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ABSTRACT

The elastic properties of Mg, ;52F€921)Nig.01S11.1501/0sHz.67s) phase E single crystals with Fe**/2Fe
= 0.25(3) have been determined by Brillouin spectroscopy at ambient conditions. We find that that the
elasticity of iron-bearing phase E is described by the six independent stiffness tensor components (all in
units of GPa): C,, = 192.2(6), C,, =56.4(8), C,; =43.5(8), C1s=-4.3(3), C33=192.1(7), C4y = 46.4(3).
The Voigt-Reuss-Hill averages of bulk and shear moduli are 95.9(4) and 59.6(2) GPa, respectively. The
aggregate velocities of iron-bearing phase E are vp = 7.60(2) and vs = 4.43(1) km/s, markedly lower
than those of major mantle minerals at ambient conditions. Modeling based on our results suggests
that the presence of iron-bearing phase E may reduce the sound wave velocities in upper mantle and
transition zone rocks, making it a possible target for future seismological investigations aiming to map

hydration in subducting slabs.
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INTRODUCTION

Knowledge of the abundance and distribution of H,O (“water”)
in the upper mantle is important for quantifying Earth’s deep water
cycle and improving our understanding of dynamic mantle process-
es, including deep earthquakes and magmatism (Schmidt and Poli
1998; Hacker et al. 2003). Subduction of oceanic lithosphere (slabs)
is the main mechanism to transport water into Earth’s interior. The
alteration of oceanic lithosphere leads to the formation of OH-rich
serpentine minerals at the expense of olivine and pyroxene. Upon
subduction, water might be successively released as a free fluid at
~200 km depth after the breakdown of serpentine (Ulmer and Trom-
msdorft 1995). Along a cold geotherm typical of subducting slabs,
however, water can be stored in dense hydrous magnesium silicate
(DHMS) phases and transported to greater depths (e.g., Nishi et al.
2014). Phase E is a member of the DHMS group; it crystallizes in
the R3m space group and is non-stoichiometric (Kudoh et al. 1993).
The crystal structure of phase E is characterized by brucite-like
sheets [(Mg,Fe)(OH),] of edge-sharing polyhedra that are stacked
along the c-axis and connected by randomly occupied interlayer
cation sites (Supplemental' Fig. S1). Commonly, Si*" occupies
the tetrahedrally coordinated cation sites (TO,), while Mg*" and
Fe**/Fe*" occupy the octahedrally coordinated sites (MOy). All of
these structural aspects lead to a very low density of phase E and
allow up to ~18 wt% of water to be incorporated in the crystal
structure (Crichton and Ross 2000). Since phase E has been found to
be stable at temperatures up to 1200 °C at 13.5 GPa (Komabayashi
et al. 2005), it could act as an important carrier of water into the
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deep mantle. Based on high-pressure X-ray diffraction (XRD) mea-
surements, Shieh et al. (2000) reported a relatively low isothermal
bulk modulus K of 93(4) GPa for iron-free phase E that was later
confirmed for an iron-bearing single crystal of phase E (Crichton
and Ross 2000). The low bulk modulus of phase E could cause a
detectable seismic signature in subducted slabs since it could lead
to comparably low compressional wave velocities. However, no
information on the shear modulus and the elastic anisotropy of
phase E has been previously reported, hampering the interpretation
of seismological observations. In this study, we conducted Brillouin
scattering measurements on iron-bearing phase E single crystals at
ambient conditions to quantify the compressional and shear wave
velocities as well as the elastic anisotropy of phase E.

MATERIALS AND METHODS

San Carlos olivine powder was loaded into a platinum capsule together with
distilled water. Phase E crystals were synthesized at 14 GPa and 1100 °C for 3 h
in a multi-anvil apparatus at Bayerisches Geoinstitut (Germany). The chemical
compositions of five grains were determined using an electron microprobe (JEOL
JXA-8200) operated at a low beam current (5 nA) and with a defocused beam (10 pm
in diameter) to minimize any possible damage to the samples. The average major
element concentrations based on 139 analyzed points are 7.7(4) wt% FeO, 43.8(3)
wt% MgO, 35.4(3) wt% SiO,, and 0.3(1) wt% NiO. To determine the Fe*"/ZFe ratio
by Mossbauer spectroscopy, five crystals were glued together on a plastic holder to
form a wide circular mosaic aggregate with a diameter of 600 pm and a thickness of
400 pm. A Méssbauer spectrum (Supplemental' Fig. S2) was collected in transmis-
sion mode using a *’Co point source. A least-square fitting procedure of Lorentzian
functions implemented in the software MossA (Prescher et al. 2012) was used to fit
the acquired spectrum. A model was employed using three quadrupole doublets. The
center shifts (CS) of the doublets are located at 0.33(3) mm/s for CS,, 1.08(1) mm/s
for CS,, and 1.10(2) mm/s for CS; when using a velocity scale calibrated using o-Fe
(former National Bureau of Standards material no. 1541). The spectral components
are interpreted to arise from both octahedrally coordinated ferric (CS,) and ferrous
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(CS,, CS;) iron. Based on the relative areas, a
Fe*/ZFe ratio of 0.25(3) has been determined. The
resulting mineral formula of the studied phase E
samples based on six oxygen atoms per formula unit i
(Kanzaki 1991) is Mgz.lz(z)Fetz)]ﬁ(l)Fetsﬁ)s(l)Niu.mSil 15(1) {00}
OgHa 75, where the H,O content of 12.4(4) wt% 2

has been estimated from the deviation of the sum of
the analyzed oxides from 100%. Two optically clear
single crystals were selected for Brillouin spectros-

copy, oriented on a four-circle Eulerian cradle using 600 |
XRD, and then double-side polished to a thickness
of about 20 um. Single-crystal XRD and Brillouin
scattering measurements were conducted at ambient
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conditions using the combined system at the Bayer-
isches Geoinstitut (Trots et al. 2011; Kurnosov et al.
2017). Single-crystal diffraction experiments were
performed employing a MoKo X-ray flux generated
by a rotating anode source operating at 50 kV and
40 mA. Diffracted X-rays were detected by a scintillation point detector. X-ray reflec-
tion profiles were recorded using the 8-position centering method (King and Finger
1979) and analyzed with the SINGLE software (Angel and Finger 2011) to correct
for imperfect crystal centering. The refined unit-cell parameters obtained from a total
of 15 centered reflections were @ = 2.9748(6) A, ¢ = 13.8873(5) A, v = 106.43(4) A>.
A density of 3.04(1) g/cm’® was calculated from the combination of the XRD results
and the chemical analysis. Platelet normal vectors for crystal 1 and crystal 2 were
found to be (0.84, —0.54, —0.01) and (0.11, -0.5, 0.86), respectively, in a Cartesian
coordinate system where the Y-axis is parallel to the *-axis and the Z-axis is parallel
to the c-axis. Brillouin spectroscopy experiments were carried out using a solid-state
Nd:YVO, laser source with a wavelength of A = 532 nm. Brillouin frequency shifts
were quantified using a six-pass Fabry-Perot interferometer (Lindsay et al. 1981)
combined with an avalanche photodiode detector. All measurements were conducted
using a symmetric forward scattering geometry (Whitfield et al. 1976; Speziale et al.
2014) with a measured external scattering angle (0) of 80.8° calibrated using a silica
reference glass. Experimentally determined frequency shifts (Aw) were converted to
velocities (v) using the equation

v Ao\
2sin(0/2)

where A is the laser wavelength in air. We inverted experimentally measured sound
wave velocities (v) together with crystallographic orientations and density to find the
weighted nonlinear best fit to the Christoffel equation (Haussiihl 2008) and to constrain
all six independent components of the stiffness tensor (C;). Experimentally measured
sound wave velocities as well as direction cosines and modeled velocities are given
in Supplemental' Tables S1 and S2. We calculated the adiabatic bulk (Ks) and shear
(G) moduli from the Cj values using the Voigt-Reuss-Hill averaging procedure (Hill
1952; Watt et al. 1976).

RESULTS AND DISCUSSION

A representative Brillouin spectrum of iron-bearing phase E
is shown in Figure la. Figure 1b shows the observed angular
dispersion of acoustic wave velocities for both crystals together
with computed wave velocities using the Christoffel equation and
the best-fit C;; values. All measured velocity data are provided in
Supplemental’ Tables S1 and S2, while the best-fit elastic param-
eters are given in Table 1.

C,; and Cs; show the same values within uncertainties, indicat-
ing that the stiffnesses along the g-axis and c-axis are similar. The
elastic shear components Cyg and Cyy [Where Cgs = (C);— C1,)/2
and Cy, = Css] show different values, where C,, is ~30% smaller
than Cg. The low value of C,, (and Css) may be related to the low
cation occupancies of the interlayer TO, and MOy polyhedra, which
translate to a low resistance to shear stress in planes perpendicular
to the structural layering. On the other hand, the edge-sharing poly-
hedra in the brucite-like sheets may be responsible for the relatively
high value of C. Elastic wave velocities propagating in a phase E

Acoustic wave \clnclly (km's ‘)
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S &
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AFIGURE 1. (a) Representative Brillouin spectrum of iron-bearing
phase E. Labeled peaks arise from inelastic anti-Stokes and Stokes
scattering by quasi-longitudinal (vp), quasi-transversal fast (vg,), and
quasi-transversal slow (vs,) acoustic modes. The peak of elastically
scattered light is marked with R. (b) Experimentally measured (filled
circles) and calculated (solid curves) acoustic wave velocities as a
function of the rotation angle. (Color online.)

TABLE 1. Components of the single-crystal stiffness tensor and Voigt
and Reuss elastic moduli for a polycrystalline aggregate of

phase E
G Value (GPa) Parameters Value (GPa)
e 192.2(6) Kyoigt 95.9(3)
G 192.1(7) Guoigt 61.0(2)
Cas 46.4(3) Kpeuss 95.8(4)
G 56.4(8) Greuss 58.1(2)
G 43.5(8) Ks 95.9(4)
Ciy -4.3(3) G 59.6(2)

Notes: Ks and G were calculated using the Voigt-Reuss-Hill averaging scheme.
Uncertainties on Hill averaged values have been calculated as the arithmetic mean
between Voigt and Reuss bound uncertainties.

single crystal have been computed using the C;; values as reported
in Table 1 to investigate acoustic wave anisotropy (Supplemental!
Fig. S3). The shear wave polarization anisotropy (in percentage),
Ay =200(vs; — ver)/(vs; + vs,), reaches its maximum of ~20% along
[100] in the basal plane. The fastest compressional waves propagate
in the basal plane with a velocity of 7.96 km/s (Vpy,,) while the
slowest wave propagates with 7.25 km/s (vpy,;,) along [0.61, 0.35,
0.71], i.e., in a direction between the basal plane and the c-axis.
The maximum longitudinal anisotropy (in percentage) is ~9%,
calculated as 4,, = 200 X (Voax — Vemin) (Vemax + Vomin)-

IMPLICATIONS

Based on our single-crystal measurements on phase E, we
derived aggregate compressional and shear sound wave velocities
of vp=7.60(2) and vs =4.43(1) km/s at ambient conditions. These
velocities are significantly lower than the sound wave velocities
of other mantle minerals that are predicted to be stable along with
phase E in upper mantle and transition zone rocks. A comparison
among selected minerals is given in Supplemental' Table S3.

To estimate the effect of iron-bearing phase E on seismic
velocities in subducted rocks, we used the data summarized in
Supplemental' Table S3 to calculate isotropic aggregate velocities at
ambient conditions for three different phase assemblages (phase E-
bearing, hydrous, and dry). We calculated the elastic moduli of these
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assemblages using the arithmetic mean (Hill-average) of their Voigt
M, and Reuss My bounds, described as:

My=Y" M and 1/M, =¥" f/M,.

Here, N is the number of different mineral phases in the assem-
blage and f and M, are the volume fractions and elastic moduli of
the i-th constituent (Avseth et al. 2010), respectively. The modeled
assemblages represent various stages of hydration of a cold slab of
a peridotitic composition and are expected to form at conditions of
the shallow transition zone (TZ) and the lowermost upper mantle
(UM) just above the 410 km seismic discontinuity. The composi-
tions of both the TZ and UM phase E-bearing assemblages are based
on those given by Ohtani et al. (2004). Phase volume fractions of
the employed TZ and UM assemblages as well as their acoustic
velocities are listed in Supplemental’ Table S4.

To compare velocities in hydrous (no phase E) and dry assem-
blages, we fixed the mineral volume fractions in dry and hydrous
assemblages and only changed the hydration state of wadsleyite
or olivine. For hydrous, phase E-bearing assemblages, we assume
phase E to form at the expense of either hydrous wadsleyite or
olivine. This is consistent with previous findings that water-
saturated conditions are likely required for phase E formation in
the presence of wadsleyite (Frost 1999). Furthermore, we assumed
that the Mg/Fe ratio in both wadsleyite and olivine does not change
once phase E is formed.

Our modeling shows that hydration and the presence of phase E
in isotropic aggregates substantially reduce propagation velocities
of both compressional and shear waves at ambient conditions
(Fig. 2). For example, the here-considered UM phase E-bearing
assemblage exhibits a reduction of 2% and 1.8% for

K.+ic G
w= % 3 andv=[—
P p

with respect to the dry UM assemblage (Fig. 2a). Comparison
among different UM assemblages shows that hydration of olivine
reduces v, and vs values of a dry UM assemblage by only about
0.5 and 0.3%, respectively, showing that phase E is the primary
source of seismic wave speed reductions in our models. Similarly,
the modeled TZ phase E-bearing assemblage is characterized by
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2.5 and 2.4% slower velocities for isotropic v» and vs compared to
the dry TZ assemblage (Fig. 2b). It has been shown experimentally
that the effect of hydration on the sound wave velocities of olivine,
wadsleyite, and ringwoodite significantly decreases with pressure,
possibly making hydration of wadsleyite and ringwoodite invisible
to seismology (Mao et al. 2010; Buchen et al. 2018; Schulze et al.
2018). The presence of phase E-bearing assemblages in cold sub-
ducting slabs, instead, might lead to a seismologically detectable re-
duction of seismic wave velocities, unless phase E exhibits a strong
velocity increase with pressure. To evaluate the effect of pressure on
phase E elasticity, we combined the here-derived ambient-pressure
elastic moduli with previously published high-pressure XRD data.
Previous compression studies reported different pressure deriva-
tives of the bulk modulus (Kp) of 7.3(2) (Crichton and Ross 2000)
and 5(1) (Shieh et al. 2000). We re-evaluated the previous data
sets independently by fitting the reported high-pressure unit-cell
volumes to a third-order Birch Murnaghan equation of state using
EoSFit7c (Angel et al. 2014). Our re-evaluation of the previous
XRD data (Supplemental' Fig. S4) shows that both previous works
are consistent with Kj~7. Angel et al. (2001) argued that polyhe-
dral edge-sharing, which is characteristic of DHMS phase crystal
structures, controls their compression mechanism. According to the
authors, the crystal structures of DHMS phases can accommodate
compression by shortening of cation-oxygen bonds and/or through
a deformation of the polyhedra. Among the DHMS, phase A has a
density most similar to phase E and comparably low bulk and shear
moduli, Ks=106(1) GPa; G = 61 GPa (Sanchez-Valle et al. 2006,
2008). Other DHMS phases such as superhydrous phase B (Rosa et
al. 2015) and phase D (Rosa et al. 2013) have more dense-packed
structures and both their elastic moduli and pressure derivatives
differ substantially from those of phase E. Therefore, we assume
that the shear modulus of phase E shows a similar response to
compression as the one of phase A. Consequently, we used the
pressure derivative of the shear modulus of iron-bearing phase A,
G' = 1.8 (Sanchez-Valle et al. 2008) together with a Kj of 7.1,
consistent with the re-evaluated compression studies of Crichton
and Ross (2000) and Shieh et al. (2000) on phase E, to compute
sound wave velocities of phase E at mantle pressures. We found
that at 13 GPa and 300 K, phase E will have compressional and
shear wave velocities of 7.33 and 4.88 km/s, respectively, which
are about 8% and 16% lower compared to hydrous wadsleyite at
the same pressure (Mao et al. 2011). Phase E might, therefore, be
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a better indicator to map hydration in the shallow transition zone
using seismology than the volumetrically dominant mineral wad-
sleyite. Future high-pressure and high-temperature experimental
investigations on the elastic properties of phase E, including its
high-pressure shear modulus, are needed to precisely determine
how varying abundances of phase E in both randomly distributed
and textured aggregates may affect the propagation of seismic
waves in hydrous subducted slabs.
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