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Among dense-hydrous magnesium silicates potentially transporting H2O into Earth’s deep interior,
phase D (MgSi2H2O6) exhibits the highest P–T stability range, extending into the lower mantle along
cold slab geotherms. We have studied the compressibility and spin state of Fe in Al-bearing phase D up
to 90 GPa using synchrotron X-ray diffraction and X-ray emission spectroscopy. Fe–Al-bearing phase D
was synthesized at 25 GPa and 1400 ◦C with approximate composition MgSi1.5Fe0.15Al0.32H2.6O6, where
nearly all of the Fe is ferric (Fe3+). Analysis of Fe-Kβ emission spectra reveals a gradual, pressure-induced
high-spin (HS) to low-spin (LS) transition of Fe3+ extending from 40 to 65 GPa. The fitted equation of
state for high-spin Fe–Al-bearing phase D results in a bulk modulus KT0 = 147(2) GPa with pressure
derivative K ′ = 6.3(3). An equation of state over the entire pressure range was calculated using the
observed variation in low-spin fraction with pressure and a low-spin bulk modulus of KT0 = 253(30) GPa,
derived from the data above 65 GPa. Pronounced softening in the bulk modulus occurs during the spin
transition, reaching a minimum at 50 GPa (∼1500 km) where the bulk modulus of Fe–Al phase D is about
35% lower than Fe–Al-bearing silicate perovskite. Recovery of the bulk modulus at 50–65 GPa results in
a structure that has a similar incompressibility as silicate perovskite above 65 GPa. Similarly, the bulk
sound velocity of Fe–Al phase D reaches a minimum at ∼50 GPa, being about 10% slower than silicate
perovskite. The potential association of Fe–Al phase D with subducted slabs entering the lower mantle,
along with its elastic properties through the Fe3+ spin transition predicted at 1200–1800 km, suggests
that phase D may provide an alternative explanation for small-scale mid-lower mantle seismic scatterers
and supports the presence of deeply recycled sediments in the lower mantle.

© 2013 Elsevier B.V. All rights reserved.
1. Introduction

Subducted oceanic crust can carry kilometer-thick packages of
Fe- and Al-rich pelitic sediments into the upper mantle at con-
vergent margins where the average continental shale contains
5–8 wt.% Fe2O3 + FeO and 15–25 wt.% Al2O3 (e.g. Plank and
Langmuir, 1998; Poli and Schmidt, 2002). Dehydration reactions
of serpentinite-group minerals can produce a number of different
dense hydrous magnesium silicates (DHMS) in the MgO–SiO2–H2O
system along cold subduction geotherms (e.g. Angel et al., 2001;
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Irifune et al., 1998; Ohtani et al., 2001; Ringwood and Major, 1967;
Yamamoto and Akimoto, 1977). Fluids from dehydrating crust and
sediments also interact with downgoing entrained peridotite from
the overlying mantle wedge (Kawakatsu and Watada, 2007). Thus,
the contribution of chemical components from subducted sedi-
ments (H2O, Fe2O3 and Al2O3) may influence phase relations and
physical properties of DHMS in the peridotite system and is rel-
evant to understanding the fate of subducted sediments in the
mantle and Earth’s deep water cycle.

DHMS occurring along the forsterite–brucite join (Fo, Mg2SiO4;
Br, Mg(OH2)) include phase A (2Fo + 3Br, 12 wt.% H2O), OH-
chondrodite (2Fo + 1Br, 5 wt.% H2O), and OH-clinohumite (4Fo +
1Br, 3 wt.% H2O), which are commonly found in dehydration exper-
iments of serpentine below 15 GPa and 1200 ◦C (e.g. Luth, 1995;
Stalder and Ulmer, 2001). At higher pressures of 15–30 GPa,
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phase E (2Br + 1SiO2, 10 wt.% H2O), superhydrous phase B (3Fo +
2Br + 2MgO, 3 wt.% H2O), and phase D (1Br + 2SiO2, 10 wt.%
H2O) are the stable DHMS formed from serpentine-group minerals
(e.g. Frost and Fei, 1998; Irifune et al., 1998; Ohtani et al., 2001;
Shieh et al., 2000). Phase D is the highest-pressure phase among
DHMS and has a dense structure (ρ0 = 3.51 g/cm3) with Si in six-
fold coordination similar to silicate perovskite. Phase D has there-
fore been considered a candidate phase for transport of H2O into
the lower mantle.

A path to phase D in the mantle requires breakdown of serpen-
tine below the critical condition of ∼600 ◦C at 5 GPa, forming
phase A plus enstatite (En, MgSiO3) and fluid H2O (e.g. Ulmer
and Trommsdorff, 1995). Along cold slab geotherms, the phase A
plus En assemblage is stable to ∼12 GPa, where it will form
phase E plus wadsleyite and further transform to superhydrous
phase B plus stishovite above ∼15 GPa (Litasov and Ohtani, 2003;
Komabayshi and Omori, 2006). If temperatures remain below
∼1200 ◦C, phase D will form at pressures above 15–18 GPa (e.g.
Irifune et al., 1998; Kawamoto, 2004; Komabayshi and Omori,
2006). In other bulk compositions, phase D has been synthesized
at temperatures as high as 1400 ◦C at 25 GPa (Frost and Fei, 1998;
Saikia et al., 2009). The upper stability limit of pure-Mg phase D
was found to be ∼44 GPa at 1200 ◦C in laser-heated diamond-
anvil cell experiments of serpentinite bulk compositions (Shieh et
al., 1998). Litasov et al. (2008) measured the thermal equation of
state of Al–Fe-bearing phase D up to 20 GPa and 1273 K; however,
the upper stability limit of Al–Fe-bearing phase D has not been
determined in comparison with pure-Mg phase D.

Phase D has a trigonal structure with space group P 31m, com-
posed of alternating layers of MgO6 and SiO6 octahedra along the
c-axis (Yang et al., 1997). The ideal chemical formula of phase D
is MgSi2H2O6, although the observed stoichiometry varies in H-
content from 2.2 to 3.6 H per formula unit and with Mg/Si ratios
from 0.2 to 0.7 (e.g. Boffa Ballaran et al., 2010; Frost and Fei, 1999;
Yang et al., 1997). The Mg–Si octahedral framework of the phase D
structure contributes to its relatively high density and extended
stability field among other DHMS, despite consisting of nearly 10%
H2O by weight.

Symmetrization of the hydrogen bonds in phase D was pre-
dicted to occur at ∼40 GPa in a first-principles study (Tsuchiya
et al., 2005). Symmetric hydrogen bonds result from a single and
symmetric potential well for hydrogen, mid-way between the oxy-
gen pair of a hydrogen bond. In phase D, modified oxygen–oxygen
interatomic potentials due to symmetric hydrogen bonding could
increase its bulk modulus by ∼20% and make the c-axis more in-
compressible (Tsuchiya et al., 2005). Previous studies have shown
a change in the pressure-dependence of the c/a axial ratio of both
pure-Mg and Fe-bearing phase D at pressures of ∼15 GPa (Litasov
et al., 2008), at ∼20 GPa (Frost and Fei, 1999), at 25–30 GPa
(Litasov et al., 2007), and at ∼40 GPa (Shinmei et al., 2008;
Hushur et al., 2011). There has been some speculation that the
observed changes in c/a may result from symmetrization of the
hydrogen bonds. However, a high-pressure FTIR study of phase D
by Shieh et al. (2009) up to 42 GPa shows no major changes
in the O–H stretching region attributable to hydrogen-bond sym-
metrization, suggesting that the observed changes in compression
mechanism above ∼40 GPa are unrelated to changes in hydro-
gen bonding. Possible symmetrization of the hydrogen bonding in
phase D requires further investigation.

The isothermal bulk modulus (KT0) of pure-Mg phase D has
been determined experimentally in static compression experiments
with results ranging from 130 to 168 GPa (Frost and Fei, 1999;
Shinmei et al., 2008; Hushur et al., 2011). The highest pressure
reached in previous static compression studies was ∼56 GPa by
Hushur et al. (2011), who observed a slight discontinuity in the
volume–compression curve at 40 GPa, coincident with the pres-
sure predicted for hydrogen-bond symmetrization by Tsuchiya et
al. (2005). Brillouin scattering measurements of the adiabatic bulk
modulus (KS0) of two different pure-Mg samples give a value of
175(15) GPa for the composition Mg1.02Si1.71H3.12O6 (Liu et al.,
2004) and 155(3) GPa for Mg1.1Si1.9H2.4O6 (Rosa et al., 2012). Vari-
able Mg/Si ratios and variable water content may be contributing
to differences in measured bulk moduli of pure-Mg phase D, al-
though no systematic trend between Mg/Si or H-content and K is
observed in the literature data. Fe–Al-bearing phase D was stud-
ied by Litasov et al. (2007) showing a bulk modulus of 137(3) GPa
for a sample of composition Mg0.89Fe0.14Al0.25Si1.56H2.93O6. Litasov
et al. (2008) reported a bulk modulus of 141(3) GPa for phase D
with composition Mg0.99Fe0.12Al0.09Si1.75H2.51O6. The elastic prop-
erties of phase D with composition Mg1.0Fe0.11Al0.03Si1.9H2.5O6

were studied using Brillouin scattering by Rosa et al. (2012), who
reported a bulk modulus of 158(4) GPa.

An electronic spin transition of Fe from high spin (HS) to low
spin (LS) has been documented in a number of Fe-bearing man-
tle minerals, including ferropericlase-(Mg,Fe)O (e.g. Badro et al.,
2003; Lin et al., 2005, 2007; Speziale et al., 2005; Tsuchiya et al.,
2006) and silicate perovskite-(Mg,Fe)SiO3 (e.g. Badro et al., 2004;
Catalli et al., 2011; Grocholski et al., 2009; Hsu et al., 2012;
Jackson et al., 2005; Li et al., 2004; Lin et al., 2012). For reviews
of Fe spin transitions in mantle minerals, see Li (2007) and Lin
and Tsuchiya (2008). In (Mg,Fe)O, where the octahedral site hosts
Fe2+, the spin transition begins to occur at 40–50 GPa (e.g. Lin
and Tsuchiya, 2008). In silicate perovskite, Fe2+ and Fe3+ coexist
on different sites and both may have multiple spin states. Fe3+
occupies both the A site and B sites of the ABO3-perovskite struc-
ture, whereas Fe2+ occurs dominantly on the A site (e.g. Lin et
al., 2012). In Al-bearing compositions, the Fe3+/

∑
Fe ratio and

Fe3+ site occupancies are affected by the amount of aluminum
(McCammon, 1997; Frost et al., 2004; Vanpeteghem et al., 2006;
Hsu et al., 2012), making interpretation of HS–LS transitions of
Fe in silicate perovskite considerably more complicated than in
(Mg,Fe)O. The potentially high Al-content of phase D may influence
the amount of Fe3+ in the structure, as has been shown in sili-
cate perovskite (Frost et al., 2004; Saikia et al., 2009). The phase D
sample in this study provides the opportunity to study the high-
pressure spin-states of Fe3+ isolated on an octahedral site.

Pressure-induced spin transitions of Fe in (Mg,Fe)O and sil-
icate perovskite are known to influence their elastic properties
(e.g. Catalli et al., 2010; Crowhurst et al., 2008; Hsu et al., 2011;
Mao et al., 2011; Marquardt et al., 2009; Speziale et al., 2007;
Wentzcovitch et al., 2009), although the evolution of low-spin
state fraction (n) with pressure, i.e. n(P ) for different Fe va-
lences (2+,3+) on different sites remain difficult to isolate (Lin
et al., 2012). The maximum pressure of previous studies on Fe–Al-
bearing phase D is ∼30 GPa, and therefore a potential electronic
spin transition of Fe in phase D has not been investigated.

Here we report a spin transition of Fe in dense hydrous mag-
nesium silicate phase D, a potential carrier of H2O into the lower
mantle. Using synchrotron X-ray emission spectroscopy in conjunc-
tion with X-ray diffraction up to ∼90 GPa, we have determined the
equation of state and identified a spin transition of Fe3+ on the oc-
tahedral site in phase D with composition MgSi1.5Fe3+

0.15Al0.3H2.6O6.
This composition facilitates a study of the spin-transition character
of Fe3+ isolated on the octahedral site of the structure. We ob-
served a gradual HS to LS transition occurring between ∼40 and
65 GPa, which results in a significant softening of the bulk mod-
ulus through the transition followed by recovery to values com-
parable to silicate perovskite in the lower mantle. The results are
used to discuss phase D as a possible alternative explanation for
small-scale seismic scatterers in the mid-lower mantle.
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Table 1
Electron microprobe analysis of phase D from run S3602.

Oxide Probe spot 1
(wt.%)

Probe spot 2
(wt.%)

Cation Approx. apfu*

SiO2 50.94 49.77 Si 1.5
MgO 21.85 21.66 Mg 1.0
FeO 5.96 6.17 Fe 0.15
Al2O3 8.77 9.01 Al 0.32
H2O† 12.48 13.39 H 2.6
Total 100.0 100.0

* Atoms per formula unit, normalized to six oxygen atoms.
† H2O wt.% calculated by difference to bring

∑
wt.% = 100.

Fig. 1. Room temperature Mössbauer spectrum of Fe–Al phase D from run S3602,
where the doublets assigned to Fe3+ and Fe2+ are unshaded and shaded grey,
respectively. The relative abundance of different species is roughly equal to their
relative areas, showing that nearly all of the iron is Fe3+ . The residual is plotted
above the spectrum.

2. Experimental methods

2.1. Sample synthesis and characterization

Phase D was synthesized in a multianvil press at 1400 ◦C and
25 GPa from starting materials of 34% Mg(OH)2, 12% Al(OH)3,
16% Fe2O3 and 38% SiO2 by weight in run S6302 of Saikia et
al. (2009). The mixture was heated for 60 min in a Pt capsule,
resulting in mostly phase D with crystals ranging in size from
50 to 100 μm along with one very large single crystal of sili-
cate perovskite measuring ∼300 μm in size. Electron microprobe
analyses are presented in Table 1, resulting in approximate com-
position MgSi1.5Fe3+

0.15Al0.32H2.6O6. A Mössbauer spectrum collected
using a 57Co in Rh point source in transmission geometry with
a 200 μm beam size indicates that nearly all of the iron is fer-
ric, with Fe3+/

∑
Fe = 0.93(3) (Fig. 1). From the Mössbauer spec-

trum of Fe3+ in phase D, we obtain a quadrupole splitting (QS)
of 0.73(2) mm/s and isomer shift (IS) of 0.38(2) mm/s (relative
to α-Fe), which is consistent with literature values for octahe-
dral Fe3+ (e.g., Gütlich et al., 2011). Single-crystal X-ray diffraction
measurements of the lattice parameters gives a = 4.7964(1) Å,
c = 4.3224(4) Å, and V = 86.116(7) Å3, resulting in a calculated
density of ρ0 = 3.51(1) g/cm3.

2.2. High-pressure X-ray emission spectroscopy

High-pressure X-ray Fe-Kβ emission experiments were per-
formed on the 16-IDD beamline (HPCAT) at the Advanced Photon
Source (APS) using an incident beam energy tuned to 11.3 keV.
Single crystals of phase D were double-side polished into plates
measuring about 50 μm across and 20 μm in thickness. Two XES
runs were made in diamond-anvil cells using a heavy mineral oil
pressure medium (EMD Chemicals Inc.; CAS# 8012-95-1). The first
cell was fitted with 300 μm culet diamond anvils and a Be gasket.
An annealed ruby sphere was used as the pressure calibrant (Mao
et al., 1986) and experiments in this first run were carried out up
to 60 GPa. In order to reach ∼95 GPa, a second diamond-anvil cell
was prepared with 200 μm culets, and a cubic boron-nitride (cBN)
insert was made to strengthen the Be gasket (Lin et al., 2008). XES
spectra were collected at ambient conditions using the same ex-
perimental setup as the high-pressure spectra. An XES spectrum of
hematite was collected as Fe high-spin state standard, and a spec-
trum of ferropericlase-(Mg0.75Fe0.25) at 90 GPa was collected as Fe
low-spin standard (Mao et al., 2011).

2.3. X-ray diffraction

Two compression experiments were conducted using syn-
chrotron X-ray diffraction at sector 16 (HPCAT) at the APS. In
run#1, a diamond-anvil cell with 200 μm culets was prepared with
a Re gasket. A tungsten-carbide seat with 1-mm opening was used
on the side of the X-ray source, and a cBN seat on the detector
side. A single crystal of Fe–Al phase D was polished on both sides
down to ∼20 μm thickness and loaded along with a ruby sphere
for pressure measurements. Helium was used as pressure medium
using the COMPRES-GSECARS gas loading system at the APS (Rivers
et al., 2008). To control the pressure increment in small and con-
sistent steps of ∼0.5 GPa, the four bolts on the diamond-anvil cell
were attached to a gearbox. An online ruby fluorescence system
was setup to measure the in situ pressure while remotely increas-
ing pressure to ensure small and consistent pressure increments.
Run#1 was carried out to ∼40 GPa, and lattice parameters were
refined using the program UnitCell (Holland and Redfern, 1997).

The setup for compression run#2 was similar to run#1, except
two single crystals of phase D in different orientations were double
polished and loaded together into the pressure chamber, providing
a wider coverage of reflections and therefore better constraints on
lattice parameters. The cell was gas loaded with neon as pressure
medium by using the same setup as in run#1. X-ray diffraction ex-
periments were carried out up to 82 GPa on the 16-IDD beamline
using a CCD detector. At the first pressure, omega step-scans ±20◦
were performed with a rotation of one degree per step and ex-
posure time 2 s/step. The step-scan images were used to create
an orientation matrix for indexing the peak positions in the sub-
sequent pressures. Subsequently, wide angle scans were performed
with rotating angle of ±12.5◦ about the X-ray beam with exposure
times of 25 s. The lattice parameters of phase D in run#2 were re-
fined by combining all the reflections from two crystals using the
software packages GSE_ADA (Dera, 2007a) and RSV (Dera, 2007b).
For comparison, the lattice parameters were also fitted using the
program UnitCell (Holland and Redfern, 1997), and the resulting
lattice parameters from these two software packages were identi-
cal within reported uncertainty.

3. Results

3.1. Electronic spin transition of Fe3+ in phase D

Fig. 2a shows the Fe-Kβ X-ray emission spectra of the Fe–Al
phase D at various pressures up to 94 GPa. Presence of the Kβ ′
peak at ∼7045 eV at ambient pressure is indicative of Fe3+ in the
high spin (HS) state originating from 3p–3d electronic exchange
interaction (e.g. Lin et al., 2010). The gradual disappearance of the
Kβ ′ peak signifies a pressure-induced HS to LS transition of Fe3+.
The intensity of the Kβ ′ peak begins decreasing at ∼40 GPa, and
eventually disappears above ∼65 GPa. The low-spin fraction (n) as
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Fig. 2. (a) X-ray emission spectra of Fe–Al phase D at various pressures up to 94 GPa.
The blue curve was measured on hematite at room-pressure and served as the high-
spin Fe reference. The red curve was measured on (Mg0.75,Fe0.25)O at 90 GPa (Mao
et al., 2011) and served as the low-spin reference. (b) The low-spin fraction (n)
as a function of pressure, n(P ), was calculated by comparing the integrals of the
absolute values of the difference spectra (IAD methods) (Vankó et al., 2006). (For
interpretation of the references to color in this figure legend, the reader is referred
to the web version of this article.)

a function of pressure, n(P ), was calculated by comparing the inte-
grals of the absolute values of the difference spectra (IAD methods)
(Vankó et al., 2006), shown in Fig. 2b. Our results indicate that the
octahedral-Fe3+ spin-transition interval in phase D is 40–65 GPa.

The observed Fe3+ spin-transition interval in phase D is simi-
lar to the HS–LS transition pressure interval of Fe2+ in (Mg,Fe)O
at 40–70 GPa (e.g. Badro et al., 2003; Lin et al., 2005). Catalli et
al. (2011) reported a sharper and higher-pressure HS–LS transition
of Fe3+ in Fe–Al silicate perovskite at 70–83 GPa, in contrast to
what Catalli et al. (2010) observed in Al-free Fe-perovskite where
Fe3+ in the B site is completely low spin by ∼60 GPa and Fe3+
in the A site remains HS to pressures in excess of 130 GPa. Using
synchrotron Mössbauer spectroscopy, Lin et al. (2012) observed a
spin transition of Fe3+ on the B site between 13 and 24 GPa and a
constant high-spin state of Fe3+ on the A site up to 120 GPa, con-
sistent with theoretical calculations by Hsu et al. (2011). Further
calculations by Hsu et al. (2012) reported that Fe–Al perovskite
behaves similar to Al-free perovskite, finding that Fe3+ undergoes
a spin transition at 40–70 GPa on the B site, whereas Fe3+ on
the A site remains high spin throughout the lower-mantle pres-
sure range. Therefore, the pressure interval of the Fe3+ HS–LS
Table 2
Variation of lattice parameters with pressure for Fe–Al phase D.

Pressure (GPa) a (Å) c (Å) V (Å3) c/a Run#

Ambient 4.7964(1) 4.3224(4) 86.116(7) 0.90116
1.70(±0.1) 4.7833(9) 4.3026(20) 85.25(1) 0.89952 2
3.13 4.7754(9) 4.2796(18) 84.52(1) 0.89618 2
3.90 4.7668(7) 4.2755(10) 84.13(1) 0.89694 1
4.45 4.7617(7) 4.2698(10) 83.84(1) 0.89670 1
4.97 4.7552(6) 4.2631(13) 83.48(1) 0.89650 2
5.18 4.7543(7) 4.2649(10) 83.49(1) 0.89707 1
5.89 4.7484(7) 4.2589(10) 83.16(1) 0.89691 1
6.79 4.7418(7) 4.2502(10) 82.76(1) 0.89633 1
7.37 4.7431(13) 4.2394(27) 82.59(1) 0.89380 2
7.81 4.7267(7) 4.2361(10) 81.96(1) 0.89621 1
8.90 4.7249(7) 4.2362(10) 81.90(1) 0.89657 1
9.75 4.7200(7) 4.2266(10) 81.55(1) 0.89547 1

10.41 4.7173(39) 4.2167(81) 81.14(4) 0.89457 2
10.74 4.7147(7) 4.2169(10) 81.18(1) 0.89440 1
11.87 4.7085(7) 4.2074(10) 80.78(1) 0.89357 1
12.92 4.7044(7) 4.1971(10) 80.44(1) 0.89217 1
13.58 4.6964(7) 4.1867(14) 79.97(1) 0.89147 2
14.08 4.6952(7) 4.1897(10) 79.98(1) 0.89233 1
14.91 4.6905(7) 4.1838(10) 79.72(1) 0.89198 1
15.91 4.6825(6) 4.1734(10) 79.25(1) 0.89128 1
16.75 4.6792(6) 4.1683(10) 79.04(1) 0.89080 1
17.79 4.6727(9) 4.1564(16) 78.59(1) 0.88950 2
17.96 4.6687(6) 4.1639(10) 78.60(1) 0.89188 1
18.98 4.6625(6) 4.1546(10) 78.22(1) 0.89106 1
19.90 4.6571(6) 4.1530(10) 78.01(1) 0.89175 1
20.85 5.6520(6) 4.1461(10) 77.71(1) 0.89126 1
21.89 4.6466(6) 4.1393(10) 77.40(1) 0.89084 1
22.47 4.6442(7) 4.1285(14) 77.12(1) 0.88896 2
22.94 4.6379(6) 4.1393(10) 77.03(1) 0.89157 1
23.87 4.6344(6) 4.1299(10) 76.82(1) 0.89113 1
24.82 4.6297(6) 4.1244(10) 76.56(1) 0.89087 1
25.92 4.6260(6) 4.1162(10) 76.28(1) 0.88980 1
26.88 4.6233(6) 4.1112(10) 76.10(1) 0.88924 1
27.91 4.6164(6) 4.1042(10) 75.75(1) 0.88905 1
29.20 4.6108(6) 4.0985(10) 75.46(1) 0.88889 1
29.81 4.6059(6) 4.0975(10) 75.28(1) 0.88962 1
30.85 4.6003(11) 4.0816(23) 74.81(1) 0.88725 2
30.95 4.6031(6) 4.0921(10) 75.09(1) 0.88898 1
31.78 4.5947(6) 4.0950(10) 74.87(1) 0.89125 1
32.80 4.5917(6) 4.0851(9) 74.59(1) 0.88966 1
33.90 4.5898(6) 4.0781(9) 74.40(1) 0.88850 1
34.83 4.5848(6) 4.0789(9) 74.25(1) 0.88965 1
35.75 4.5833(6) 4.0709(9) 74.06(1) 0.88821 1
35.76 4.5887(28) 4.0705(62) 74.23(3) 0.88708 2
36.84 4.5776(6) 4.0689(9) 73.84(1) 0.88887 1
37.49 4.5737(6) 4.0680(9) 73.70(1) 0.88943 1
39.00 4,5698(6) 4.0567(9) 73.37(1) 0.88773 1
40.20 4.5599(13) 4.0269(28) 72.51(1) 0.88309 2
44.35 4.5376(14) 4.0079(28) 71.47(1) 0.88326 2
48.98 4.5191(12) 3.9896(25) 70.56(1) 0.88283 2
52.78 4.5029(13) 3.9644(30) 69.61(1) 0.88040 2
55.44 4.4929(13) 3.9539(26) 69.12(1) 0.88003 2
58.66 4.4772(13) 3.9461(28) 68.50(1) 0.88138 2
61.51 4.4658(16) 3.9391(34) 68.31(2) 0.88206 2
64.09 4.4537(19) 3.9369(38) 67.63(2) 0.88396 2
65.50 4.4472(12) 3.9228(23) 67.19(1) 0.88207 2
69.60 4.4289(14) 3.9054(19) 66.34(1) 0.88178 2
71.35 4.4295(14) 3.8991(30) 66.25(1) 0.88026 2
74.49 4.4163(13) 3.9043(27) 65.95(1) 0.88408 2
79.07 4.4056(32) 3.8825(68) 65.26(3) 0.88126 2
81.67 4.3944(12) 3.8855(23) 64.98(1) 0.88420 2

transition in phase D is similar to Fe2+ in (Mg,Fe)O and simi-
lar to octahedral Fe3+ in silicate perovskite (Catalli et al., 2010;
Hsu et al., 2012) but occurs at higher pressure than Fe3+ in sili-
cate perovskite as reported by Lin et al. (2012).

3.2. Equation of state of Fe–Al phase D

Compression data for Fe–Al phase D through the HS-to-LS tran-
sition are listed in Table 2 and plotted in Fig. 3. A discontinuity
in the compression curve occurs at ∼40 GPa, which coincides
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Fig. 3. Volume compressibility of Fe–Al phase D. The blue curve, dashed where
extrapolated, represents the fitted equation of state for high-spin phase D. The
red curve represents the equation of state for low-spin phase D. The black curve
is the complete spin-transition equation of state fitted using the procedure of
Wentzcovitch et al. (2009). (For interpretation of the references to color in this fig-
ure legend, the reader is referred to the web version of this article.)

Fig. 4. The difference in volume between Fe–Al phase D (this study) and the volume
of pure-Mg phase D, calculated from the equation of state of Hushur et al. (2011).
Discontinuities at ∼40 and at 65 GPa further constrain the Fe3+ spin-transition re-
gion. (For interpretation of the references to color in this figure legend, the reader
is referred to the web version of this article.)

with the onset of the HS-to-LS transition of Fe3+ interpreted by
XES, but also at the pressure of a predicted hydrogen-bond sym-
metrization (Tsuchiya et al., 2005). Therefore, the volume changes
in Fe–Al phase D at around 40 GPa are potentially influenced by
both hydrogen-bond symmetrization and the Fe-spin transition si-
multaneously. A second discontinuity in the compression curve
occurs at ∼65 GPa, likely corresponding to completion of the Fe3+
spin transition. To further examine HS–LS transition pressure range
in Fe–Al phase D, we calculated the difference between measured
unit-cell volumes in this experiment (V FeAl-phD) and those calcu-
lated from the equation of state of pure-Mg phase D (V Mg-phD)
from Hushur et al. (2011). The resulting �V data, shown in Fig. 4,
show discontinuities at around 40 GPa and 65 GPa, corresponding
exactly to the HS–LS transition interval interpreted from our XES
spectra (Fig. 2).

For the purpose of deriving a spin-transition equation of state
covering the entire experimental pressure range, we divided the
compression data into three regions: ambient to 40 GPa for the
HS state, 40–65 GPa for the mixed-spin state, and above 65 GPa
for the LS state. Below 40 GPa, run#1 agrees very well with
run#2, indicating that these two datasets are compatible and can
be combined into one dataset (Table 1). We obtained a 3rd-order
Birch–Murnaghan equation of state for HS Fe–Al phase D yielding
KT0_HS = 147(2) GPa, K ′

T0_HS = 6.3(3) and V 0_HS = 86.14(3) Å3.
The fitted V 0_HS for Fe–Al phase D is equal within error to our
experimental value of V 0 = 86.116(7) Å3.

The six volume–pressure data within the LS range were simi-
larly fitted to a 3rd-order Birch–Murnaghan equation of state by
minimizing the sum-of-squares misfit over the parameter space,
yielding an LS equation of state for Fe–Al phase D with KT0_LS =
253(30) GPa, K ′

T0 = 4.2(3) and V 0_LS = 80(1) Å3. To model the
elastic properties of phase D through the spin transition, we fol-
lowed the method of Wentzcovitch et al. (2009) using the resulting
KT0_HS, V 0_HS, KT0_LS, V 0_LS, and the low-spin fraction as a func-
tion of pressure, n(P ), to model variation of the volume and bulk
modulus as a function of n using Eqs. (1)–(3):

V (n) = nV LS(P , T ) + (1 − n)V HS(P , T ) (1)

V (n)

K (n)
= n

V LS

KLS
+ (1 − n)

V HS

KHS
− (V LS − V HS)

∂n

∂ P

∣
∣
∣
∣

T
(2)

In Eqs. (1)–(2), n(P , T ) is the LS fraction defined as:

n = 1

1 + exp(�G(P , T ) ∗ /T )
(3)

where �G(P , T )∗ is the difference of the Gibbs free energy be-
tween the LS and HS states (e.g. Mao et al., 2011). This model has
been used successfully to derive the low-spin fraction of Fe2+ in
lower-mantle ferropericlase using experimentally measured ther-
mal equation-of-state data (Mao et al., 2011).

The derived low-spin fraction as a function of pressure is shown
fitted to the experimental data in Fig. 2b, which was used to cal-
culate V (n) and K (n) using Eqs. (1)–(2). In Fig. 3, the volume-
compression data are plotted along with the HS, LS, and complete
spin-transition equations of state. The region of largest misfit oc-
curs right around the transition at ∼40 GPa, possibly due to the
fact that we are only modeling the volume change as a function
of the low-spin fraction and not incorporating possible volume ef-
fects due to a proposed hydrogen bond symmetrization. However,
the data between 40 and 45 GPa fall slightly below the fitted equa-
tion of state, indicating a more abrupt softening than modeled by
our spin-transition equation of state in contrast to the stiffening ef-
fect of hydrogen-bond symmetrization predicted by Tsuchiya et al.
(2005) and the discontinuity observed at ∼40 GPa in Mg-phase D
by Hushur et al. (2011).

Our results show that the electronic spin transition of Fe3+ in
phase D causes a similar volume contraction to the HS–LS tran-
sition in (Mg,Fe)O (e.g. Lin et al., 2005). Variation of the bulk
modulus as a function of LS fraction is plotted in Fig. 5a, show-
ing pronounced elastic softening within the spin-transition region
between 40 and 65 GPa. The magnitude of bulk modulus soften-
ing reaches ∼35% at 50 GPa. The variation of K (n) with pressures
shows a recovery of the bulk modulus to values extrapolated from
the HS state by about 70 GPa. For comparison, we also plotted
the bulk modulus of pure-Mg and Fe–Al-bearing silicate perovskite
from Boffa Ballaran et al. (2012). Remarkably, above about 65 GPa
Fe–Al phase D in the LS state has a similar bulk modulus to silicate
perovskite within error, despite containing nearly 10 wt.% H2O.

In Fig. 5b, the 300 K bulk sound velocity, Vϕ = (K/ρ)1/2, is
shown for Fe–Al phase D in comparison with silicate perovskite.
The velocity contrast between Fe–Al phase D and Fe–Al silicate
perovskite reaches a minimum of about 10% at ∼50 GPa in the
mid-part of the HS–LS transition, but above ∼70 GPa the bulk
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sound velocity of Fe–Al phase D is actually higher than silicate

perovskite by nearly 10%. Therefore, layers of compositional het-

Fig. 5. (a) Variation of the bulk modulus (K ) for Fe–Al phase D in the HS state (solid
blue curve), and for our model where the fraction of low-spin Fe3+ varies with
pressure according to the XES measurements (solid black curve). For comparison,
we also plot K of pure-Mg and Al–Fe-bearing silicate perovskite from Boffa Ballaran
et al. (2012). The black bar represents 12% uncertainty in the low-spin bulk modulus
of phase D, KT0_LS = 253(30) GPa, and illustrates that perovskite bulk moduli fall
within that uncertainty. (b) Plot of the calculated bulk-sound velocity for phase D
compared with silicate perovskite. (For interpretation of the references to color in
this figure legend, the reader is referred to the web version of this article.)
erogeneity in slabs containing 10% Fe–Al phase D may be capable
of producing bulk sound velocity contrast on the order of 1%. Im-
plications for interpreting small-scale heterogeneities in the mid-
lower mantle are further discussed in Section 3.4.

3.3. Effects of Fe and Al on bulk and axial compressibility of phase D

The bulk modulus of HS Fe–Al phase D obtained in this study,
KT0 = 147(2) GPa, is about 5% lower than a result from Brillouin
scattering on Fe–Al phase D by Rosa et al. (2012), who obtained
KS0 = 158(4) GPa. The iron and hydrogen content of our sample is
comparable to the study of Rosa et al. (2012) (Table 3). However,
our sample contains about 0.3 Al per formula unit, about one or-
der of magnitude more Al than the sample from Rosa et al. (2012),
suggesting that the additional Al may have slightly reduced the
bulk modulus. There are other compositional factors to consider;
for example, the (Mg + Fe)/Si ratio of the sample from Rosa et
al. (2012) was about 0.58, compared with 0.76 in our sample (Ta-
ble 3).

Our results for the bulk modulus of HS Fe–Al phase D are about
7% higher than the sample of Fe–Al phase D studied by Litasov
et al. (2007), who reported KT0 = 136.5(3.3) GPa and K ′ = 6.3(3)

(Table 3). Compared with our sample, the composition from Litasov
et al. (2007) had more hydrogen, with 2.9 H per formula unit and a
lower (Mg+Fe)/Si ratio of 0.66, compared with our sample having
2.6 H per formula unit and (Mg + Fe)/Si of about 0.76 (Table 3).
Litasov et al. (2008) reported KT0 = 141(3) GPa with K ′ = 6.2(4)

for a phase D with 2.5 H, 0.09 Al, and 0.12 Fe (per formula unit)
and a Mg/Si ratio of 0.57 (Table 3). The fitted K ′ from this study
for high-spin Fe–Al phase D, K ′ = 6.3(3), is identical to the fit-
ted K ′ from Litasov et al. (2007) and Litasov et al. (2008), thus
we may directly compare values of the bulk moduli. However, at
present there are too few studies and too many compositional fac-
tors (including Fe-content, Al-content, H-content, (Mg+Fe)/Si, and
Fe3+/

∑
Fe ratios) to draw any definitive crystal chemical trends for

variation of phase D elastic properties with composition.
Compared with Mg-phase D (e.g. Hushur et al., 2011), the

Fe–Al phase D in this study has a slightly shorter c-axis and
slightly longer a-axis. The layered structure of phase D results in
anisotropic compression of the a- and c-axes, shown in Fig. 6a. The
axial incompressibility of the a-axis (βa) in this Al–Fe-phase D is
about half that of βc , similar to results on Mg-phase D. The volume
discontinuity caused by the spin transition appears to result almost
entirely from shortening of the c-axis, as observed at ∼40 GPa in
Fig. 6a.

On compression, the c/a ratio of pure-Mg and Fe–Al phase D
decreases with pressure but eventually becomes constant (Fig. 6b).
Table 3
Equation of state parameters for phase D of various compositions from this and other studies.

Formula V 0

(Å3)
ρ0

(g/cm3)†
K0

(GPa)
K ′

0 Pmax Method* Reference

Mg phase D
Mg1.11Si1.6H3.6O6 85.66(1) 3.33 166(3) 4.1(3) 30 GPa XRD Frost and Fei (1999)
Mg1.02Si1.73H3.03O6 85.43 3.34 130(1) 7.4(1) 46 GPa XRD Shinmei et al. (2008)
Mg1.0Si1.7H3.0O6 85.1(2) 3.34 168(9) 4.3(5) 30 GPa XRD Hushur et al. (2011)

85.4(3) 3.33 150(9) 5.5(4) 55.8 GPa XRD
Mg1.02Si1.71H3.12O6 84.74(2) 3.37 175(15) Ambient BS Liu et al. (2004)
Mg1.1Si1.9H2.4O6 85.6(2) 3.46 154.8(3.2) Ambient BS Rosa et al. (2012)

Al–Fe-bearing phase D
Mg0.89Fe0.14Al0.25Si1.56H2.93O6 86.10(5) 3.45 136.5(3.3) 6.3(3) 30.5 GPa XRD Litasov et al. (2007)
Mg0.99Fe0.12Al0.09Si1.75H2.51O6 85.32(2) 3.52 141.5(3.0) 6.2(4) 20.6 GPa XRD Litasov et al. (2008)
Mg1.0Fe0.11Al0.03Si1.9H2.5O6 85.1(2) 3.57 158.4(3.9) Ambient BS Rosa et al. (2012)
MgFe3+

0.15Al0.32Si1.5H2.6O6 86.14(3) 3.51 147(2) 6.3(3) 40 GPa XRD This study
Low-spin phase D 80.00 3.78 253(30) 4.2(3) 65–82 GPa XRD This study

* XRD: X-ray diffraction; BS: Brillouin scattering.
† Density was calculated using the formula weight and V 0.
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Fig. 6. (a) Variation of the lattice parameters of Fe–Al phase D from this study (filled
diamonds) and pure-Mg phase D (open triangles). (b) Variation of the c/a ratio for
Fe–Al phase D (filled symbols) and pure-Mg phase D (open symbols).

The pressure above which c/a is constant varies drastically be-
tween studies, ranging from ∼20 GPa (Frost and Fei, 1999) to
∼40 GPa (Hushur et al., 2011) for pure-Mg phase D. In the cur-
rent study, c/a for Fe–Al phase D becomes constant above 40 GPa
accompanied by a sharp discontinuity in the trend (Fig. 6b). The
cause of this behavior is not agreed upon. Hushur et al. (2011)
speculated that c/a becomes constant for the symmetrically hy-
drogen bonded phase predicted by Tsuchiya et al. (2005). How-
ever, a high-pressure FTIR study up to 42 GPa by Shieh et al.
(2009) shows no major changes other than gradual shifts in the
OH-stretching modes with pressure. The fact that c/a ceases to de-
crease above 40 for pure-Mg phase D (Hushur et al., 2011), similar
to this study, suggests that the behavior may not be related to the
spin transition of Fe. Similar behavior in c/a has been observed
for brucite, Mg(OH)2 (e.g. Duffy et al., 1995). Structure refinements
of phase D over this pressure range will be required to determine
what causes the observed change in compression mechanism.

3.4. Implications for small-scale heterogeneity in the mid-lower mantle

Due to the spin transition of Fe, the presence of Fe–Al-rich
phase D in subducted slabs entering the lower mantle may be de-
tected with high-spatial resolution seismic methods. Short-period
seismic studies of the mid-lower mantle beneath the Pacific rim
have detected kilometer-scale heterogeneities at various depths
around 1500 km (e.g. Kaneshima and Helffrich, 1998, 1999, 2009,
2010). Characterized by late arrivals from S-to-P converted phases,
the depth of seismic scatterers ranges from about 1100–1800 km,
although the most prominent scatterers occur at a depth of
1500 km (Kaneshima and Helffrich, 2010). Scattered wave am-
plitudes range from 1 to 10% of the direct P waves, and are
associated with slow S-wave velocity anomalies on the order of
1–4% (Kaneshima and Helffrich, 2010). In some areas, such anoma-
lies have been modeled as thin, dipping layers <10 km thick and
having low S-wave velocity but high density (Kaneshima and Helf-
frich, 1999; Niu et al., 2003).

Because of their association with subducted oceanic crust, the
fine-scale heterogeneities in the mid-lower mantle have been at-
tributed to silica-saturated basalts producing free-silica phases
which survive into the mid-lower mantle (e.g. Bina, 2010). Al-
though free-silica phases in MORB would be seismically fast com-
pared with the surrounding basaltic assemblage, the second-order
phase transition of SiO2 from stishovite to the CaCl2 structure
could produce a softening with S-wave anomalies large enough
to be detectible seismically in the lower mantle (e.g. Carpenter
et al., 2000; Karki et al., 2001). A minimum in the SiO2 transi-
tion soft mode is expected to occur at ∼1500 km, which is the
depth corresponding to greatest scattering potential, but recovery
of velocities to ambient levels would cause the heterogeneities to
disappear below about 2000 km, consistent with the observations
(e.g. Kaneshima and Helffrich, 2009). Velocity anomalies in eclogite
can also be attributed to low S-wave velocities associated with Al-
rich stishovite (Lakshtanov et al., 2007). Preservation of free-silica
within basaltic layers in the lower mantle could be explained as
armored relics, cut off from reaction with the surrounding mantle
by very slow diffusion rates (Bina, 2010).

Three lines of evidence establish that the spin-transition in-
terval of Fe3+ in phase D at 40–65 GPa overlaps with the depth
range of observed mid-lower mantle seismic scatterers: analysis of
high-pressure Fe-Kβ X-ray emission spectra, discontinuities in the
volume–compression curve, and discontinuities in �V (P ) between
Fe–Al phase D and pure-Mg phase D. Onset of the spin transi-
tion occurs at the same pressure as the predicted hydrogen-bond
symmetrization (Tsuchiya et al., 2005). However, the pronounced
softening of the bulk modulus by 35% at 50 GPa (compared with
HS phase D) is not consistent with the predicted increase of 20% in
the incompressibility of symmetrically-hydrogen bonded phase D
(Tsuchiya et al., 2005). If both stiffening of the bulk modulus
by 20% due to hydrogen-bond symmetrization, and softening due
to the spin transition were occurring simultaneously, a less pro-
nounced volume discontinuity might be expected. At present, we
believe there is insufficient experimental evidence to suggest that
hydrogen-bond symmetrization has occurred in Fe–Al phase D.

Although bulk-elastic softening is observed during the transi-
tion, similar to Fe-spin transitions in (Mg,Fe)O (Lin et al., 2005;
Crowhurst et al., 2008; Marquardt et al., 2009) and silicate per-
ovskite (Hsu et al., 2011), the recovered low-spin phase D above
∼65 GPa exhibits an incompressibility comparable to silicate per-
ovskite at lower-mantle pressures. During the HS–LS transition,
the bulk sound velocity of Fe–Al phase D reaches a minimum at
∼50 GPa and is nearly 10% slower than silicate perovskite, but
recovers and becomes 10% faster than silicate perovskite above
70 GPa. The stability field of Fe–Al rich DHMS requires further
study, but if Fe–Al phase D remains stable into the deep lower
mantle, its elastic properties suggest that it could provide an al-
ternative explanation for small-scale seismic scatterers observed in
subducted slabs at 1100–1800 km depth. As a potential carrier of
H2O into the lower mantle, Fe–Al phase D should be considered in
geochemical and geodynamic models of Earth’s deep water cycle.
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4. Conclusions

Our observations of bulk-elastic softening in Fe–Al phase D
from 40–65 GPa provide an alternative explanation for the small-
scale seismic scatterers in the mid-lower mantle. The minimum
in bulk-sound velocity contrast between Fe–Al phase D and sili-
cate perovskite, occurring at 50 GPa (∼1500 km), coincides with
the depth of greatest scattering potential from the small-scale
heterogeneities beneath the Pacific rim (e.g. Kaneshima and Helf-
frich, 2009, 2010). Further, recovery of the velocities in Fe–Al
phase D to levels equal to silicate perovskite between 50–70 GPa
(1500–2100 km) is also consistent with the depth range where
the scattering power of observed heterogeneities diminish (e.g.
Kaneshima and Helffrich, 2009, 2010). Although we have inferred
softening in the bulk sound velocity from compression experi-
ments, further elasticity measurements are required to determine
how the spin transition of Fe in phase D affects S-wave velocities
and elastic wave anisotropy. The association of mid-lower man-
tle seismic scatterers with subducted oceanic crust, if explained
by the presence of Fe–Al phase D, would imply that components
from deeply-subducted hydrous sediments with Fe–Al rich compo-
sitions, such as mudstones and shales, are being carried into the
lower mantle.
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