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ABSTRACT

The crystal structure and chemical composition of a crystal of Mg-bearing Phase Egg
with general formula M°" M, SiOH,., (M*" = Al, Cr; M*" = Mg, Fe), with x = 0.35,
produced by subsolidus reaction at 24 GPa and 1400 °C of components of subducted
oceanic slabs (peridotite, basalt, and sediment), was analyzed by electron microprobe and
single-crystal X-ray diffraction. Neglecting the enlarged unit-cell and the consequent
expansion of the coordination polyhedra (as expected for Mg substitution for Al), the
compound was found to be topologically identical to Phase Egg, Al1SiO3;0H, space group
P2y/n, with lattice parameters a = 7.2681(8), b = 4.3723(5), ¢ = 7.1229(7) A, p =
99.123(8)°, ¥ = 223.49(4) A*, and Z = 4. Bond-valence considerations lead to hypothesize
the presence of hydroxyl groups only, thus excluding the presence of the molecular water
that would be present in hypothetical endmember MgSiO3-H,O. We thus demonstrate that
Phase Egg, considered as one of the main players in the water cycle of the mantle, can

incorporate large amounts of Mg in its structure and that there exists a solid solution with a
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new hypothetical MgSiH,O4 endmember, according to the reaction Al’” < Mg*" + H. The
new hypothetical MgSiH,04 endmember would be a polymorph of Phase H, a leading

candidate for delivering significant water to the deepest part of the lower mantle.

Keywords: Phase Egg; Phase H; hydrous dense magnesium silicate; synthesis; microprobe

analysis; X-ray diffraction; crystal structure.

INTRODUCTION

Transportation of water into the Earth’s deep interior by the subduction of oceanic
slabs plays a key role in the geodynamics of our planet through its impact on the rheology
and electrical conductivity of the mantle (e.g., Ohtani et al. 2000; Ohira et al. 2014). Broad
experimental stability field have been reported for Al-bearing hydrous phases and dense
hydrous magnesium silicates, leading to wide agreement that these are the main players in
the water cycle of the mantle (Frost and Fei 1998; Shieh et al. 1998; Tsuchiya 2013; Nishi
et al. 2014; Pamato et al. 2015). Among these compounds, Phase Egg, AISiO;O0H
(Eggleton et al. 1978; Schmidt et al. 1998; Fukuyama et al. 2017), likely found as inclusion
in natural diamonds (Wirth et al. 2007; Kaminsky 2012), is considered to be the most
promising candidate water carrier in ringwoodite-free lithologies in the lower half of the
mantle transition zone, which is now established to be hydrous also by direct evidence
obtained through natural samples (Pearson et al. 2014; Smith et al. 2016, 2018).

Although Mg-for-Al substitution has been confirmed for several dense hydrous
silicates (phase D, Pamato et al. 2015; phase H, Liu et al. 2018; superhydrous Phase B,
Kakizawa et al. 2018), Phase Egg has been always reported with the ideal AlSiO3;(OH)
stoichiometry. By means of experiments on subsolidus interaction between the lithologies

present in subducted slabs — peridotite, mid-ocean ridge basalt (MORB), and sediment —
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at 24 GPa and 1400 °C, we synthesized for the first time a Mg-bearing Phase Egg. The new
high-pressure phase has been characterized by electron microprobe and single-crystal X-ray

diffraction and the results are presented here.

SYNTHESIS

The synthesis was performed in a 2000 ton split-sphere press at Ehime University
(Matsuyama, Japan). Eight cubic tungsten carbide anvils with 3 mm truncation edge lengths
compressed an 8 mm edge length octahedron of pressure medium of MgO doped with 17
wt% Co0O. 4 mm pyrophyllite gaskets sealed the compressed volume and supported the
anvil flanks. Heating was provided by a cylindrical LaCrO; heater, 3.2/2.0 mm in
outer/inner diameter and 4 mm in length.

Our experiment (run 3157) combined equal weight of two synthetic mixtures in Re
capsules. The bottom half of the capsule held a sediment composition based on the GLOSS
(global oceanic subducted sediment) model of Plank and Langmuir (1998) (wt %: 58.55
Si0y; 0.62 TiOy; 11.91 ALyO3; 5.21 FeO; 0.32 MnO; 2.48 MgO; 5.95 CaO; 2.43 Na,0; 2.04
K,0; 0.19 P,0s; 3.01 COy; 7.29 H,0). The top half held a garnet lherzolite with modal
proportions OlgOpx6Cpx12Grtyz (Wt %: 44.99 Si0,; 3.39 Al,O5; 0.5 Cr,03; 11.27 FeO;
37.17 MgO; 2.41 CaO; 0.27 Na,0). The mixtures were prepared from high-purity reagent-
grade oxides (Si0,, TiO,, FeO, Cr,0s3), hydroxides [Mg(OH), and Al(OH);], and
carbonates (CaCOs3, Na,COj3). Temperature during the experiment was controlled by a
WosRes-W7sReps thermocouple, 0.1 mm in diameter. Pressure was calibrated at room
temperature using the semiconductor-metal transitions of Bi, ZnS, and GaAs (Irifune et al.
2004). The effect of temperature on pressure was further corrected using the forsterite-

wadsleyite and wadsleyite-ringwoodite transitions in Mg,SiO, (Katsura and Ito 1989).

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



84

85

86

87

88

89

90

91

92

93

94

95

96

97

98

99

100

101

102

103

104

105

106

107

108

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)
Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2020-7204

Runs were heated for 4 h and quenched by turning off power to the heater. The capsule was
recovered, mounted in epoxy, sectioned, and polished.

Three zones are distinguished after run: peridotite, GLOSS, and the zone of
interaction between them (Fig. 1). The latter mostly formed at the expense of the GLOSS
zone. Bridgmanite predominates in both peridotite and GLOSS zones. Bridgmanite in the
peridotite zone is Cr-bearing, whereas bridgmanite in the GLOSS zone is Ti-bearing and
displays higher Al content. The peridotite zone contains minor CaSiOs-perovskite and
stishovite. The interaction zone is composed of Al-rich superhydrous phase B, Mg-bearing
phase Egg, and minor magnesite. All the phases have been identified by X-ray diffraction.

As is evident from Figure 1, the formation of Al-rich hydrous phases proceeds via
peridotite-GLOSS interaction. Although the bulk Al content in the GLOSS part of the
sample is high (11.91 wt % Al,O3), bridgmanite in the GLOSS zone is Al-depleted (i.e.
7.92 wt % ALOs;), because high-Al bridgmanite is not stable under hydrous conditions

(Ohira et al. 2014) and decomposes to form high-Al hydrous phases in the reaction zone.

CHEMICAL COMPOSITION

The chemical composition of Mg-bearing Phase Egg was first qualitatively analyzed
with energy-dispersive X-ray spectroscopy (EDS). The analyses did not indicate the
presence of elements (Z > 9) other than Al, Mg, Si and minor Cr and Fe. Quantitative
wavelength-dispersive X-ray (WDS) analyses (n = 4) were obtained using the same crystal
studied by X-ray single-crystal diffraction (see below). A JEOL-JXA 8200 microprobe was
operated at 15 kV, 10 nA, and 1 pm beam size, with counting times 20 s on-peak and 10 s
for each background position. Ko lines for all analyzed elements were referenced to
synthetic mineral standards. The crystal is chemically homogeneous within the uncertainty

of our measurements (Table 1). The empirical formula (based on 2 filled M-sites per
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formula unit), assuming all Fe divalent, all Cr as trivalent, and H,O content calculated from
the ideal formula M’*| M SiOsH i, is (AlyesMgo34Cr o02Fe™ 0.01)5-100Si1.0004H 35,

giving x = 0.35.

X-RAY CRYSTALLOGRAPHY AND STRUCTURE REFINEMENT

A small fragment (15 x 11 x 9 um in size) of Mg-bearing Phase Egg from run 3157
(Fig. 1) was extracted from the polished experimental product under a reflected light
microscope and mounted on a 5 um diameter carbon fiber, which was, in turn, attached to a
glass rod. Single-crystal X-ray diffraction intensity data were collected with a Bruker D8
Venture Photon 100 CMOS equipped with graphite-monochromatized MoKa radiation
operating at 60 kV. The detector-to-crystal distance was 50 mm. Data were collected using
o and ¢ scan modes, in 0.5° slices, with an exposure time of 75 s per frame. The data were
corrected for Lorentz and polarization factors and absorption using the software package
APEX3 (Bruker AXS Inc. 2016). A total of 955 unique reflections was collected. Given the
similarity in unit-cell values and space groups, the structure was refined starting from the
atomic coordinates reported for the P2,/n crystal structure of Phase Egg (Schmidt et al.
1998) using the program Shelx1-97 (Sheldrick 2008). The unit-cell values are: a =
7.2681(8), b = 4.3723(5), ¢ = 7.1229(7) A, = 99.123(8)°, ¥ = 223.49(4) A’. Vacancies
were allowed on the Al and Si sites, estimated using scattering curves for neutral atoms
taken from the International Tables for Crystallography (Wilson 1992). The mean electron
number refined at the M1 site (Al site in Phase Egg) was 12.6 ¢, in excellent agreement
with that calculated from the microprobe data (12.7 ¢’), whereas the mean electron number
at the M2 site (Si site in Phase Egg) was 14.0 ¢, indicating full occupancy by silicon. The
occupancy of only the M1 site by Mg was also confirmed by the comparison of bond

lengths in the refined structure to the Mg-free structure. At the last stage of refinement the
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site occupancy of the M1 site was fixed to AlyssMgp3s in agreement with the chemical
analysis, and the occupancy of the M2 site (only Si) was set to unity. At the last stage, with
anisotropic displacement parameters for all the atoms, the structure was refined to R1 =
0.0166. Hydrogen atoms were not located in the difference Fourier maps. The list of

observed and calculated structure factors and the CIF are deposited'.

RESULTS AND DISCUSSION

The unit-cell parameters of Mg-bearing Phase Egg are only slightly influenced by the
entry of Mg into the structure. We observed a general expansion of the unit cell, mainly
related to the increase of the ¢ parameter (by 2.4%) from pure AlSiO3;(OH) (Schmidt et al.
1998), although the increase is quite isotropic.

The assignment of Mg to the M1 site (Al site) of Phase Egg is required both to
account for the electron density at that site and, more importantly, to justify the increase of
the bond distances relative to pure AlSiO3(OH) (Schmidt et al. 1998). The mean bond
distance of the Al site of Phase Egg increases with the entry of Mg from 1.890 A to 1.928
A. The mean octahedral Si-O distance increases only slightly with the general incorporation
of Mg in the structure, from 1.814 and 1.840 A. Interestingly, the anomalous (5+1)-
coordination of silicon observed for Phase Egg (Schmidt et al. 1998) is confirmed, and even
more pronounced, in Mg-bearing Phase Egg. The "“"¢*[Si-O] — Y[<Si-O>] parameter,
defined as the difference between the longest Si-O distance and the average values of the
other 5 similar Si-O distance, is 0.302 A in AISiO3(OH) and increases to 0.351 A in the
crystal studied in the present study. Interestingly, the Mg-for-Al substitution induces a

slight distortion of the Al-octahedral site, quantified by an increase of the octahedral angle

' Fora copy of the list of observed and calculated structure factors and CIF, document item AMxxxxx, contact
the Business Office of the Mineralogical Society of America (see inside front cover of recent issue) for price
information. Deposit items may also be available on the American Mineralogist web site at
http://www.minsocam.org.
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variance o~ (Robinson et al. 1971) from 43.80 in pure AlSiO3(OH) (Schmidt et al. 1998) to
49.20 in Mg-bearing Phase Egg. On the other hand, the Si-octahedron is somewhat more
regular (o” = 40.92) than that in pure Al-Egg (6” = 42.35).

The crystal structure consists of edge-shared Si-octahedra, linked to an (Al,Mg),0
dimer. As pointed out by Schmidt et al. (1998), the way these units are linked to form the
structure resembles that of stishovite, wherein edge-linked octahedra form columns of
corner-linked octahedra. H atoms in Phase Egg are in the cavities between the columns.
Bond valence sums (BVS), calculated according to the values by Brese and O’Keeffe
(1991), show low values for all the oxygen atoms (Table 2). O3 and O4 were already
identified as acceptor and donor of a hydrogen atom in Phase Egg. In the present crystal,
the minor undersaturation shown by O1 and O2 could indicate the presence of a second
hydrogen-bonding system, which is only partially represented (estimated occupancy for the
additional H atom = 0.35 atoms per formula unit). There are not O1-O2 short distances that
are not polyhedral edges in the structure. The only plausible O-O short distances for the
second hydrogen-bonding system are represented by either O1-O1 [3.124(2) A] or 02-02
[4.373(3) A], both in the cavities between the columns of octahedra. Although such bonds
are long and not ideal, they could link the second H, which is only partially present.
Otherwise, the second H could be statistically distributed between the two positions. We
analyze Mg-bearing Phase H by Fourier-Transform Infrared spectroscopy to shed light on
the OH environments with two different equipments (both at the University of Padua and at
the Caltech), but, unfortunately, the results were dramatically affected by organic
contamination and we could not state with confidence if the bands we were focusing on
were due to hydrogen in the structure.

Komatsu et al. (2006) showed that the crystal structure of pure J-AlIOOH is non-

centrosymmetric, space group P2;nm. The entry of Mg and Si substituting for Al (even in
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very low amounts) was observed to provoke the P2,nm — Pnnm transition (Komatsu et al.
2011), which was later shown to be also the space group of pure MgSiH,04, known as
Phase H (Bindi et al. 2014). Interestingly, we did not observe any structural change from
pure AlSiO3;(OH) to Al Mg, SiO4H;+, with x = 0.35. Thus, it seems that the disorder at the
octahedral sites induced by cations with different valence states (i.e., Mg2+, AP’ and Si*")
does not provoke any fluctuation of the hydrogen positions. This observation implies that
Phase Egg should be able to incorporate, without any phase transition, even greater
amounts of hydrogen than that documented in this study. In particular, solid solution may
extend all the way the ideal endmember MgSiH,04, which would represent a polymorph of

Phase H.

IMPLICATIONS

Experimental data suggest that hydrous and CO,-bearing sediments (e.g., pelites) can
be transported deep into the mantle without melting (Poli et al. 2009; Wu et al. 2009).
Interaction between model sediment and peridotite has been previously studied using a
multi-anvil apparatus at 7.5-12 GPa and 9001400 °C (Bulatov et al. 2014), demonstrating
that subducted oceanic crust could deliver significant contents of water to a depth greater
than 300 km. The stability of hydrous phases beyond the base of the transition zone at 670
km is controversial. Recent studies (e.g., Kakizawa et al. 2018) have shown that water
could be transported to the lower mantle by the dense hydrous magnesium silicates
superhydrous phase B and phase D in the cold slab. Their stability expands to higher
temperatures with incorporation of Al,Os. Phase Egg (Eggleton et al. 1978) is stable in the
transition zone and in the lower mantle as well, and its likely discovery as an inclusion in
diamond (Wirth et al. 2007) and now the fact that it forms by peridotite-sediment reaction

and can host appreciable amounts of Mg provide direct mineralogical support for a stable
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solid host for water at transition zone pressures in compositions where ringwoodite is

absent.
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FIGURE CAPTIONS
FIGURE 1. SEM-BSE images the run 3157 (P = 24 GPa, T'= 1400 °C). The bottom image is a
blow-up of the region highlighted with the dashed red rectangle in the top image.
Mg-bearing Phase Egg (Mg-Egg) is associated with bridgmanite (Brd),
superhydrous Phase B (SuB), stishovite (Sti), Ca-perovskite (Ca-Pv), and
magnesite (Mgs). CamScan electronic microscope MV2300.
Figure 2. The crystal structure of Mg-bearing Phase Egg down the [100] axis. (AlLMg)- and

Si-octahedra are drawn in light orange and dark green, respectively.
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TABLE 1. Electron microprobe analyses (wt% of oxides) of the crystal used for the structural study
together with the atomic ratios calculated on the basis of two cations.

Si0, 49.76
Al,O5 26.66
CI'203 1.32
MgO 11.13
FeO 0.54
total 89.41
H,O* 10.20
total 99.61
Si 1.003
Al 0.633
Cr 0.021
Mg 0.334
Fe 0.009
total 2.000

*H,0O calculated from the ideal formula M3+1_XM2+xSiO4H1+x with x = 0.35. Iron and Cr were
assumed to be divalent and trivalent, respectively.



TABLE 2. Bond-valence (v.u.) arrangement for the Mg-bearing Phase Egg.

M1 M2 >0
Alo.63Mgo.34Cro.02Feo.01 Sii.00
0] 0.517 0.658 1.833
0.658
02 0.553 0.709 1.901
0.639
03 0.422 0.756 1.591
0.413
04 0.508 0.266 1.185
0.411
2.824 3.686

Note: calculated from the bond-valence curves of Brese and O’Keeffe (1991)
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