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ABSTRACT

The elasticity of FexMg;_xO was examined under lowermost mantle temperature and pressure conditions
using density functional theory (DFT). The addition of iron decreases the shear modulus of MgO but has
varying effects on the bulk modulus depending on the spin state of the iron. The spin state of iron in
FexMg;_x0 is dependent on pressure and temperature but also on the concentration of iron. At 136 GPa,
Fe in low concentrations (<25%) is nearly entirely low spin, while at very high concentrations (>75%) it
is nearly entirely in the high spin state. There is, as expected, a large decrease in seismic velocities with
iron substitution. However, the effect of Fe is greater at high-temperatures than at low-temperatures,
meaning it is difficult to extrapolate low-temperature experimental results. We cannot simultaneously
match the density and seismic velocities of ULVZs with Fe-enriched ferropericlase. This is reflected in
(dInVs/dInVp)rp, which in ULVZs is generally observed to be about 3, but does not exceed about 1.5
for Fe-enriched periclase. A mixture of ferropericlase and ferrous perovskite can cause Vs decreases of
up to 45%, which allows the range of ULVZ V), Vs and densities to be matched. We also find that
(dInVs/dInVp)rp increases up to as much as 3 but this value is strongly dependent on the bounds of
the mixing geometry. We conclude, therefore, that the properties of ULVZs can be readily explained by a

lower mantle with a single phase that is heavily enriched in Fe.
© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license

(http://creativecommons.org/licenses/by/4.0/).

1. Introduction

Ultra-Low Velocity Zones (ULVZ) are small regions in the lower-
most mantle with much lower velocity and higher density than the
surrounding mantle (Ap 5-15%, AVp 8-15%, AV 24-45%) (Jensen
et al.,, 2013; Rondenay et al., 2010; Thorne et al.,, 2013). A defining
value of ULVZs is that (dInVs/dInVp)rp is observed to be about 3
(Thorne et al., 2013), although values closer to 2 have also been
speculated (Hutko et al., 2009; Idehara et al., 2007). There are two
common explanations for ULVZs; one is that they are areas of par-
tial melt (Hernlund and Jellinek, 2010; Nomura et al., 2011) and
the other is that they are enriched in iron (Bower et al., 2011;
Dobson and Brodholt, 2005; Mao et al., 2006). The latter could
arise as the final product of crystallisation of a deep magma ocean
(Labrosse et al., 2007; Nomura et al., 2011; Thomas et al., 2012),
the incorporation of some iron from the core (Buffett et al., 2000;
Garnero and Jeanloz, 2000; Kanda and Stevenson, 2006; Manga and
Jeanloz, 1996; Mao et al., 2006; Petford et al., 2005), or from ultra-
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dense remains of past subduction (Dobson and Brodholt, 2005).
Both partial melts and iron-enrichment can strongly decrease seis-
mic velocities, but whether either is able to simultaneously match
the observed P and S anomalies, and the observation of about 10%
increase in density in ULVZs, is not yet clear.

The incorporation of iron acts to strongly increase the density
and reduce the velocities of the host phase, be it perovskite (bridg-
manite) (pv), ferro-periclase (fp) or a melt. To first order the den-
sity is increased and velocities reduced simply due to the inherent
high density of the iron atom relative to magnesium (Mg), but the
exact details depend on how Fe affects the bulk and shear modu-
lus. In a recent study (Muir and Brodholt, 2015), we used ab initio
methods to show that the incorporation of large amounts of fer-
rous iron into pv is unlikely to produce the reductions in Vp and Vs
and increases in density observed in ULVZs. This is because V|, and
Vs decrease by roughly similar amounts with Fe. Most of the recent
observations of ULVZs give a value for (dInVs/dInV;)rp of about 3,
while most experimental and theoretical studies of Fe-enriched
phases predict lower values of between 1 and 2 (Dorfman and
Duffy, 2014; Scanavino and Prencipe, 2013; Sinmyo et al.,, 2014;
Stackhouse et al., 2007).

0012-821X/© 2015 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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However, a recent study Wicks et al. (2010) concluded that
iron-enriched fp rather than iron-enriched pv may be able to
match ULVZ properties. This is based on their experiments at high-
pressure which showed that iron affected the velocities of fp much
more than expected. When making corrections for temperature,
Wicks et al. (2010) found that Vj, Vs and density of ULVZs could
all be matched with ~84% iron Fe enrichment in the fp when
mixed with 88% vol percent pv. These experiments, however, were
performed at room temperature and, as we show here, tempera-
ture has a number of important effects; not only will it decrease
the bulk and shear moduli but it also changes the proportion of
high and low spin Fe which further affects the elasticity of fer-
ropericlase.

There have been a number of other studies attempting to
characterise the effect of large concentrations of iron in fp. For
instance, the variation in the bulk modulus (K) of fp with Fe
content (dK/dFe) has been surveyed for a wide range of stud-
ies (Scanavino and Prencipe, 2013). Theoretical results under am-
bient conditions and for Fe concentrations less than about 50%
(Scanavino and Prencipe, 2013; Wu et al., 2013) show an increase
of ~0.1 (GPa/Fe%) in K and a similar decrease in the shear mod-
ulus (G). They also found that the effect of Fe on the moduli in-
creased with increasing pressure. For more strongly enriched iron
concentrations there is a negligible difference in K compared to
MgO (Isaak and Moser, 2013), but a possible large decrease in G
(Lu et al., 2005; Scanavino et al., 2012). The increase in density as-
sociated with the incorporation of iron causes large decreases in
seismic velocities, with dVs/dFe ~—0.03 kms~!/%Fe and dVp/dFe
~—0.04 kms~!/%Fe at ambient conditions (Chen et al., 2012;
Jacobsen et al., 2002; Reichmann et al., 2000; Sinmyo et al., 2014;
Wicks et al.,, 2010; Wu et al., 2013). Again, increased pressure
seems to increase the magnitude of these derivatives slightly
(Sinmyo et al., 2014).

To complicate matters, fp undergoes a spin transition from high
spin (S = 2) to low spin (S = 0) with increasing pressure. In-
termediate spin states are only metastable and thus should not
be overwhelmingly present (Larico et al., 2013). For low amounts
of iron (<20%) the spin transition is concentration independent,
occurring between 40-60 GPa at ambient temperatures and ris-
ing to 70-125 GPa for mid-mantle temperatures (2200-2400 K)
(Lin et al, 2013). Larger concentrations of iron act to increase
spin transition pressures (Lin et al., 2007a; Persson et al., 2006;
Speziale et al, 2005). Temperature acts to broaden the spin-
crossover region and moves it to higher pressures, and this region
can be theoretically treated as an ideal mixture of low and high
spin states (Lin et al., 2007b; Wentzcovitch et al., 2009; Wu et al,,
2009, 2013). The low spin state has a density 1-5% larger than the
high spin state and a K that is 1-4% larger (Lin et al., 2013; Wu et
al,, 2013). Within the spin-transition region K and V,, decrease by
as much 50%, but this becomes less pronounced and more spread
out with temperature (Lin et al., 2013; Wentzcovitch et al., 2009;
Wu et al., 2013; Wu and Wentzcovitch, 2014). G and p remain es-
sentially unaffected by the spin transition.

In this paper we examined the full range of iron substitution
from MgO to FeO at the pressure and temperature of the base of
the mantle. In this way we can elucidate how well low pressure
and low temperature trends hold up in predicting lower mantle
properties.

2. Methods

All simulations were carried out with the DFT code VASP
(Kresse and Furthmuller, 1996) using the projector-augmented-
wave (PAW) method (Kresse and Joubert, 1999) and the PBE for-
mulation of GGA corrected for solids (Perdew et al., 2008). The
core radii of the PAW spheres are O 0.80 A (2s22p*), Mg 1.06 A

(2p83s2), Fe 1.22 A (3d74s'). 14 electron Fe potentials were also
tested and the results are similar. Hubbard U parameters were set
to 3 eV.

For MgyFe;_xO we studied the elasticity of structures with x =
0, 0.25, 0.5, 0.75 and 1. For intermediate iron concentrations, iron
atoms were placed at maximum separation which was found to
be the most stable configuration at 0 K and 136 GPa. Alternate
arrangements of iron were tested and were found to be less stable
and with increases in V, of <614 m/s and Vs < 232 m/s.

Both static and high temperature molecular dynamics (MD)
runs were performed. All runs were performed with a cubic 64
atom unit cell (2a* 2b * 2c). Static runs were calculated at 4 x 4 x
4 k points and MD runs were calculated at the gamma point. To
ensure k point sufficiency we tested larger k point meshes for both
unstrained and strained unit cells and found no significant differ-
ence in output stresses or in atom vibrations for dynamic runs.
Static runs had an energy cutoff of 850 eV and self-consistent runs
were relaxed to within 1076 eV. MD runs had cutoffs of 650 eV
and 10~* eV. MD trajectories were performed in the NVT ensem-
ble using the Nosé thermostat (Nose, 1984) for 6-10 ps (10 ps for
undeformed states, 6 ps for strained states). Nosé frequencies were
~20 THz.

Isothermal elastic constants were calculated by applying four
strain magnitudes (£0.02 and +0.01) to one axial and one triclinic
strain. The calculation of adiabatic elastic constants and uncer-
tainties is the same as in Muir and Brodholt (2015). To calculate
properties of ferropericlase with Fe in the high spin state we fixed
the overall spin to the ferromagnetic value, and for low spin states
we used a non-spin polarised calculation. We also ran some spin-
polarised simulations without fixing of any spin states. These are
not likely to represent the true spin-state of fp at those P and
T conditions since the runs do not include the magnetic or vi-
brational entropy within the electronic inner loop, but they do
provide information on the properties of fp with that particular
set of spins. All reported ferropericlase results are on B1 structures,
the free energy of IB8 and NB8 hexagonal structures was calculated
and at the lower mantle conditions of 136 GPa and 2000-4000 K
the B1 structure was more stable for all iron concentrations.

For all systems studied elasticities were calculated at 136 GPa
and 2000 K, 3000 K, 4000 K and static conditions for high, low and
unfixed spin systems. Spin transition enthalpies were calculated in
static conditions at 0, 30, 60, 90, 136 and 150 GPa. The entropy
of spin transition was calculated at 60, 90, 136 and 150 GPa and
2000 and 4000 K.

In order to calculate the concentration of high and low spin
iron under any P&T condition, we used:

1

1+ exp(SH)

ns(P, T) = (1)

where nis is the proportion of states in the low spin state, AG
is the free energy difference (including magnetic, vibrational and
electronic entropy) between a unit cell of low spin and high spin
fp and nge is the number of iron atoms per unit cell (Wentzcovitch
et al., 2009). Electronic entropy is determined directly from VASP.
The vibrational entropy is determined using thermodynamic inte-
gration with the blue-moon algorithm in VASP (Bucko, 2008) along
5 image paths and with constraints placed on the Fe-O and Fe-Fe
bond lengths of a random iron. Magnetic entropy was determined
using Eq. (2):

Smag =In(p +1) x R x npe (2)

where R is the gas constant and w is the average absolute mag-
netic moment of an individual iron atom determined from VASP.
Note that this does not contain a term for magnetic degeneracy
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Table 1

Spin transition pressure as a function of iron content (FeyMg;_,0) (in GPa) at 0 K and entropy and Clasius-Clapyeron slopes of FeO at 4000 K. Lower iron concentrations had
proportionality lower entropies but also proportionally smaller spin transition volume changes and so the Clausius-Clapeyron slope was independent of iron concentration.
The data from Speziale et al. (2005) are from Mdossbauer spectroscopy at 10 K and have errors of 10 GPa.

Spin transition Svib Selec —AS/AV
(GPa) (meV/KFeatom) (meV/KFeatom) (meV/KFeatom) (GPa/K)
Iron content X=0.25 0.5 1 1 1 1
Speziale et al. (2005) 44 60 92
FexMg;_xO 34 66 93 -0.12 -0.015 —0.0075 0.016
. . . . . 1.004 FegasMgy 750
since that is already contained in the electronic entropy. To con- 2000 K
vert from magnetic moment to spin (S;) we used a conversion 0.90+ o
factor determined by setting a 0 GPa FeO structure (& = 3.70 per 0.80 ’,’
il'OIl) to S=2. 0.704 ’I
Following Wentzcovitch et al. (2009) the volume of the mixed 0607
spin unit cell is determined by Eq. (3): 2 050
< 501 FegsMgo 50
V() =nisVis(P, T) + (1 = nis)Vies(P, T) 3) 0401 400K/
0.30
where V is the volume of the various spin states. The moduli at 0.20.
any particular temperature are then determined by Eq. (4): ’
0.104
V (n) Vis Vhs ongs 0.00 ‘ ; ; ‘ ‘ |
K (n) :nK_Ls +d=m Kus (Vis = Vis) aP |, (4) 60 75 90 105 120 135 150

(Wu and Wentzcovitch, 2014). A similar expression is used for G,
but in this case the final term is O.

The moduli of single phase systems were determined via
the Reuss (R), Voigt (V) and Voigt-Reuss-Hill (VRH) averaging
schemes. The elastic properties of the polyphase systems were ob-
tained using the Hashin-Shtrikman bounding method (HS) (Davies,
1974).

3. Results
3.1. Spin states

Table 1 lists the spin transition pressure of FeyMgqi_xO struc-
tures at 0 K and their Clausius-Clapyeron slopes. At 0 K the
enthalpy change of the spin transition is quite small and so at
136 GPa, FeO is most stable in a random mixed spin state with
nis of 0.2. At elevated temperature all spins are found to be para-
magnetic. A large increase in magnetic entropy (and somewhat the
vibrational entropy) stabilises the high spin state at high temper-
ature and increases the spin transition pressure. The average spin
of each iron atom decreases with temperature from S = 1.82 at
0 K to 1.43 in pure FeO at 4000 K. In Feg5Mgo50 the average spin
becomes 1.28. These values are between a high (S =2) and an in-
termediate spin (S = 1). No distortion in iron sites was seen upon
heating and thus this decrease is likely due to thermal broadening
effects, rather than a true intermediate state.

To calculate the effect of temperature on the proportion of high
and low spins, we treated a mixture of them as an ideal-solid
solution using Eq. (1). The results are shown in Fig. 1. For low
iron concentrations (<25%) we find that iron should be almost
entirely low spin in the very deepest mantle (136 GPa) at all tem-
peratures, with only a slight decrease in nis to 0.98 at 4000 K.
A slightly larger decrease in nis of 0.1-0.2 between 3000 and 4000
K for these iron concentrations has been seen theoretically in other
studies due to the difference in QHA and thermodynamic inte-
gration methods (Fukui et al., 2012; Wentzcovitch et al., 2009;
Wu et al,, 2009). At higher concentrations of iron, temperature
affects the proportion of low spin to high spin more. For com-
pleteness it is worth pointing out that unfixed spin calculations
predict Fega5Mgo750 to be entirely low spin up to 4000 K and
Feg5Mgo 50, Feg75Mgoa5 and FeO to be entirely high spin up to
4000 K.

Pressure (GPa)

Fig. 1. Proportion of iron in the low spin state (nis) as a function of pressure and
temperature for FeO (solid lines). Feg25Mgp750 and FepsMgo50 at 4000 K are also
shown as dotted and dashed lines respectively.
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Fig. 2. Graph of VRH shear and bulk modulus (adiabatic) of FexMg;_»0 as a func-
tion of iron concentration, temperature and spin (dashed lines = high spin, dotted
line = low spin, solid lines = spin corrected) at 136 GPa. Spin correction cannot be
performed at 0 K so the spin correction is simply a spin unfixed run. Values at
x =0, 0.25, 0.5, 0.75 and 1 were computed by VASP and trends in K, G, enthalpy,
entropy, nis and dn;s/dp were then calculated from these values for intermediate
iron concentrations using equations given in the text. Statistical error is <1.5% for
all thermal samples.

3.2. Elasticity

The elasticity of FeyxMgq_xO is shown in Figs. 2-5 and selected
values are tabulated in Table 2.
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Table 2

Bulk and shear moduli (VRH averaged) for high spin (HS) and low spin (LS) states for various iron concentrations and the derivatives of the moduli with iron concentration
at 136 GPa. Results given are at 0 and 4000 K. In the derivatives, X represents either K or G. The statistical error for 4000 K results is calculated to be <1.5%.

K (adiabatic) G

0K 4000 K 0K 4000 K

HS LS HS LS HS LS HS LS
MgO (GPa) 647 647 566 566 319 319 249 249
Fep25Mgo.750 638 659 561 594 265 274 195 210
Feg5Mgo50 613 672 543 626 215 260 140 163
Feo75Mg0.250 594 678 523 643 168 218 88 109
FeO 568 683 494 656 120 183 36 67
dX/dFe (GPa/K) —0.82 0.35 —0.75 0.90 —1.98 -1.31 —-2.13 —-1.84
dX/dT (FeO) —0.019 —0.010 —0.021 —0.029
dX/dT (MgO) —0.020 —0.020 —0.018 —0.018
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Fig. 3. The variation in adiabatic elastic constants of FeyyMg;_xO with varying iron
content for high- and low-spin states at 0 K (solid lines) and 4000 K (dashed lines)
and 136 GPa. The statistical error for each constant at 4000 K is <1.5%.

Firstly we examine the effect of iron on the elasticity of the
end-member high and low spin states. At 0 GPa we find that iron
has a negligible or very small effect on both the bulk and shear
moduli (dK/dFe% =0 and dG/dFe% = —0.16), but at 136 GPa iron
has a far more significant effect on the moduli which is dependent
on the iron spin state and the temperature (Table 2). As expected,
G decreases with iron content and with temperature, regardless of
the spin state. Interestingly, K decreases with iron content for the
high spin state, but increases with iron content for the low spin
state. At a fixed spin state temperature decreases K as expected
but since temperature also affects the proportion of high-low spin,
the real effect of temperature on K shows some interesting be-
haviour, as discussed below. The variable modulus changes seen in
some experiments (Scanavino and Prencipe, 2013) could thus be
reflective of differing iron spin states. The elasticity of calculations
with no spin fixing (spin unfixed) are virtually identical to those
of the relevant spin fixed sample.

The effect of spin state on K at 136 GPa is reflected in the in-
dividual elastic constants (Fig. 3). The addition of iron decreases
C11 and C44 but increases C12. dG/dFe is larger for high spin iron
because C44 is affected more by high spin iron than by low spin
iron. dK/dFe is negative for high spin iron since C11 is more af-
fected than C12 by high spin iron whereas the opposite occurs for
low spin iron leading to a positive dK/dFe. These effects may be ex-
plained by the arrangement of the d-electrons between the Fe-O
bonds. Octahedral crystal field splitting predicts the higher energy
eg orbitals (d; and dyz-y2) to lie along the Fe-O bonds and the
lower energy tyg orbitals (dyy, d;x and d;y) to lie between them.
High spin iron should have more electrons in eg orbitals than low
spin iron and thus should resist Fe-O bond shortening and, there-
fore, compression more than low spin iron. It’s not quite so obvious
whether an analogous explanation can be used to understand why
low-spin Fe resists shear more than high-spin Fe.

We then obtained the elasticity for mixed spin state (Mg, Fe)O
using the spin values in Fig. 1 and Eq. (3). This requires us to find
dnis/dP, which we obtained by calculating n;s at each temperature
for 60, 90, 136 and 150 GPa, fitting to a second-order polynomial
and then taking the pressure derivative. As can be seen in Fig. 2,
the bulk moduli for the mixed spin-states are very different from
that of the end member high- and low-spin states, and become
particularly pronounced at high concentrations of Fe. For instance
in FeO at 2000 K, the bulk modulus is about half that of the av-
erage of the high- and low-spin states. This can be understood by
considering the slopes of nis as a function of pressure and tem-
perature in Fig. 1. The proportion of high to low spin states is not
changed by shear strain (Wu and Wentzcovitch, 2014) and so G
merely represents an average of the high and low spin values.

The elastic anisotropy was also examined (Fig. 4). FeO and MgO
have a similar pattern of anisotropy at 0 and 4000 K, with only
a slight increase in absolute anisotropy in FeO. Low spin iron has
higher absolute anisotropy than high spin iron.

Fig. 5 plots (Mg, Fe)O velocities as function of density for three
different temperatures at 136 GPa. The density at a particular tem-
perature is, therefore, controlled entirely by the concentration of
Fe and its spin state. As expected, velocities decrease considerably
with iron concentration due to the increased density of the Fe iron
relative to Mg, and due to the softening of K and G. Vs decreases
reasonably smoothly with density, whereas V, shows a more com-
plicated pattern, reflecting the strong effect of K on pressure as
shown in Fig. 2.

Fig. 5 shows the VRH average of velocity as well as the V and
R bounds. At high temperatures (4000 K) the shear modulus of
FeO is only 1/5 that of MgO (Fig. 2) and thus small differences
in G (<20 GPa) due to different averaging schemes causes large
differences in the Vs Nevertheless, even the lowest bound (Reuss)
Vs is still too high for ULVZs.

At 0 GPa our calculated velocities match pure FeO (Isaak and
Moser, 2013) and MgO experimental values (Kono et al., 2010),
while our velocities as a function of iron content match the ex-
perimental slopes found in Jacobsen et al. (2002). At this pressure
the VRH, R and V bounds are all similar enough to fit the exper-
imental data. At 136 GPa our results do not compare to those of
highly enriched iron found in Wicks et al. (2010). At 0 GPa and 0 K
and 85% Fe, we obtain Vj and Vs of 6.6 and 2.6 km/s respectively,
which compare well with ambient condition Vp and Vs of 6.8 and
2.8 km/s of Wicks et al. (2010). At 136 GPa and 300 K, however,
we obtain Vp of 10.1 and Vs of 4.8 km/s compared to a Vj, of 7.5
and a Vs of 3.8 for Wicks et al. (2010). It is unclear why there
is so much difference between our results and the high-pressure
velocities of Wicks et al. (2010). We note, however, that the veloc-
ities of Wicks et al. (2010) seem to be remarkably insensitive to
pressure, in particular V, which only increase from 6.8 to 7.5 km/s
over a pressure range of 136 GPa which may be due to the tran-
sition to a hexagonal structure above ~80 GPa which would not
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Fig. 4. Anistropy of 4000 K and 136 GPa FeO (spin unfixed) and MgO structures. The anisotropy is remarkably similar between the two compositions. V|, diagrams show the
V;, speed in every direction whereas Vs diagrams show the shear wave splitting (Vs;-Vsz dVs) in every direction.
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Fig.5. V}, and V; of FexMg;_xO as a function of density (by varying iron) at 2000 K,
3000 K and 4000 K and at 136 GPa. The moduli were calculated at x =0, 0.25, 0.5,
0.75 and 1 and then interpolated between these points as in Fig. 2. Black squares are
the expected ULVZ values (Ap 5-15%, AVs 8-16%, AV, 25-45% from PREM). Solid
lines are VRH averages, red dotted lines are the V and R bounds at 4000 K. Error
bars are statistical errors which are <1.5%. (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

be stable at lower mantle temperatures (Ozawa et al., 2010). It has
also been observed that NIS measurements of sound velocities on
solid solutions differ from those measured with ultra-sonic meth-
ods (Sinmyo et al., 2014). This leads to the suggestion that the NIS
sound-velocity measurements of Wicks et al. (2010) may be af-
fected by the element-specific nature of the NIS technique (Sinmyo
et al,, 2014). We find the effect of pressure on the velocities of FeO
to be similar to that of MgO (Oganov and Dorogokupets, 2003) and
MgO with moderate amounts of Fe (Wu et al., 2013).

3.3. Implications for ULVZs

Fig. 5 compares expected ULVZ velocities at the appropriate
density with velocities of Fe bearing MgO compositions. The ULVZ
values are obtained by adjusting PREM values at the CMB by the
range of values generally reported for ULVZs. That is, V), is reduced
by 8% to 16% from PREM, V; is reduced by 25% to 45% and den-
sity is increased by 5 to 15%. As can be seen in Fig. 5, we find that
highly iron enriched MgO is able to match V, and density of UL-
VZs, but that Vs is not reduced enough. This is reflected in a com-
positionally dependent (dInVs/dInVp)rp of 1.3-1.5 at PREM + 10%
density, which is far lower than that the value of 3 generally ob-
served in ULVZs. Slightly different values for (dlnVs/dInVp)rp can
be obtained if we use a different temperature for the CMB but they
are still far lower than those of ULVZs.

The conclusion that a highly Fe enriched MgO is not able to
match all the properties of ULVZs is similar to the conclusion
of Muir and Brodholt (2015) for Fe-enriched perovskite. In both
phases, the reduction in Vs would require very high Fe concentra-
tions (~100%) and thus would result in unreasonably high den-
sities. However, we have not yet considered both phases simulta-
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Fig. 6. Graph showing the velocities of various two phase mixtures of FexMgj_xO
and FeyMg;_SiOs3. Different volume fractions of the two phases (expressed as the
pv volume%: fp volume%) are represented by different colours. The x/(x + y) ratio
(where x+ y =1) is varied from 0 (all iron in pv) to 1 (all iron in fp) and is given
on the x-axis. x and y (the total amount of Fe in the system) are then set at each
volume fraction and x/(x + y) ratio so that the density is equal to PREM + 10%. The
moduli are calculated with VRH bounds and the mixing bounds are HS. All volume
fractions, therefore, have two bounds but these are only visible for some volume
fractions (74 : 26 and 70 : 30 for instance). (For interpretation of the references to
color in this figure legend, the reader is referred to the web version of this article.)

neously. In order to do this there are three variables that can be
adjusted: 1) the ratio of fp to pv, 2) the total amount of iron in
the system, and 3) the partitioning of this iron between pv and fp.
There are also two main sources of bounding error - firstly the in-
dividual pv and fp moduli have a value that is between the V and
the R bounds and secondly a two phase mixture with unknown
mixing geometry has HS bounds. If highly enriched fp is present
the HS bounds are very large due to the very low G of FeO relative
to perovskite.

Figs. 6 and 7 show the effect of iron partitioning on the prop-
erties of a two phase fp-pv system. The total amount of iron was
fixed such that the density of the system matches the ULVZ den-
sity of PREM + 10%. The greatest reduction in velocities occurs
when one phase or the other becomes strongly enriched in Fe,
and so the lowest velocities for any particular mixture of phases
is always achieved when 100% of the Fe is in the volumetrically
smallest phase. The maximum iron enrichment is, however, re-
stricted by the requirement to match ULVZ densities. For instance,
with mantle-like phase proportions of 80% pv + 20% fp, only slight
reductions in velocity occur if Fe is incorporated predominantly in
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Fig. 7. Same as Fig. 6 but using Reuss averaging for the individual phases. (For in-
terpretation of the references to color in this figure legend, the reader is referred to
the web version of this article.)

perovskite. Stronger velocity reductions begin when Fe becomes
more enriched in fp than pv but in this case the density increases
beyond that of ULVZs (which is why the light blue line in Figs. 6
and 7 is truncated when the proportion of Fe in fp exceeds about
0.6). Alternatively, for a phase proportion of 20% pv + 80% fp, sig-
nificant reductions in velocities only begin when most of the Fe is
partitioned into the volumetrically minor phase pv but when pv
becomes too enriched in Fe (above about 70%) the density again
exceeds that of ULVZs. This is indicated in the figures by the trun-
cation of the orange line at low values of Fe in pv.

The strongest reductions in velocities which satisfy the mid-
point of the ULVZ density range are obtained for a phase propor-
tion 74% pv + 26% fp and where all the Fe is partitioned into
fp. This corresponds to a mixture of pure FeO and MgSiOs. In
this case, Vs drops by 25% to 43% depending upon the partic-
ular averaging scheme. As discussed earlier, (dlnVs/dInVp)rp for
the individual phases is much smaller than the value of 3 ob-
served in ULVZs but a much larger value can be obtained for a
polyphase mixture of pv and fp with the exact value again de-
pending on the particular averaging scheme used. For instance,
using the Reuss averaged moduli (dlnVs/dInVp)rp for the individ-
ual phases and the HS bounds for the polyphase, (dln Vs/dInVp)rp
can reach a maximum of 3.0. This increase is mostly due to the
large range of possible velocities inside the HS bounds, however,
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Fig. 8. Contour plot of the deviation from the middle of ULVZ property range for
a two phase FeyMg;_xO and FeyyMg;_,SiO3 mixture. o is defined in Eq. (5) and
is calculated for Vj,, Vs and p and the reported o is the highest of these three at
any point. All solutions with o <1 have V;,, Vs and p that are within the range
of ULVZs. The top figure (a) demonstrates the relationship between x and the fp:pv
ratio and the lower figure (b) between y and the fp:pv ratio. The “best” solution of
ULVZ properties is given by the square with o = 0.38. Another local “best” solution
with o = 0.69 is also indicated. Values were constructed with Reuss bounds and
the best fitting values within the HS bounds were chosen at each point. VRH and V
bounds give worse fits. Solid lines are lower bounds, dashed lines are upper bounds
for each o value and for A most upper bounds would be above 1.

and the (dInVs/dInVp)rp value taken from the middle of the HS
bounds reaches a maximum of 2.1.

To further extend the comparison with ULVZs, we search for
all two-phase mixtures of ferropericlase and perovskite that simul-
taneously produce Vp, Vs and density within the range of ULVZ
values. For this we use the Reuss bounds as these produce the
lowest velocities (Figs. 6 and 7). Fig. 8 shows the result of the
search. All solutions above the solid line (0 = 1) and below the
black dashed lines (only seen in Fig. 8b) fit all three ULVZ proper-
ties. Solutions outside this have at least one property outside the
ULVZ range. As can be seen, there is a large range of ratios of fp
to pv which are able to fit all three ULVZ observables. In order to
give an indication of how well inside the range of ULVZ properties
a particular solution lies, we have contoured the results in terms of
o as a measure of deviation from the middle of the ULVZ range. To
do this we assume that ULVZs properties range from Ap =5-15%,
AVp =8-15% and AVs = 24-45% from the average PREM values.
We then take the middle value of those ranges as the most likely
ULVZ value (Ap =10%, AV, =13.5% and AV =34.5%) and half
the range as an uncertainty (o (Ap) = £5%, 0 (AV,) = £3.5%) and
0 (AVs) = £10.5%). We then calculate the miss-fit of any possible
ULVZ compositions from those middle values via Eq. (5):

o2 — (A Pmodel — Apuvz)?

(ApuLvz)?

with an equivalent expression for V, and Vs. In Fig. 8 we con-
tour the maximum o of all three variables. A ¢ =0 would mean

(5)

that a solution produces Vp, Vs and density which match the ex-
act middle of the ULVZ range. A o > 1 would mean that at least
one property is outside the ULVZ range. We realise that this is not
a true measure of uncertainty or error, but it gives some indication
of how securely a solution falls within the ULVZ range.

We can see in Fig. 8 that there is one “best” solution with o =
0.38. This is approximately 0.85(Fep29Mgg71Si03) + 0.15(FeO).
There is another local best solution (0 = 0.69) where most iron
partitions into pv and very little into fp. The “best” solution makes
some sense in that strong partitioning of iron into ferropericlase is
supported by experiments.

The partitioning of iron between ferropericlase and perovskite
is affected by multiple factors. Increasing the total amount of iron
or decreasing the pressure both act to decrease Kp (where Kp
is the exchange coefficient and a low Kp indicates iron being
partitioned into the fp phase), while increasing temperature in-
creases Kp (Nakajima et al., 2012; Narygina et al., 2011; Sinmyo
et al., 2008, 2011). Successive spin state transitions in ferroperi-
clase and perovskite can cause Kp to decrease and then increase
(Auzende et al., 2008; Irifune et al., 2010; Nakajima et al., 2012;
Prescher et al., 2014; Sakai et al., 2009), and the presence of fer-
ric iron, which in turn depends upon oxygen fugacity and the
presence of aluminium, can cause an increase in Kp through its
own spin transition (Nakajima et al., 2012; Prescher et al., 2014;
Sinmyo and Hirose, 2013). In addition the conversion of perovskite
to post-perovskite (Hirose, 2013) may decrease the concentra-
tion of iron in ferro-periclase (Auzende et al, 2008). In broad
terms, however, while pyrolitic systems at lower mantle pressures
and temperatures have a Kp of ~0.4-0.9 (Irifune et al., 2010;
Prescher et al.,, 2014; Sinmyo and Hirose, 2013), a mantle heav-
ily enriched in ferrous iron would be expected to have a Kp of
<0.1 (Nakajima et al., 2012). If ULVZs do have very high iron
contents this would result in the strong partitioning of iron into
ferro-periclase required to produce the observed ULVZs velocities
and densities. The other local “best” solution has far too much Fe
in perovskite relative to ferropericlase and we judge that to be an
unlikely solution to ULVZs.

A considerable portion of the iron in the lower mantle can exist
as ferric iron (Frost et al., 2004). Ferric iron in the A-site of pv will
decrease both density and K (Catalli et al., 2010, 2011; Glazyrin et
al., 2014). Lower densities will make it easier to fit ULVZ properties
with a Fe-enriched mantle as it allows higher iron concentrations
at ULVZ densities. On the other hand a lower K will impair fit-
ting to ULVZ values as Vs : V, ratios will decrease further. These
effects are small (~1%) and compensatory and will probably not
overly affect fitting to ULVZs. On the other hand, ferric iron in the
B site (either in Al-free pv or with an exchange between A-site
Fe and B-site Al) has much larger effects due to its spin transi-
tion at ~70 GPa (Catalli et al., 2010, 2011; Hsu et al., 2011). This
spin transition increases kp, as stated above, which will decrease
the likelihood of highly enriched fp forming but it also increases
K (which aids fitting to ULVZ properties) and density (which im-
pairs fitting to ULVZ properties) on the order of <10% (Catalli et
al., 2010, 2011). A playoff between these different effects means
that the presence of ferric iron is likely to shift but not remove the
possibility of fitting to ULVZs, but full calculation of the properties
of ferric-bearing pv at lower mantle conditions is required to know
the exact effect.

4. Conclusions

We find a strong decrease in seismic velocity upon addition
of iron to MgO due to both the increased density and the de-
creased moduli. The effect of Fe increases with temperature due
to the higher temperature dependence of the shear and bulk mod-
uli of FeO relative to MgO. The bulk modulus is more sensitive
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to the spin states of iron than the shear modulus which there-
fore affects V, more than Vs. Above 25% Fe there is a significant
discontinuity in K and V. We find that at ULVZ conditions shear
wave velocities of FeO can become as low as 2.2 km/s. The highest
value we can obtain for (dInVs/dInVp)rp is 1.9 but that is for very
high Fe contents which would increase the density above that ob-
served in ULVZs. At ULVZ densities the highest value we obtain for
(dInVs/dInVp)rp is 1.5, making it hard to reconcile ULVZ observa-
tions with just (Mg, Fe)O.

While the shear velocities are too high in a single phase
FexMgi_xO system, we find that a mixture of perovskite and fer-
ropericlase is able to simultaneously fit all measured ULVZ proper-
ties. In particular, small amounts of highly Fe-enriched periclase
drop the shear velocities to well within the ULVZ range allow-
ing appropriate Vs and Vj, velocities at ULVZ densities. The choice
of averaging for the moduli has a significant effect on mixing
velocities, with Reuss and VRH averaging providing Vs values in
the range of ULVZs. In addition the very low shear modulus of
highly iron-enriched ferropericlase leads to large velocity bounds
in polyphase systems. We also find that (dInVs/dInVp)rp is signif-
icantly higher for the two-phase systems than for a single phase,
and the highest possible value matches the expected ULVZ value
of 3. We conclude, therefore, that a Fe-enriched lower mantle com-
position is able to explain the properties of ULVZs.
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