (1997). The electron density refined at the 127 

metal sites for both the phases is in excellent agreement with the electron microprobe data. In 128 

detail, the mean electron number at the octahedral site for Phase H is 13.02(8), well matching 129 

the site population obtained at the microprobe (Mg0.500Si0.465Al0.035; e- = 12.97). In Phase D, 130 

the largest octahedron was considered to be filled by Mg only (e- = 12.03), whereas the mean 131 

electron number at the other octahedral site is 13.65(7), in good agreement with the site 132 

population obtained at the microprobe (Si0.75Al0.25; e- = 13.75). Such a distribution reflects 133 

                                                            
1 For a copy of Table 3, document item ……., contact the Business Office of the Mineralogical Society of 
America. 
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well on the bond distances observed (Table 2). The mean octahedral metal-oxygen distance of 134 

1.958 Å for Phase H is in good agreement with the calculated value for VI[Mg-O]0.50 + VI[Si-135 

O]0.465 + VI[Al-O]0.035 of 1.95 Å (taking into account the ionic radii; Shannon 1976) and nearly 136 

identical to that observed in pure MgSiO4H2 (1.957 Å; Bindi et al. 2014). The bond distance 137 

observed at the Mg-site for Phase D of 2.055 Å is slightly shorter than that observed by Yang 138 

et al. (1997) for pure MgSi2O6H2 (i.e., 2.105 Å), whereas the (Si,Al)-O bond of 1.821 Å is 139 

longer than that of pure Si-O (1.805 Å; Yang et al. 1997) because of the presence of Al 140 

replacing Si at the site.  141 

We did not observe an increase of the unit-cell volume in Al-bearing Phase D with 142 

respect to pure MgSi2O6H2. A similar behavior was also noticed by Boffa Ballaran et al. 143 

(2010) for super-aluminous Phase D and by Komatsu et al. (2011) for Al-bearing Phase H. 144 

These authors observed that the Tschermak Si4+ + Mg2+ ↔ 2Al3+ substitution does not induce 145 

either an enlargement of the unit cell or a lengthening of the octahedral bond distances.  146 

Partition of Al between Phase H and Phase D 147 

Ohira et al. (2014) have shown that the amount of Al in the compounds belonging to the 148 

δ-AlOOH–MgSiO4H2 solid solution series increases with increasing pressure. These authors 149 

observed that perovskite and post-perovskite phases are depleted in Al2O3, whereas hydrous 150 

δ-AlOOH contains at least 44 mol% of MgSiO4H2 component at 68 GPa and 2010 K, and 151 

23 mol% of this component at 128 GPa and 2190 K. Similar results were obtained by Nishi et 152 

al. (2014) who observed a strong dependence of the Al-component by pressure in Phase H. 153 

These authors noted that, although the Al contents in the starting material decrease with 154 

pressure, the Al-component in Phase H is relatively low at 40-43 GPa compared to that at 155 

about 50 GPa. Moreover, Al seems to be strongly partitioned into Phase H relative to MgSiO3 156 

perovskite and Phase D (Nishi et al. 2014).  157 

The structural study of a grain in which both phases coexist presented here suggests that 158 

Al instead becomes strongly partitioned into Phase D relative to Phase H. As postulated by 159 

Hirose et al. (2005), at the lower mantle conditions garnet converts to Al-bearing MgSiO3-160 

perovskite, CaSiO3-perovskite, and other minor phases. The Al-bearing MgSiO3-perovskite in 161 

dry oceanic crust contains 15-20 mol% Al2O3 under these conditions (Litasov and Ohtani 162 

2005). During the subduction of oceanic crust, a reaction between trapped water and Al-163 

bearing MgSiO3-perovskite could form Al-deficient MgSiO3-perovskite and Al-rich Phase D. 164 

Then, at pressures higher than ~50 GPa, a hydrous δ-phase of the AlOOH–MgSiO4H2 solid 165 

solution (Phase H) should be stabilized. At that pressure, such a phase is able to incorporate 166 

large amount of aluminum available in hydrous peridotitic compositions in the deep lower 167 
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mantle and play an important role as a water carrier in slabs descending into the lowermost 168 

mantle and core-mantle boundary.  169 
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FIGURE CAPTIONS 234 

FIGURE 1.  Backscattered electron image of the run product synthesized at 45 GPa and 1000 235 

°C. The different phases are labeled. White small dots are the gold derived from 236 

capsule. Scale bar is indicated. 237 

FIGURE 2.  Electron microprobe X-ray elemental maps for the crystal used for the structural 238 

study. At top left there is a backscattered electron image. The slightly shaded region 239 

above the grain is an analytical artifact due to the morphology of the crystal.  240 

 241 

 242 

 243 



TABLE  1 – Details pertaining to the single-crystal X-ray data collections and structure refinements 
of Phase H and Phase D. 
 
 Phase H Phase D 
Crystal data  
Formula MgSiO4H2 MgSi2O6H2 
Crystal system orthorhombic trigonal 
Space group Pnnm P3 1m 
a   (Å) 4.730(2) 4.752(2) 
b   (Å) 4.324(2) 4.752(2) 
c   (Å) 2.843(2) 4.314(2) 
V  (Å3) 58.15(5) 84.37(6) 
Z 1 1 

Data collection  
Instrument Oxford Diffraction Xcalibur 3 
Radiation type  MoKα (λ = 0.71073 Å)
Temperature (K) 293(2) 
Det. to sample dist. (cm) 6 
Number of frames 285 312 
Measuring time (s) 200 
Maximum covered 2θ (°) 52.86 49.78 
Absorption correction   multi-scan (ABSPACK; Oxford Diffraction 2006) 
Collected reflections 504 590 
Unique reflections 73 64 
Reflections with Fo > 4 σ (Fo) 37 35 
Rint 0.0318 0.0360 
Rσ  0.0421 0.0451 
Range of h, k, l -5 ≤ h ≤ 5, -5 ≤ k ≤ 5, -3 ≤ l ≤ 3 -5 ≤ h ≤ 5, -5 ≤ k ≤ 5, -5 ≤ l ≤ 5

Refinement  
Refinement Full-matrix least squares on F2 
Final R1 [Fo > 4σ(Fo)] 0.0240 0.0203 
Final R1 (all data) 0.0250 0.0262 
No. ref. parameters 6 7 
Δρmax   (e Å-3) 0.47 0.24 
Δρmin   (e Å-3) -0.59 -0.29 

 
    
 



TABLE 2. Fractional atomic coordinates, site-occupancy factors (s.o.f.) derived from electron 
microprobe, isotropic displacement parameters (Å2) and geometric parameters (Å, Å3, º) for Phase 
H and Phase D.  

Phase H  
s.o.f. x y z Uiso 

M  Mg0.500Si0.465Al0.035 0 0 0 0.018(5) 
O O1.00 0.3481(6) 0.2297(9) 0 0.017(1) 
M-O (×2) 1.923(3) 
M-O (×4) 1.975(3) 
<M-O> 1.958 
σ2 1.58 
V 10.00 
Phase D  

s.o.f. x y z Uiso 
Mg  Mg1. 00 0 0 0 0.027(1) 
M  Si0.75Al0.25 1/3 2/3 1/2 0.0204(5) 
O O1.00 0.6462(4) 0 0.2740(4) 0.027(1) 
Mg-O (×6) 2.055(2) M-O (×6) 1.821(2) 
σ2 0.05 σ2 25.25 
V 11.57 V 7.96 

* Angle variance (σ2) calculated according to Robinson et al. (1971).  
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