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Abstract We investigated Fe-free and Fe-bearing CF phases using nuclear forward scattering and X-ray
diffraction coupled with diamond anvil cells up to 80 GPa at room temperature. Octahedral Fe3+ ions in
the Fe-bearing CF phase undergo a high-spin to low-spin transition at 25–35 GPa, accompanied by a volume
reduction of ~2.0% and a softening of bulk sound velocity up to 17.6%. Based on the results of this study
and our previous studies, both the NAL and CF phases, which account for 10–30 vol % of subducted MORB in
the lower mantle, are predicted to undergo a spin transition of octahedral Fe3+ at lower mantle pressures.
Spin transitions in these two aluminous phases result in an increase of density of 0.24% and a pronounced
softening of bulk sound velocity up to 2.3% for subducted MORB at 25–60 GPa and 300 K. The anomalous
elasticity region expands andmoves to 30–75 GPa at 1200 K and themaximum of the VΦ reduction decreases
to ~1.8%. This anomalous elastic behavior of Fe-bearing aluminous phases across spin transition zones may
be relevant in understanding the observed seismic signatures in the lower mantle.

1. Introduction

Since the deep subduction of slabs leads to chemical heterogeneity of the mantle, it is important to study the
fate of subducted slabs to understand geodynamic processes and chemical evolution of the Earth. Both seis-
mic tomography studies and high-pressure (HP) high-temperature (HT) experimental simulations have indi-
cated that subducted slabs can penetrate into the mantle. There is both stagnation near the 660 km
discontinuity, and also accumulation at the bottom of the lower mantle [Fukao and Obayashi, 2013; Hirose
et al., 2005; Ricolleau et al., 2010; Zhao, 2004]. Subducted slabs have higher seismic wave velocities than peri-
dotite in the Earth’s mantle due to their different temperatures and chemical compositions [Bina and Helffrich,
2014; Fukao et al., 2009]. Seismic signatures, such as scatterers and discontinuities observed in the lower man-
tle, are proposed to be related to subducted basalt [Castle and van der Hilst, 2003; Kaneshima, 2013; Korenaga,
2015; Niu, 2014; Vinnik et al., 2001].

As a rock representative of subducted ocean crust,mid-ocean ridge basalt (MORB) is enriched in aluminumbut
depleted inmagnesiumcomparedwithmantleperidotite [Green et al., 1979; Sun, 1982]. ThehighAl2O3 content
(~16 wt %) in MORB composition stabilizes Al-rich phases, specifically the new hexagonal aluminous phase
(NAL, P63/m) and calcium-ferrite type phase (CF, Pbnm) in the lower mantle [Irifune and Ringwood, 1993;
Miyajima et al., 1999; Yamada et al., 1983]. These two phases account for 10–30 vol % of subducted basalt in
the lowermantle. Both theNAL andCFphases coexist at pressures of 25–50GPa, but only theCFphase is stable
at pressures higher than50GPa [Ricolleau et al., 2010]. Additionally, theNALphasehasbeen found to transform
to the CF phase at HP-HT conditions in the NaAlSiO4-MgAl2O4 system [Imada et al., 2011; Ono et al., 2009].

Iron is the most abundant 3d transition metal element in the Earth’s mantle and has multiple valence (Fe2+

and Fe3+) and spin states (HS: high spin; LS: low spin), which significantly affect elastic properties of the hosts
at HP-HT conditions [Lin et al., 2013]. A HS-to-LS transition of octahedral Fe3+ in the Fe-bearing NAL phase has
been recently observed at approximately 30 GPa [Lobanov et al., 2017;Wu et al., 2016a]. Correspondingly, the
Fe-bearing NAL phase displays a volume reduction of 1.0% (~1.2 Å3) in the spin transition zone. The Fe3+ spin
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transition results in elastic softening of the bulk modulus (up to 17.6%) and the bulk sound velocity (up to
9.4%). These distinct elastic properties of the Fe-bearing NAL phase may contribute to observed seismic
heterogeneities around subducted slabs at depths of 660–1200 km [Kaneshima, 2013; Niu et al., 2003; Wu
et al., 2016a]. Additionally, based on our studies of single-crystal elasticity of the NAL phase at high pressure,
the NAL phase exhibits high-velocity anisotropies and may be a potential source of seismic anisotropy in the
lower mantle [Wu et al., 2016b].

As another important Al-rich phase, the CF phase with ~10 vol % in subducted MORB is stable within the
entire lower mantle, and the CF phase hosts 12–35 mol % iron in the lower mantle (Table S2 in the supporting
information). To further elucidate the geophysical implications of Al-rich phases during the subduction
process, we have investigated Fe-free and Fe-bearing CF phases using nuclear forward scattering (NFS)
and single-crystal X-ray diffraction (XRD) coupled with diamond anvil cells (DACs). A HS-to-LS transition of
octahedral Fe3+ in Fe-bearing CF phase is observed at 25–35 GPa and causes an abnormal reduction of lattice
parameters. We combine the results of this study with those of our previous study on the NAL phase tomodel
density and bulk sound velocity profiles of subducted MORB and discuss the geophysical implications of
Al-rich phases on seismic signatures in the vicinity of subduction zones in the lower mantle.

2. Experiments

Fe-free and Fe-bearing CF phases (RUN #: 5K2124 and 5K2681, respectively) were synthesized at 25 GPa and
1600°C using a 5000t Kawai-type multianvil apparatus. Mixtures of Na2CO3, Al2O3 (57Fe2O3, >95% enrich-
ment in 57Fe), and SiO2 in the molar ratio 1:1:2 were sintered at 1200°C for 12 h and then used as starting
materials for HP-HT synthesis experiments. XRD patterns showed the recovered samples to be CF phase with
space group Pbnm. Chemical compositions were determined by electron microprobe analysis using an accel-
erating voltage of 15 kV and a beam current of 10 nA to minimize the loss of Na (Table S1). Fe-free and
Fe-bearing CF phases have chemical compositions Na0.93Al1.02Si1.00O4 and Na0.88Al0.99Fe0.13Si0.94O4, respec-
tively. The Fe content of the CF phase in this study is 13 mol %, which is close to the lower bound of iron
contents (12–35 mol %) for the CF phase in natural MORB compositions (Table S2). The Fe-bearing sample
was additionally examined by conventional Mössbauer spectroscopy. Analysis of the Mössbauer spectrum
indicates that approximately 10% of the total iron is Fe2+ with quadrupole splitting (QS) of 3.38 mm/s and
isomer shift (IS) of 1.22(3) mm/s (relative to α-Fe), with the remaining 90% as Fe3+ with QS = 0.94 mm/s
and IS = 0.33(1) mm/s (Figure S2).

High-pressure NFS experiments were performed at the High-Pressure Collaborative Access Team (HPCAT)
sector of the Advanced Photon Source (APS), Argonne National Laboratory (ANL). An incident X-ray beam
with an energy of 14.4125 keV and a resolution of 2.2 meV was used to excite 57Fe nuclei in the sample. A
two-sided polished single crystal of the Fe-bearing CF phase was loaded into a symmetric-type DAC with a
Re gasket. Neon was used as the pressure medium and two ruby spheres were placed next to the crystal
for pressure calibration [Mao et al., 1986]. The NFS spectra were analyzed using the CONUSS program to
derive hyperfine parameters of iron in the Fe-bearing CF phase [Sturhahn, 2000].

High-pressure XRD experiments were carried out at the GeoSoilEnviroConsortium for Advanced Radiation
Sources (GSECARS) sector of the APS using a monochromatic X-ray beam with a wavelength of 0.3344 Å.
Two double-sided polished single-crystal platelets, one for the Fe-free CF phase and another for the
Fe-bearing CF phase, were loaded into the sample chamber of a Re gasket in a symmetric-type DAC, together
with neon as pressuremedium. Fine platinum powder was placed next to the samples for pressure calibration
[Fei et al., 2007]. Single-crystal diffraction patterns were evaluated to obtain d spacing values using the
GSE_ADA program [Dera et al., 2013], and lattice parameters were obtained using the UnitCell program
[Holland and Redfern, 1997] (Figure S3).

3. Results and Discussion
3.1. Crystal Chemistry of the CF Phase

Chemical compositions of CF phases in MORB compositions from previous studies exhibit complex solid solu-
tions but for simplicity can be considered to be along the join NaAlSiO4-MgAl2O4 with a small amount of Ca,
Fe, Cr, and Ti [Funamori et al., 2000; Hirose et al., 1999, 2005; Kesson et al., 1994; Litasov and Ohtani, 2004;

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014095

WU ET AL. FE3+ SPIN TRANSITION IN THE CF PHASE 5936



Miyajima et al., 2001; Ono et al., 2001; Ricolleau et al., 2010] (Table S2). Based on charge balance and cation
radius, there are three main substitutions proposed for the ideal CF-type AB2O4 (NaAlSiO4 or MgAl2O4):

Naþ=Kþ Að Þ þ Si4þ Bð Þ↔Ca2þ=Mg2þ=Fe2þ Að Þ þ Al3þ Bð Þ (1)

Al3þ Bð Þ↔Fe3þ=Cr3þ Bð Þ or Si4þ Bð Þ↔Ti4þ Bð Þ (2)

2Al3þ Bð Þ↔1:5Si4þ Bð Þ þ 0:5 Vacancy Bð Þ; (3)

leading to the composition [Na+, Mg2+, Ca2+, Fe2+]1[Al
3+, Si4+, Fe3+, Cr3+, Ti4+]2O4 in the lower mantle.

Fe-free and Fe-bearing CF phases have chemical compositions of Na0.93Al1.02Si1.00O4 and
Na0.88Al0.99Fe0.13Si0.94O4, respectively, based on electron microprobe analysis in this study. We consider
the loss of Na to be minimal based on the low electron current and larger beam size (15 kV, 10 nA, and
5 μm diameter). According to the hyperfine parameters determined using MS, Fe2+ (10% of total iron) occu-
pies the A site together with Na+, and the remaining iron, 90% Fe3+, is located at the octahedral B site along
with Al3+ and Si4+ (Figures S1 and S2). On the basis of four oxygen atoms in the ideal CF phase AB2O4, the
cation sums on the B site for Fe-free and Fe-bearing CF phases are 2.023 and 2.048, respectively, while the
corresponding cation sums on the A site are 0.931 and 0.891. The cation excess on the B site and cation defi-
ciency on the A site suggests that some of the Al3+ may be located at the A site according to the substitution:

3Naþ Að Þ↔Al3þ Að Þ þ 2 Vacancy Að Þ (4)

The chemical compositions of CF phases in this study are compared with those from basalt compositions in
the literature [Walter et al., 2011] (Table S2). Due to the lack of MSmeasurements, the amount of Fe3+ on the B
site is calculated as 2� (Al3+ + Si4+ + Ti4+ + Cr3+) or until the total amount of Fe is used. The remaining iron is
considered as Fe2+ on the A site. Both cation deficiency and excess on the A and B sites exist in CF phases in
natural basaltic compositions.

Figure 1. Representative NFS spectra of the Fe-bearing CF phase (Na0.88Al0.99Fe0.13Si0.94O4) at high pressures. Spectra at
29.6 and 34.2 GPa were modeled with three doublets, one for Fe2+ and two for Fe3+, while the other spectra were modeled
with a two-doublet model, one each for Fe2+ and Fe3+.
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We note that our samples are Mg defi-
cient compared with the expected CF
phase in the lower mantle. Such cation
substitutions likely do not have a signifi-
cant effect on the physical properties of
the CF phase such as density. Zero-
pressure densities of CF phases with dif-
ferent compositions are summarized in
Table S3, including the end-members
CaAl2O4 (~3.98 g/cm3) [Akaogi et al.,
1999], MgAl2O4 (~3.94 g/cm3) [Kojitani
et al., 2007; Sueda et al., 2009], and
NaAlSiO4 (3.88–3.92 g/cm3)
[Dubrovinsky et al., 2002; Guignot and
Andrault, 2004; Yamada et al., 1983], Fe-
free and Fe-bearing NaAlSiO4-MgAl2O4

solid solutions (3.81–4.01 g/cm3)
[Funamori et al., 2000; Imada et al.,
2012; Litasov and Ohtani, 2004; Ono
et al., 2001]. The variation of density with
composition is small and even the end-
members MgAl2O4 and NaAlSiO4 have
similar densities. The densities of Fe-free
and Fe-bearing CF phases in this study
are 3.88 and 3.96 g/cm3, respectively,
which are in good agreement with
results from previous experiments on
basaltic compositions.

3.2. Spin Transition of Fe3+ in the
CF Phase

NFS spectra of the Fe-bearing CF phase
were collected up to 76 GPa at room
temperature. Several representative

spectra are plotted in Figure 1. The NFS spectra at 0.8 GPa can be well fitted using a two-doublet model,
one Fe2+ (QS = 3.07(3) mm/s and relative abundance (wt) = 12(1) %) and one Fe3+ (QS = 0.908(3) mm/s
and wt = 88(6) %), which are consistent with results of conventional Mössbauer spectroscopy at ambient con-
ditions (Figure S2 and Table S4). With increasing pressure, the spectrum at 25.4 GPa changes significantly
with the appearance of a new quantum beat around 100–110 ns (Figure 1c). The intensity of this new beat
increases and the spectra move from long time delayed to short time delayed with increasing pressure.
Beyond 35 GPa the spectra show no obvious further change (Figures 1e and 1f). The pressure evolution of
the NFS spectra is consistent with a change in the electronic configuration of iron in the Fe-bearing CF phase.

A two-doublet model, one each for Fe2+ and Fe3+, was used to fit the NFS spectra except for the spectra at
29.6 and 34.2 GPa, which were fitted with a three-doublet model, one for Fe2+ and two for Fe3+. At pressures
below 25 GPa, the doublet of Fe2+ with a QS of ~3.0 mm/s is assigned to HS Fe2+ and the doublet of Fe3+ with
a QS of 0.8–0.9 mm/s is assigned to HS Fe3+. At 25 < P < 35 GPa, the QS of Fe3+ increases from ~0.8 to
~1.8 mm/s, while QS of Fe2+ correspondingly decreases from ~3.0 to ~2.3 mm/s (Figure 2a). These results
suggest that a HS-to-LS transition of Fe3+ occurs in the Fe-bearing CF phase at 25–35 GPa, based on the dra-
matic increase of QS at an Fe3+ spin transition. The decrease of Fe2+ QS is likely due to a more symmetric local
environment as a result of the spin transition of neighboring Fe3+ rather than a HS-to-LS transition of Fe2+,
since a spin transition typically leads to a very low QS (almost zero). Above 35 GPa, the NFS spectra are well
fitted with two doublets of iron, one for HS Fe2+ and another for LS Fe3+. In addition, the Fe3+/∑Fe ratio main-
tains a constant value of ~90% at high pressure up to 76 GPa (Figure 2b).

Figure 2. (a) Quadrupole splitting and (b) relative abundance of Fe2+

(black dots) and Fe3+ (red and blue dots) in the Fe-bearing CF phase at
high pressure. The gray shaded region represents the spin transition
zone of octahedral Fe3+.
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3.3. Equation of State and Axial
Compressibility of the CF Phase

The refined lattice parameters of Fe-
free and Fe-bearing CF phases at dif-
ferent pressures are listed in Tables
S5 and S6 and plotted in Figures 3
and 4. The unit-cell volume of the
Fe-free CF phase monotonously
decreases with increasing pressure,
while for the Fe-bearing CF phase
there is a noticeable volume reduc-
tion of ~4.5 Å3 (~2.0%) at ~30 GPa
(Figure 3). The pressure region of
the abnormal volume reduction coin-
cides with the spin transition zone of
octahedral Fe3+ as supported by NFS
measurements. Thus, the volume
discontinuity can be attributed to
the HS-to-LS transition of octahedral
Fe3+ in the CF phase. To identify the
onset pressure for the LS state (PLS)

and the end pressure for the HS state (PHS), the volume differences (ΔV) between Fe-bearing and Fe-free
CF phases were calculated, yielding PLS = 27 GPa and PHS = 42 GPa with a width of 15 GPa (Figure 3 inset).
The pressure region of the Fe3+ spin transition determined from XRD (27–42 GPa) is larger than that from
NFS analysis (25–35 GPa). This difference is not unreasonable and may be due to different sensitivities of
the techniques. NFS is sensitive to the local environment of iron atoms, while XRD monitors long-
range changes.

The pressure-volume (P-V) data of both Fe-free and Fe-bearing CF phases are fitted to the Birch-Murnaghan
equation of state (B-M EoS). For the Fe-free CF phase, the fit using a third-order B-M EoS yields the following:
unit-cell volume at zero pressure V0 = 241(1) Å3, isothermal bulk modulus KT0 = 201(9) GPa, and its pressure
derivative KT00 = 4.2(4), and the fit using a second-order B-M EoS yields KT0 = 204(7) GPa with a fixed KT00 = 4.
The P-V data of the HS state Fe-bearing CF phase up to 25 GPa (before the abnormal volume reduction) are
fitted to a second-order B-M EoS, yielding V0-HS = 242.8(2) Å3 and KT0-HS = 208(3) GPa with a fixed KT00 = 4. The
P-V data between 42 and 78 GPa for the LS state Fe-bearing CF phase are fitted with a second-order B-M EoS,
yielding V0-LS = 239(1) Å3 and KT0-LS = 202(7) GPa with a fixed KT00 = 4. The derived V0, KT0, and KT00 of the Fe-
bearing CF phase for both HS and LS states are in good agreement with those of the Fe-free CF phase, indi-
cating that substitution of 13 mol % iron in aluminum causes an increase of unit-cell volume but has no sig-
nificant effect on EoS parameters. These derived EoS parameters of both the Fe-free and Fe-bearing CF
phases are consistent with values from previous studies [Guignot and Andrault, 2004; Imada et al., 2012].
Using the obtained EoS parameters of the Fe-bearing CF phase, the LS fraction (nLS) can be derived following
the thermodynamic methods described previously [Wentzcovitch et al., 2009; Wu et al., 2016a]. As shown in
Figure S4, the Fe3+ spin transition in the Fe-bearing CF phase starts at ~27 GPa and finishes at ~42 GPa.

To investigate the effects of Fe3+ spin transition on axial compressibility of the CF phase, lattice parameters (a,
b, and c) of both Fe-free and Fe-bearing CF phases are plotted in Figure 4. There is no noticeable discontinuity
in the P-a, P-b, and P-c curves of the Fe-free CF phase up to 78 GPa. For the Fe-bearing CF phase, axial lengths
of the b and c axes decrease smoothly with increasing pressure (Figures 4b and 4c), but the P-a curve exhibits
an anomalous reduction in the spin transition zone of octahedral Fe3+ (Figure 4a). Further, axial length differ-
ences (Δa, Δb, and Δc) between the Fe-bearing and Fe-free CF phases are shown in Figure 4d. The derived P-
Δa data show a dramatic reduction of ~0.15 Å in the spin transition zone, while no discontinuity is observed
for Δb and Δc. Thus, the volume anomaly of the Fe-bearing CF phase in the spin transition zone results almost
entirely from a shortening of the a axis. This behavior of the CF phase is similar to that of the NAL phase
because of their similar structures [Wu et al., 2016a]. The AlO6, SiO6, or Fe

3+O6 octahedra of the CF phase

Figure 3. Unit-cell volumes of the CF phase at high pressures. The figure
inset shows the volume difference (ΔV) between Fe-bearing and Fe-free CF
phases. Open circles: experimental data; solid and dashed lines: modeled
results using B-M EoS and the method from Wentzcovitch et al. [2009]. The
gray shaded region represents the spin transition zone of octahedral Fe3+.
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are linked by shared edges to form chains parallel to the c axis, and adjacent chains share edges and corners
to form large tunnels occupied by Na+ and Fe2+ [Yamada et al., 1983] (Figure S1). Thus, the c axis direction
with its stiff chains shows greater resistance to compression compared to the a or b axes direction with
their large tunnel spaces.

We observe that only octahedral Fe3+ in both NAL and CF phases undergoes a pressure-induced spin transi-
tion up to 80 GPa in this study and our previous studies. The CF sample is Mg deficient while the NAL sample
hasacomposition similar to theoneexpected in the lowermantle [Walter et al., 2011;Wuetal., 2016a] (TableS2),
but since octahedral Fe3+ is more sensitive to the applied pressure than Fe2+ or Fe3+ with trigonal prismatic
coordination inbothNALandCFphases, the ironspin transitionmaydependprimarilyontheir crystal structures
rather than theirMg andNa contents. We therefore expect themagnitude of the volume and elastic anomalies
arising from the spin transition to be related to the amount of octahedral Fe3+; hence, we consider the results
from our studies to be relevant for lower mantle compositions.

4. Geophysical Implications

Thermoelastic properties of deep-subducted MORB are important for inferring the origin of the heterogene-
ity in the lower mantle. According to the model of subducted slabs from Ringwood [1982] and Irifune [1993],
slabs sinking into the lower mantle contain mainly basaltic crust and harzburgite. Depleted pyrolite in the
lower layer is stripped off during subduction and resorbed into the upper mantle, while harzburgite has a
similar chemical composition, mineral assemblage, and thus density and velocity as pyrolite. Basalt is thus
a possible candidate for the observed seismic scatterers or reflectors in the Earth’s interior, which have been
reported via analysis of scattered seismic waves around circum-Pacific regions in the whole lower mantle
[Kaneshima, 2016]. For example, the strong and sharp seismic anomalies beneath the Mariana and Tonga
trenches at depths of 1500–1600 km may be attributed to the second-order phase transition from stishovite
to CaCl2-type SiO2 in subducted basalt [Carpenter et al., 2000; Kaneshima and Helffrich, 2003, 2010; Yang and
Wu, 2014]. In addition, many small-scale seismic scatterers observed in the lower mantle may result from
other factors which can cause elastic anomalies [Korenaga, 2015; Li and Yuen, 2014; Niu, 2014; Rost et al.,
2008; Yang and He, 2015]. These factors include the existence of fluid [Ohtani and Litasov, 2006], hollandite

Figure 4. (a–c) Lattice parameters, a, b, and c, of Fe-free and Fe-bearing CF phases at high pressure. (d) Axial length differ-
ences (Δa, Δb, and Δc) between Fe-bearing and Fe-free CF phases at high pressure. Open symbols: experimental data; solid
and dashed lines: modeled results [Xia et al., 1998; Wentzcovitch et al., 2009]. The gray shaded region represents the spin
transition zone of octahedral Fe3+.
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[Mookherjee and Steinle-Neumann, 2009], hydrous phase D [X. Wu et al., 2016], and the Al-rich phases [Wu
et al., 2016a] in subducted basalt.

To evaluate the effect of the Fe3+ spin transition on the elastic properties of subducted MORB in the lower
mantle, the bulk sound velocity (VΦ) for MORB was modeled in our previous study on the NAL phase [Wu
et al., 2016a]. The spin transition of octahedral Fe3+ in the NAL phase results in a softening of VΦ for MORB
with a maximum reduction of 1.8% at approximately 41 GPa. Results from this study indicate that density
(ρ) of the Fe-bearing CF phase increases by ~1.7% and the bulk sound velocity displays a significant reduction
up to ~17.6% in the spin transition zone at room temperature (Figure 5). Recently, first-principles calculations
predicted that the spin transition pressure of the Fe-bearing NAL phase increases negligibly with tempera-
ture while the degree of velocity softening distinctly decreases [Hsu, 2017]. Temperature effects on the spin
transition of the CF phase are assumed to be similar to those of the NAL phase due to their similar structures
and spin transition behaviors. Thermoelastic properties of subductedMORB can bemodeled using our results
and the thermoelastic parameters from previous studies (Table S7).

We have modeled density and bulk sound velocity profiles of MORB composition at 300 K and 1200 K across
the spin transition zones of NAL and CF phases. Subducted MORB in the lower mantle is assumed to contain
40% bridgmanite [Boffa Ballaran et al., 2012; Katsura et al., 2009], 20% CaSiO3 perovskite [Li et al., 2006], 20%
stishovite or CaCl2-type SiO2 [Andrault et al., 2003; Nishihara et al., 2005], 10% NAL [Shinmei et al., 2005; Wu
et al., 2016a], and 10% CF [Sueda et al., 2009] by volume, and the proportions of minerals are assumed to
remain constant with depth [Ricolleau et al., 2010] (Table S7). VΦ profiles of MORB-1 were calculated without
considering Fe3+ spin transitions in the NAL and CF phases, while VΦ profiles of MORB-2 were modeled using
constituent minerals including the Fe-bearing NAL and CF phases. As shown in Figure 6, densities of either
MORB-1 or MORB-2 at 300 K and 1200 K are higher than that of preliminary reference Earth model (PREM)
by ~0.23 and ~0.15 g/cm3, respectively [Dziewonski and Anderson, 1981]. In view of the Fe3+ spin transition
in NAL and CF phases, densities of MORB-2 at 300 K and 1200 K both increase by ~0.24% (Figures 6a and
6b). The bulk sound velocity of MORB-1 at 300 K and 1200 K is higher than that of PREM by 0.1–1 km/s at
lower mantle pressures. In comparison with MORB-1, MORB-2 at 300 K exhibits a distinct VΦ softening at
25–60 GPa up to ~2.3% at ~38 GPa. The VΦ softening region expands and moves to 30–75 GPa at 1200 K,
and the maximum of the VΦ reduction decreases to ~1.8% at ~50 GPa (Figures 6c and 6d).

Figure 5. (a) Density and (c) bulk sound velocity profiles of Fe-free and Fe-bearing CF phases at high pressures. The differ-
ences of (b) density ((ρFe-bearing� ρFe-free) / ρFe-free × 100%) and (d) bulk sound velocity ((VΦ-Fe-bearing� VΦ-Fe-free) / VΦ-
Fe-free × 100%). Density and bulk sound velocity profiles of Fe-free and Fe-bearing NAL phases are also plotted for com-
parison [Wu et al., 2016a].

Journal of Geophysical Research: Solid Earth 10.1002/2017JB014095

WU ET AL. FE3+ SPIN TRANSITION IN THE CF PHASE 5941



Synthesis of a CF phase with composition closer to that expected in the lower mantle could be carried out in a
future study, although higher pressures would be needed according to the phase diagram of the NaAlSiO4-
MgAl2O4 system [Imada et al., 2011; Ono et al., 2009]. High P-T experiments monitoring iron spin crossover in
the NAL and CF phases would provide more accurate data to evaluate their contributions to the thermoelas-
tic properties of subducted MORB in the lower mantle. Based on the results of this study, however, it is clear
that Fe3+ spin transition in the NAL and CF phases does affect the thermoelastic properties of subducted
MORB. The resulting distinct elastic anomalies should be taken into account to understand seismic signatures
in the vicinity of subduction zones in the lower mantle.
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