
1.  Introduction
The lowermost 150–300 km thick layer of the mantle overlying the core-mantle boundary (CMB), the so-
called D” layer, is a highly complex setting which displays strong lateral heterogeneity of properties, such 
as electrical conductivity, seismic wave velocity, and density (e.g., Hernlund & McNamara, 2015; Lay, 2015; 
Lay et al., 1998). One of the unique features revealed by seismic investigations are the ultralow-velocity 
zones (ULVZs), that is, small, localized patches of ∼10 km thickness and with large lateral spread of several 
hundred kilometers width atop of the CMB (Garnero & Helmberger,  1996; Revenaugh & Meyer,  1997). 
These features exhibit strong negative velocity anomalies of up to 5%–20% for P-waves and 10%–30% for 
S-waves relative to PREM (Garnero & Helmberger, 1996; McNamara et al., 2010; Thorne & Garnero, 2004) 
while the density typically increases by 5% (Reasoner & Revenaugh, 2000) to 10% (Rost et al., 2005), reach-
ing up to 20% (Idehara, 2011) for some specific ULVZs. Furthermore, ULVZs have been inferred to occur as 
distinct patches, rather than as a globally ubiquitous layer (Idehara et al., 2007; Thorne & Garnero, 2004), 
and display large variability in lateral dimensions and seismic characteristics.

This broad range of observations makes it difficult to identify the plausible origin of ULVZs. Due to the 
large amplitude of the observed velocity reduction, which in some ULVZs is three times larger in shear wave 
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than in compression wave velocities, partial melting has often been suggested as a potential mechanism 
to explain these distinct regions (Andrault et al., 2012; Berryman, 2000; Hier-Majumder, 2008; Petitgirard 
et al., 2015; Revenaugh & Meyer, 1997; Williams & Garnero, 1996). However, some ULVZs display an equiv-
alent reduction of both compressional and shear wave velocities that, together with the observed enhanced 
density by ∼10% compared with the surrounding mantle, are difficult to explain by partial melting (Castle & 
Van Der Hilst, 2000; Hutko et al., 2009; Thorne & Garnero, 2004). Alternatively, a number of studies favor a 
solid state mechanism for the ULVZs and conclude that they represent a compositionally distinct, iron-en-
riched material that remains unidentified to date (Brown et al., 2015; Li et al., 2017; McNamara et al., 2010). 
Plausible candidates include for instance relicts of subducted slabs descending deep into the CMB region 
(Dobson & Brodholt, 2005; van der Hilst & Kárason, 1999), or products of fractional crystallization of a basal 
magma ocean trapped at the bottom of the mantle (Labrosse et al., 2007), such as iron-rich (Mg, Fe)SiO3 
perovskite (Nomura et al., 2011) or (Mg, Fe)O magnesiowustite (Wicks et al., 2010). Nevertheless, the most 
frequently proposed sources are core-mantle chemical reactions—either as a reaction between mantle sil-
icates and outer core liquid iron alloy or as exsolution-solution processes—that result in the accumulation 
of Fe-enriched materials at the CMB (Dubrovinsky et al., 2004; Garnero & Jeanloz, 2000; Knittle & Jean-
loz, 1991; Mao et al., 2006; Song & Ahrens, 1994). Iron-rich (Mg, Fe) O magnesiowustite (Bower et al., 2011; 
Wicks et  al.,  2010,  2017) and (Mg, Fe)SiO3 post-perovskite (Mao et  al.,  2006) have received so far most 
attention as plausible candidates for the ULVZs based on their modal abundance and reasonable match 
between their sound velocities and the seismic observations (Mao et al., 2006; Wicks et al., 2010, 2017). In 
a recent study, FeO2Hx—the potential product of a reaction between subducted hydrous minerals and core-
iron (Liu et al., 2017)—has been proposed as a plausible candidate. Conversely, Knittle and Jeanloz (1991) 
experimentally investigated the interaction between (Mg, Fe)SiO3 perovskite (Pv) and liquid iron at high P-T 
and showed the formation of stoichiometric FeSi at the D” region following the reaction:

   
       

1 3

3 2

(Mg ,Fe )SiO 3[(1 x) s]Fe
MgSiO SiO [3(1 x) 2s]FeO [(1 x) s]FeSi

x x

x s� (1)

Stoichiometric FeSi, which remains solid and adopts a B2-structure at CMB conditions (Fischer et al., 2013; 
Lord et al., 2010), may be an alternative Fe-rich candidate phase to explain the seismic anomalies at the bot-
tom of the mantle. Yet, this phase has been largely omitted in compositional models of the CMB region due 
to the lack of constraints on their sound velocities and elasticity at relevant conditions. Current inferences 
on the elasticity of FeSi are based on extrapolations of ambient temperature VP data on the low-pressure pol-
ymorph B20-FeSi (Badro et al., 2007) to core conditions through velocity-density systematics, that is, Birch's 
law, without temperature corrections. The recent identification of anharmonic effects on the compression-
al velocity-density relations on hcp-Fe (Lin et  al.,  2005; Sakamaki et  al.,  2016) and Fe-Si-alloys (Sakairi 
et al., 2018), however, stands against the application of Birch's law without further verification. Therefore, 
knowledge of the sound velocities and elasticity of B2-structured FeSi at relevant conditions is needed to 
assess the role of this phase as candidate material for the ULVZs.

Here we report investigations of the lattice dynamics of the high pressure B2-phase of FeSi at pressures up 
to 115(2) GPa and temperatures up to 1600(200) K by means of synchrotron based nuclear inelastic scatter-
ing (NIS) in laser-heated diamond anvil cells (LH-DACs). Our results, combined with available equations of 
state (Fischer et al., 2013; Sata et al., 2010), provide constraints on the evolution of the sound velocities of 
B2-FeSi at high pressure and temperature that serve as a test of validity for Birch's law and further demon-
strate that this phase is a likely candidate to explain the ULVZs.

2.  Experimental Methods
The 57Fe-enriched B2-FeSi samples employed in this study were synthesized at 23 GPa and 1750 ± 50°C in 
a multi-anvil apparatus at BGI (Bayreuth, Germany). The synthesis was performed in a 10/4 cell assembly 
employing an Al2O3 capsule and a LaCrO3 furnace with a heating duration of 90 min. The starting material 
was a stoichiometric mixture of Si and 57Fe-enriched iron powders. The B2 structure and the stoichiometric 
proportion of the run products were confirmed by X-ray diffraction (XRD) and energy dispersive X-ray flu-
orescence spectroscopy (EDS), respectively.
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The high-pressure high-temperature experiments were conducted in panoramic diamond anvil cells (DACs) 
specifically designed for NIS studies and depicted in Figure S1. The DACs were equipped with 120, 150, and 
250 μm diamond culets depending on the target pressure. Beryllium gaskets were pre-indented down to 
25–40 μm thickness, and a hole with a diameter of one third to half of the culet size was drilled in the gasket 
to serve as a sample chamber. Polycrystalline B2-FeSi samples with linear dimensions of 15 × 15 × 15 μm3 
were loaded into the pressure chamber using KCl or Ne as both pressure transmitting medium and thermal 
insulator. The sample pressure was determined based on the phonon vibration of the T2g mode of the dia-
mond culet (Akahama & Kawamura, 2006). The pressure uncertainty was derived as standard deviation of 
the sample pressure measured before and after the NIS measurements. Samples were heated using a port-
able double-sided on-axis laser-heating (LH) system provided by the University of Potsdam (Spiekermann 
et al., 2020) with a nominal laser spot size of about 40 μm FWHM, that is, larger than the sample size. The 
design of the LH system is compatible with the collection geometry of NIS at 90° from the incident beam 
through the radial opening of the panoramic DAC. The surface temperatures of the samples were measured 
during the NIS experiments by spectroradiometry, whereas the bulk temperatures were refined afterward 
from the detailed balance of the NIS spectra (Chumakov & Rüffer, 1998).

NIS analyses were performed at the P01 high-resolution dynamics beamline of PETRA III, DESY (Wille 
et al., 2010). The storage ring was operated in timing mode with 40 bunches separated by 192 ns. The X-rays 
were monochromatized to 1.2 meV energy bandwidth using double channel cut Si(111) crystals, scanned 
around the 57Fe nuclear resonance energy of 14.4 keV and focused down to 6.0 × 7.5 μm (V × H) on the 
sample using Kirkpatrick-Baez mirrors. The incoherent inelastic scattering radiation emitted in a large solid 
angle was detected by counting the events between the incident X-ray pulses with two avalanche photo-di-
ode detectors (APDs), which were inserted through the panoramic windows of the DAC and as close as 
possible to the sample. The energy dependence of the nuclear inelastic scattering was measured with steps 
of 0.2 meV in the energy ranges reported in Table S1. As the on-axis installation of the LH system prevents 
the positioning of an APD in the forward scattering direction, the energy profile of elastic nuclear scattering 
was measured at intervals between the laser-heated NIS scans. Typical collection times for each collected 
spectrum ranged between 8 to 15  h depending on the pressure-temperature conditions and the desired 
statistics. X-ray diffraction analysis of the quenched sample at 110(3) GPa after laser heating at 1600(200) 
K confirms the stability of the B2-FeSi crystal structure and the absence of chemical reaction between the 
sample and pressure medium and/or diamond (Figure S2).

We complemented the NIS study by room temperature Synchrotron Mossbauer Source (SMS) and Nuclear 
forward scattering (NFS) measurements in the B2-FeSi phase up to 48 and 113 GPa, respectively, including 
the same samples investigated by NIS here, to monitor the electronic state of sample and to rule out changes 
in the spin state that could affect the sound velocity data. Experimental details about the SMS and NFS data 
collection and the analysis are provided in the Supporting Information and in Figure S3.

3.  Sound Velocities in FeSi at the Core-Mantle Boundary Region
NIS spectra of B2-FeSi were collected at 17 different pressures and temperatures from ambient conditions to 
115(2) GPa and 1600(200) K (Figure 1). A quasi-harmonic approximation was applied to extract the partial 
phonon density of states (PDOS) associated with the resonant 57Fe isotope from the collected NIS spectra 
(Figure S4) (Kohn & Chumakov, 2000; Sturhahn, 2000). The pressure and temperature evolution of the par-
tial density of phonon states g(E) of B2-FeSi is reported in Figures S5 and S6. The Debye sound velocity (VD) 
was then obtained from the quantitative description of the low-energy region of the PDOS via




2 2 3 30

( )lim
2

r
E D

g E m
E V � (2)

where mr is the molar mass of the resonant nucleus (in this case 57Fe), g(E)/E2 is the reduced partial density 
of phonon states (RDOS) and ρ is the density of the B2-FeSi sample (Chumakov et al., 2009; Hu et al., 2003). 
Selected NIS spectra and corresponding RDOS of B2-FeSi are shown in Figure 1. The contribution of the 
acoustic modes, that is, the Debye level, derived from a linear fit of the low energy range of the RDOS func-
tion (Figure 1b and Figure S7), is reported in Table S1, together with the calculated Debye sound velocities 
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at each pressure-temperature conditions.In an isotropic media, the Debye sound velocity in materials with 
cubic symmetry is related to the aggregate compressional VP and shear VS wave velocities through the set 
of equations:

 3 3 3
3 1 2

D P SV V V� (3)

  2 2 24
3

S
P S

K V V V
� (4)

where Vϕ is the bulk sound velocity, ρ is the density and KS is the adiabatic bulk modulus. An approxi-
mate solution of Equations 3 and 4 derived by Sturhahn and Jackson (2007) and modified by Vasiukov 
et al. (2018) was further applied to calculate the aggregate velocities VP and VS as:

   2 21.002 0.104 1.208P D DV V V V V� (5)

 0.952 0.041S DV V V� (6)

The adiabatic bulk modulus, KS, is related to the isothermal bulk modulus KT through the equation

 (1 )S T vibK K T � (7)

where γvib is the vibrational Grüneisen parameter, α is the thermal expansion coefficient and T is the tem-
perature. Here the density ρ and the isothermal bulk modulus KT of B2-FeSi were taken from an equation 
of state (EoS) derived by a joint fit of the V-P-T data sets from Fischer et al. (2013) and Sata et al. (2010) to a 
third-order Birch-Murnaghan EoS at 300 K and the Mie-Grüneisen parameterization at high-temperature. 
The derived thermal EoS parameters for B2-FeSi are presented in Table S3 and the calculated KT reported 
in Table S2. The uncertainties of elastic parameters and densities of the B2-FeSi were determined from the 
full correlation matrix between the fit parameters as implemented in the EOS Fit program (Gonzalez-Platas 
et al., 2016). For the isothermal-adiabatic correction (Equation 7), the thermal expansion coefficient was 
derived from the thermal EoS (Table S3) and γvib was calculated via  , ( / )q

vib vib i iV V  , where q is a fitting 
parameter and the subscript i refers to a reference phonon DOS. The phonon DOS scaling relation proposed 
by Murphy et al. (2011) was employed to describe the volume dependence of the B2-FeSi phonon DOS, and 
the B2-FeSi PDOS at ambient conditions was used as reference DOS for the calculations. The calculated 
bulk sound velocities Vϕ and the aggregate velocities VP and VS are listed in Table S2. The errors for the VD, 

MERGNER ET AL.

10.1029/2020GL092257

4 of 11

Figure 1.  (a) Energy dependence of nuclear inelastic scattering (NIS) spectra of B2-FeSi at selected pressure and 
temperature conditions. The temperatures are determined from the NIS analysis. Energy zero refers to the nuclear 
resonance energy of 57Fe. (b) Reduced partial density of phonon states (g(E)/E2) of 57Fe extracted from the spectra in (a). 
The dashed horizontal lines in (b) show the expected contribution of acoustic modes, that is, the Debye level, derived 
by linear fit of the low-energy region of the spectrum.
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VP, and VS were determined through error propagation of density, Debye level and elastic parameters un-
certainties via Equations 2, 5 and 6 respectively. Figure 2 displays the pressure evolution of the Debye (VD) 
and bulk (Vϕ) sound velocities as well as the compressional (VP) and shear (VS) wave velocities for B2-FeSi 
at ambient and high temperature conditions derived from this study. All velocity sets increase monotonical-
ly with pressure and display little temperature dependence up to the highest temperature examined here, 
1600  K. This observation contrasts with previous reports of strong anharmonicity of the compressional 
velocities of hcp-Fe (Lin et al., 2005; Sakamaki et al., 2016) and Fe-Si-alloys (Sakairi et al., 2018) at mod-
erate pressures. To further assess the validity of the velocity-density systematics at high temperature, the 
Debye velocities of B2-FeSi at ambient and high temperature, which are the direct outcome of the present 
NIS study, are plotted against density in Figure 3. The linear dependence, regardless of the temperature, 
indicates that temperature affects VD only insofar as it affects density. Hence, the application of Birch's law 
to extrapolate the Debye sound velocity of B2-FeSi to the conditions of the CMB region is validated. A least 
squares fitting of the combined room-T and high-T VD-data by the Birch's law, V = αρ + b, including statis-
tical weights, yields best-fit coefficients of α = 0.94 ± 0.16 and b = −1.97 ± 1.17. The compressional (VP) 
and shear (VS) wave velocities at the conditions of the CMB region were calculated using Equations 3–7, 
employing the Debye sound velocities predicted by the Birch's law and thermoelastic parameters derived 
from the thermal EoS reported in Table S3. The results are displayed in Figure 2 and Figure S8.

4.  Geophysical Implications
The shear wave velocities of B2-FeSi at the conditions of the D” are significantly lower compared to PREM 
and, within the errors, compare well with the lowest velocity limit (i.e., highest velocity reduction) observed 
for ULVZs (Figure 2). Moreover, we compare the sound velocities of B2-FeSi with those of other coexisting 
phases in lowermost mantle assemblages, that is, MgSiO3, CaSiO3 and (Mg0.8Fe0.2)O, extrapolated to D” 
conditions using the thermodynamic formalism of Stixrude and Lithgow-Bertelloni (2005) and the ther-
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Figure 2.  Velocities of B2-FeSi measured at high pressures and room temperature (rectangles), and at high pressures 
and temperatures (circles). Extrapolations of VS and VP of B2-FeSi to the P-T conditions of the D” layer are indicated 
by crosses. The VS and VP of the Preliminary Reference Earth Model (PREM) for lower mantle pressures and velocity 
decrements reported for ULVZs (see text for references) are shown for comparison.
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moelastic data reported in Table S4. Our results indicate that B2-FeSi displays the lowest velocities among 
them (Figure S9), implying that FeSi-bearing lower mantle assemblages would have lower seismic velocities 
compared to an average mantle mineralogy.

To evaluate the effect of B2-FeSi on the seismic structure of the CMB region and to constrain the amount 
required to account for the ULVZ seismological observations, we further computed the sound velocity of a 
mantle assemblage resulting from chemical reactions between iron metal from the core and lower-mantle 
mineral phases as a function of the B2-FeSi content (Equation 1). For the calculations, the lower mantle 
assemblage was modeled assuming a pyrolitic bulk composition containing 75 vol% (Mg, Fe)SiO3 bridg-
manite, 18 vol% of (MgFe)O ferropericlase, and 7 vol% of CaSiO3 Ca-perovskite (Irifune et al., 2010). It is 
important to notice that in such a core-mantle chemical reaction, the iron would not entirely be consumed 
to form FeSi, but rather incorporated in both FeSi and FeO as shown in Equation 1 (Knittle & Jeanloz, 1991). 
Further dissolution of FeSi in metallic iron is unlikely since the solubility of silicon in iron has been shown 
to decrease significantly to values below 1.5 wt.% at CMB conditions (Dubrovinsky et al.,  2003; Fischer 
et al., 2013; Kuwayama et al., 2009; Ozawa et al., 2016). Moreover, it is assumed that FeO would form a solid 
solution with periclase. Considering these assumptions, the core-mantle chemical reaction leading to the 
formation of FeSi at the D” region would take the form:

 



   
      

3 1 3 1

3 3 y 1

CaSiO Mg Fe SiO (Mg Fe )O 3(1 )Fe
CaSiO ( MgSiO ) (1 )FeSi 3(1 )FeO Mg Fe O

x x y y

y

x
x x x� (8)

We have tested the effect of silica on the elastic properties of the aggregate produced by the reaction (Equa-
tion 1) (Figure S10). SiO2 has only marginal effect on the aggregate velocities and only affects the density of 
the reaction assembly due to an increase of the initial Fe-content in (Mg, Fe)SiO3 required for the reaction. 
Therefore we decided to exclude SiO2 from the reaction (1) for simplicity. The presence of nickel alloying 
with iron in the reactive core melt has been neglected in the calculations because nickel will likely incor-
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Figure 3.  Debye sound velocities (VD) of B2-FeSi as a function of density. Black rectangles, 300 K; red rectangles, at the 
indicated high temperatures. The line is a weighted least squares fit of the room and high temperature data by Birch's 
law, V = αρ + b Values of B2-FeSi at the conditions of the core-mantle boundary, 136 GPa and 3950 K, are indicated for 
comparison.
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porate in B2-FeSi as a FeSi-NiSi solid solution (Lord et al., 2014) and the effect of nickel alloying on sound 
velocities of Fe phases is very small (Lin et al., 2003). Reaction (Equation 8) thus provides a reasonable 
first approximation to chemical interactions at the bottom of the mantle. The exact molar fractions of the 
starting components were then derived from the pyrolitic model described above using a linearization fit-
ting procedure. The maximum fraction of FeSi produced in the reaction is limited by the amount of (Mg, 
Fe)SiO3-reactant to 0.24 (Figure 4). Note that x and y are not independent parameters, but are related by 
the partitioning coefficient for iron in the (Mg, Fe)SiO3-(MgFe)O system. To account for iron partitioning 
between ferropericlase and bridgmanite, which is the stable structure of MgSiO3 at D” conditions (Tateno 
et al., 2009), a partitioning coefficient of /Pv Mw

DK  = 0.03 was assumed based on the laser heating DAC data 
at the CMB conditions reported by Piet et al. (2016). As a consequence, ferropericlase is assumed to have an 
iron content significantly above 50%, even without considering the additional FeO fraction produced by the 
core-mantle reaction (Equation 8).

Subsequently, the aggregate velocities of a five-phase assemblage comprising MgSiO3, CaSiO3, FeO, MgO, 
and FeSi were computed from Voigt (upper bound) and Reuss (lower bound) averaging of the aggregate 
elastic moduli of each phase at CMB condition, 136 GPa and 3950 K (Dziewonski & Anderson, 1981; Hilst 
et al., 2007). For the calculations, the thermoelastic parameters of FeO in the high-spin state were employed 
as there is no evidence for the effect of spin-crossover on the sound velocities and elasticity of Fe-rich 
(MgFe)O even at room temperature (Wicks et al., 2017). As for B2-FeSi, the absence of discontinuity on the 
compression curve (Sata et al., 2010) and own SMS and NFS results that display a smooth decrease of the 
center shift (CS) upon compression allow ruling out any spin-transition that could affect the elastic proper-
ties in the pressure range of interest (Figure S3). Extrapolations were performed using the thermodynamic 
formalism described by Stixrude and Lithgow-Bertelloni  (2005) and thermo-elastic parameters for each 
phase reported in Table S4. Densities were averaged using the Voigt bound. The aggregate sound velocities 
were then calculated from the averaged aggregate elastic moduli and density (Table S2) using Equations 9 
and 10.
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Figure 4.  Aggregate density (ρ), and Voigt-Reuss-Hill average for compressional (VP) and shear (VS) wave velocities 
of a mixture of MgSiO3, CaSiO3, (MgFe)O, and B2-FeSi at 3950 K and 136 GPa presented as a function of the volume 
fraction of B2-FeSi in the aggregate (see Equation 8). Ranges of observed density and VP and VS decrements of ultralow-
velocity zones (ULVZs) are shaded, respectively. The range of B2-FeSi proportion in the compound, for which both the 
aggregate velocities and density meet those of ULVZs, is indicated by the vertical dashed lines. The maximum volume 
fraction of B2-FeSi (0.24) in the mixture is limited by Equation 8.
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Figure 4 presents the aggregate density and Voigt-Reuss-Hill bound for both VP and VS of the core-mantle 
reaction assemblage as a function of the proportion of B2-FeSi. It can be seen that shear velocities of the ag-
gregate model match those of the ULVZs for nearly the whole compositional range allowed by the reaction 
(Equation 8), that is, a range of a volume fraction of FeSi, whereas compressional wave velocities are solely 
matched for contents between 1.5 and 15.0 vol% B2-FeSi. These findings indicate that core-mantle chemical 
exchange leading to formation of a mineral aggregate containing moderate amounts of B2-FeSi could well 
be the source of ULVZs at the CMB. Although the core-mantle reaction would occur uniformly across the 
CMB, it could be limited by the maximum high of capillarity rise above the CMB, which is estimated to 
20 m at most (Poirier et al., 1998). Viscous drag may thus be critical in explaining the heterogeneous spa-
tial distribution of reaction products as it would contribute to concentrate the reaction products at region 
of mantle upwelling. The higher density of the Fe-rich phases would however prevent their entrainment 
into mantle plumes and would rather pile up at the bottom of the mantle forming the ULVZ (Dobson & 
Brodholt, 2005). This mechanism could account for the non-ubiquitous presence of ULVZs and the strong 
variability on their velocity reduction observed seismically (Thorne & Garnero, 2004; Idehara et al., 2007). 
Tighter constraints on the amount of B2-FeSi are provided by the computed density changes. To account for 
ULVZs, the assemblage issued from the core-mantle reaction must have a higher density than the ambient 
mantle at the respective depth for the constrained range of B2-FeSi proportion that matches ULVZ veloci-
ties. Figure 4 shows that the density of the model assemblage in the compositional range of 1.5–15.0 vol% 
B2-FeSi allowed by the aggregate velocities is larger compared to the density of the ambient mantle (∼5.6 g/
cm3) and lower than the density of the outermost-core (∼10 g/cm3) immediately beneath the CMB. More-
over, the proportion can further be constrained by considering the density increase of 5%–20% observed in 
ULVZs compared to PREM. As inferred from Figure 4, the aggregate density matches that of ULVZs for an 
assemblage containing 1.8–8.4 vol% B2-FeSi. In conclusion, the findings herein indicate that even small 
amounts of B2-FeSi in a lower mantle assemblage would account for negative seismic velocity anomaly and 
enhanced density reported for ULVZ. Therefore, B2-structured FeSi has a fundamental role in explaining 
the origin of ULVZ and should be taken into account when modeling the structure and dynamics of the 
CMB region.
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