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Abstract

Calcium silicate perovskite and bridgmanite are two phases which coexist in the lower mantle but at
some temperature will dissolve into each other to form a single phase. In this work we use DFT to
calculate the temperature at which this occurs at 3 pressures- 25, 75 and 125 GPa. At these three
pressures we find solubility of Ca in Mg of 0.41/0.52/0.92 % at 2000 K and 0.72/1.07/3.30 % at 2500
K and of Mg in Ca of 0.18/0.13/0.06 % and 0.37/0.43/0.65 % for the pure MgSiOs-CaSiO; system. We
thus conclude that in the absence of other elements pyrolytic compositions of bridgmanite and
Calcium silicate perovskite do not mix in the lower mantle but could mix near the bottom (~90 GPa)
of hotter mantle patches such as potentially in LLSVPs.

We build a simple model to test the effects of other elements and find that a large concentration (>~1
atomic%) is needed of any element before miscibility is strongly affected. Of the elements likely to be
present in these kinds of concentrations ferrous iron increases miscibility while aluminium decreases
it and ferric iron can increase or decrease it. With expected Fe and Al compositions pyrolite mixes at
around ~90 GPa along a lower mantle geotherm but will remain unmixed if the Fe partitions largely to
ferropericlase. Harzburgitic compositions are predicted to mix throughout the lower mantle with
sufficient iron while basaltic compositions are predicted to remain unmixed at both geotherm and slab
temperatures. We suggest therefore that phase mixing of Calcium silicate perovskite and bridgmanite

is likely to be important in deeper, hotter and more iron enriched parts of the lower mantle.
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Using static (~0 K) calculations we also predict that phase mixing of the perovskites will have strong
seismic effects. For a pyrolytic mixture these are a small decrease in density (-0.14-0.25%), a
significant decrease (-1.5-3.5%) in Vs, a small decrease in V, (-0.5-1.2%) and a small increase in bulk
sound (+0.00-0.75%). These seismic changes, while preliminary, are similar to those seen in LLSVPs

which are also regions that are hotter and thus promote the formation of a single phase.

1. Introduction:

At depths of around 600-700 km perovskite (ABOs) solutions will predominate in both ultra-mafic and
mafic lithologies and control their physical attributes (Irifune and Ringwood, 1993, O' Neill and Jeanloz,
1990, Ono et al., 2004). In the lower mantle the two perovskite phases are CaSiO; (ca-pv) and MgSiOs;
(bdg). While work has been done to elucidate the seismic behaviour of both bdg (Ballaran et al., 2012)
and ca-pv (Thomson et al., 2019) in order to understand their behaviour and effect on the lower
mantle, these phases will not always exist as separate phases. With the same chemical formula Ca
can replace Mg in bdg and Mg can replace Ca in Ca-pv and at sufficiently high temperatures the two
phases will mix into a single phase. As this phase will have different seismic properties from a
mechanical mixture of the individual phases it is essential to establish whether this two-phase
chemical mixing is possible in lower mantle conditions.

The solubility of Ca into bdg and Mg into Ca-pv has been studied experimentally and it has generally
been found that there is only a small solubility of these phases into each other at lower mantle
conditions (Irifune et al., 2000, Irifune et al., 1989, Tamai and Yagi, 1989, Vitos et al., 2006, Jung and
Schmidt, 2011, Fujino et al., 2004, Armstrong et al., 2012). This small solubility has been argued to
derive from the large difference in size between Mg?* and Ca% which impairs miscibility (Kesson et al.,
1995, Vitos et al., 2006, Jung and Schmidt, 2011). At 25 GPa and ~2000 K Irifune et al. (2000) found
that around 1-1.5% Ca-pv could dissolve in bridgmanite and 2.1-3.2% bdg in Ca-pv while at 30 GPa and
2000-2300 K Fujino et al. (2004) found around 1% and 4% respectively. In Armstrong et al. (2012) it

was found that up to 46 GPa and 2000 K only 5% Ca could be dissolved into bdg whereas for Mg in Ca-



pv solubility was found be less than 5% at 30 GPa but over 10% at 55 GPa and 2000 K. Theoretically
Jung and Schmidt (2011) found the solubility of Ca in bdg to be ~0.5 % and that the solubility of Mg in
Ca-pv was much lower at 2000 K and 25 GPa while Vitos et al. (2006) found this solubility to be around
an order of magnitude higher. In both theoretical papers solubility decreased with pressure in
contrast to experimental results (Armstrong et al., 2012, Fujino et al., 2004) which find that solubility
increases strongly with pressure. In both theoretical and experimental cases solubility increases
markedly with temperature.

From the studies of Irifune et al. (2000), Fujino et al. (2004) and Armstrong et al. (2012) it is clear that
at the top of the lower mantle Ca-pv and bdg exist as separate phases. The strong pressure
dependence on mixing seen in Fujino et al. (2004) and Armstrong et al. (2012) however, suggests that
deep within the lower mantle, beyond the pressures and temperatures of these experiments, the two
phases could be miscible. Thus determining the miscibility of these two phases at the high
temperatures and pressures of the lowermost mantle is essential for determining their phase
structure. Itis also important to resolve the different predictions of the effect of pressure on solubility
that have been seen between experimental and theoretical works.

Another factor which needs to be considered is the presence of contaminants and their effect on
phase miscibility. Both Ti (Armstrong et al., 2012) and Fe (Fujino et al., 2004) have been shown to
increase the mixing of these two phases but it is unclear what elements are important and how big of
an effect these elements have on the overall miscibility.

Thus in this work we shall use Density Functional Theory (DFT) to probe the solubility of Ca-pv and bdg
in each other up to D" pressures and temperatures (125 GPa and 3000 K) and in the presence of a
variety of elements. This shall allow us to build a model of Ca-pv and bdg miscibility and speculate as
to where in the lower mantle these two phases are mixed. We shall then also estimate the seismic

effects of this mixing.

2. Methods



Mixing Thermodynamics

To determine whether two phases mix we simply need to determine the energy of the following
reaction:

xCaSiO; + (1 —x)MgSiO; - Ca,Mg,_,Si0O5 Reaction 1

Reaction 1 is for the pure end members. Defect elements can be introduced by adding them to both
sides of the reaction.

The energy of this mixing reaction can be represented by:

Gumix = Hyix — TSyix Equation 1

where Hnmix is the enthalpy of mixing, T is the temperature, Smix is the entropy of mixing and Gmiis the
free energy of mixing. Mixing will occur when Gnix is negative. Swmix will be broken into two
components- S.iy @ component representing vibrational entropy and Sconfig@a cOMponent representing
configurational entropy. Gmix Will then be determined in two parts. Hmix and S, will be determined
through molecular dynamics and Sconfig Will be determined through static calculations.

To determine mixing over an array of conditions we ran calculations at various points and extrapolated
between them. For the molecular dynamics portions we ran calculations at 25, 75 and 125 GPa and
at 1000, 2000 and 3000 K. All pressures are uncorrected. Energies were determined at Ca%=0, 25, 50
and 100 where Ca% is Ca/(Ca+Mg).

To calculate Gmix at any arbitrary T, P and Ca% we then used the following scheme. First at each
pressure point (25, 75 and 125 GPa) and at each Ca% point (0, 25, 50 and 100) we calculated G of the
products and the reactants as a function of T. We then fit polynomials as a function of T and
determined the G of the products and the reactants at the T of interest. We then fit polynomials as a
function of Ca% and then pressure and calculated Gmix at the appropriate Ca% and pressure in this
order. The fits across P and T are relatively linear and are likely reliable. Energy varies strongly as a
function of Ca% and inaccuracies in Ca% extrapolation could lead to large errors in Gmix. The G of the

points at Ca%=25 fit near exactly to a curve of G vs Ca% plotted with points at Ca%=0, 50 and 100 as



shown in Figure S1 which suggests that a polynomial fit of G vs Ca% is adequate. This fitting likely
breaks down at extremely high and low Ca% values but these values are not geophysically interesting.
Computational Details

For these calculations we used the VASP code version 5.4.4 (Kresse and Furthmuller, 1996b, Kresse
and Furthmuller, 1996a). This is a density functional theory approach where planewave
pseudopotentials are used to simulate supercells which represent infinite crystals. The PBE (Perdew
et al., 1996) exchange correlation functional was used alongside the included VASP PAW potentials
(Kresse and Joubert, 1999). The valence electron shells used were Ca: 3s, 3p, 4s; Mg 3s, 3p; Si 2s, 2p;
0 2s, 2p. Two different sets of calculations were performed, static and molecular dynamics. Static
calculations had planewave cutoffs of 850 eV, k-point grids of 4x4x4 in a Monkhorst Pack grid
(Monkhorst and Pack, 1976). Energies were relaxed to within 10° eV and forces between atoms were
relaxed to below 10*eV/A. For molecular dynamic runs the gamma point was used with cutoffs of
600 eV and relaxed to within 10 eV. 80 atom unit cells were used (2x2x1) except for the
configurational entropy as noted below.

To calculate the elasticity of our components we used static calculations with the cutoffs listed above.
We used 80 atom unit cells and a mixed phase that had Ca%=12.5 (Mg14CasSi1s04s). Elasticity was
calculated by applying small stresses to the cell and plotting the responding strain. We used an online

script (https://github.com/andreww/elastic-constants) to ease calculation. In each case 4 strain

points were used corresponding to 0.01, 0.02, -0.01 and -0.02.

Phases:

Multiple different phases are possible in this system. MgSiOs is usually in the orthorhombic pbnm
phase (Zhang et al., 2013) while CaSiOsis in the cubic pm3m or the tetragonal i4mcm phase (Stixrude
et al., 2007, Sun et al., 2014). All systems (end members and mixtures) were calculated in all 3 of
these phases. All extrapolations across Ca% and temperature were done for all 3 phases and then at
any specific composition and temperature point the lowest energy phase was chosen. For Mg end

members pbnm phases dominated, for Ca end members idmcm or pm3m phases were dominant with
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pm3m phases favoured by high temperatures. The single mixed phase generally adopts a pbnm
structure with this always being adopted when Ca%=25 or 50. This preference for a pbnm structure
in the mixed phase was also observed experimentally by Armstrong et al. (2012) and theoretically by
Jung and Schmidt (2011).

It should be noted that simulating the phase of CaSiO; has proven very difficult in the past- see for
example (Kawai and Tsuchiya, 2015, Stixrude et al., 2007, Sun et al., 2014). This is for two reasons.
The first is then the pm3m phase is not stable at static conditions and thus possesses imaginary
frequencies which prevents the use of quasi-harmonic approximations. We avoid this problem by
using molecular dynamics. The second issue is that the phases are often close in energy and
simulations can often sample phonons from the other phases. This is less of a problem in this work as
we only use the energy of the most stable Ca-pv phase at any point and do not care about determining
exactly which phase is actually stable. The energy difference between i4mcm and pm3m for CaSiO;
was always found to be < 6 meV/atom which is very small compared to the values of Gmix and thus it
is difficult to determine which phase is stable but much easier to determine the energy of these Ca-pv
phases relative to the Mg and mixed phases.

To test whether post-perovskite phases were promoted by phase mixing, calculations were run on a
mixed phase with a cmcm structure and Ca%= 50 at 125 GPa but this post perovskite phase was found
to be higher in energy than the pbnm phase at all tested temperatures (1000, 2000 and 3000 K).
Molecular Dynamics:

To determine the vibrational entropy we used a Velocity-Autocorrelation Function (VACF) method.
More accurate methods such as thermodynamic integration are possible but as Gmix values are fairly
large the extreme accuracy of these methods is likely unnecessary. To determine vibrational entropy
we first need the vibrational density of states function S(v) which represents the distribution of normal

modes (v) in the system. This can be represented as:

2 -
S(v) = P N >3 m;sF Equation 2



where N is the total number of atoms in the system, m; is the mass of atom i, s{‘ is the spectral density
of atom i in the direction k (x=1, y=2, z=3), T is the temperature and ks, is the Boltzmann constant. In
our case s{‘ is obtained by taking the fourier transform of the VACF. Entropy is then obtained by

Suip = kp fOOOS(v)dV Equation 3

Entropies and enthalpies were determined from molecular dynamics runs with a length of 2.5 ps.
Running the molecular dynamics for 1, 1.5 and 2 ps did not provide sufficient accuracy in energy but
the energies obtained from 2.5 ps runs were replicated (within 2 meV/atom) by 4 ps runs in selected
systems.

The error of the energies obtained from molecular dynamics were calculated for each individual run
using the method of Flyvbjerg and Petersen (Flyvbjerg and Petersen, 1989) and were less than 1.5
meV/atom in all cases. Propagating these errors leads to the error in mixing temperatures being <30
K (20) and < 70 K (20) for pyrolytic mixtures but these are likely underestimates as some fitting errors

may be unaccounted for.

Configurational Entropy:

To determine the configurational entropy of mixed phases we calculated the energy of different
configurations of Mg and Ca in the unit cell. As the number of configurations increase with N factorial
80 atom unit cells proved too large to obtain a workable number of configurations. The energy
difference of different configurations is independent of unit cell size, however, and the disadvantage
of using a small unit cell in these calculations is simply that some configurations may not be
appropriately sampled. To this end for Ca,Mg1.,Si0O3 where x=0.5 or x=0.25 (0.75) we determined
configurational entropy in a 40 atom unit cell (2x1x1). This 40 atom unit cell will not contain every
configuration possible in larger cells but contains a large sample of different configurations and thus
should adequately approximate the configurational entropy of an infinite cell. For x=0.125 (0.875) an

80 atom unit cell was used as the 40 atom unit cell only provides 1 unique configuration.



For CaxMg:1SiO3 we first determined the number of unique configurations for x=0.125, 0.25, 0.5, 0.75
and 0.875. These structures have 120, 28, 70, 28, 120 total configurations respectively of which 9, 5,
10, 5, 9 are unique. At x=0 and x=1 Sconfig is O by definition. The energy of each of these configurations
was calculated statically at 25, 75 and 125 GPa. To determine Scontig We then used the Gibbs entropy
formulation:

_E.
Z=Y ebT Equation 4

1 ZEi
P; = = ekbT Equation 5
z

Sconfig = —kp Xi pilnp; Equation 6

where Z is the partition function, i is each configuration (including degenerate copies of each
configuration), E; is the energy of that configuration and p; is the probability that it occurs. If every
configuration has equivalent energy these calculations reduce to the Boltzmann entropy formula
which is ideal mixing of Ca and Mg in these systems. Sconfig Was then projected using a polynomial

across Ca% and added to the other terms derived from MD in Equation 1.

3. Results:

Enthalpy and Entropy of Mixing

The mixing of two naturally immisicible substances can be represented by Equation 1. For two
naturally immisicible substances Hmix Will be positive because the two substances don’t naturally mix
and Snix Will be positive because there are more ways of arranging a mixed phase than 2 separate
individual phases. Mixing occurs when Gmix is negative. As Smixis multiplied by —T as temperature
increases GmixWill gradually decrease and at some temperature -TSmix Will equal Hmix, Gmix=0 and mixing
occurs. We will refer to this temperature as Tmix and it is equivalent to the phase boundary
temperature beween 1 (mixed) and 2 (unmixed) phase regions of Ca-pv and bdg.

Hwix is shown as a function of pressure in Figure 1, Sconfig and S.i, are shown in Tables 1 and 2. With

increasing pressure Huix increases, Sconfighas a small increase but is effectively unchanged and Svi, has



a more complex relationship but generally increases with pressure. Hwix increases with pressure
despite the mixture being less dense than a manual mixture of two phases (Table 3). This increase is
most likely due to the difficulty of placing a large Ca®* ion in a small Mg?* cavity as this gets more
difficult with pressure as the Mg?* cavity gets smaller.

Increasing Hwix increases Tmix but increasing Svis decreases Tmix and the increase in Sy, is much larger
than the increase in Huix. Thus with increasing pressure Tmix should decrease as has been observed by
Fujino et al. (2004) and Armstrong et al. (2012) and this decrease is due to changes in Svi,. This reliance
on Syib to decrease Tmix With increasing pressure explains why the two earlier theoretical studies (Jung
and Schmidt, 2011, Vitos et al., 2006) observed an increase in Tmix With pressure as these studies
estimated S.i, and did not calculate it. These studies also observed very high Tmix (>4000 K) values
which are much larger than those reported in experiments. This discrepancy has the same cause. As
shown in Figure 1 without Syi, calculated Tmixvalues are extremely high and increase with pressure but
as seen in Figure 2 when we include Syiv Tmix values drop substantially and decrease with pressure.
Sconfig has some variation from its ideal Boltzmann entropy value but this is small- replacing our Sconfig
values with those of an ideal Boltzmann mixture causes changes in Tmix Of less than 75 K in all cases
and generally less than 10 K. Thus we conclude that Ca and Mg are largely interchangeable on

different sites (ideal mixing) as far as configurational entropy is concerned.

Mixing in the CaSiOs-MgSiO; system:

Figure 2 shows the solubility of Ca in bdg and Mg in Ca as a function of temperature at 25, 75 and 125
GPa. In each case we find two regions in the solubility curve. First at low or high Ca% (where Ca% is
Ca/(Ca+Mg)) increasing the temperature leads to sharp increases in solubility- this region is
predominantly controlled by Hmix and Syib. At middling Ca% values there is a plateau in the solubility
vs temperature response and this region is controlled by Sconfig. AS Sconfig reaches its maximum when

the Ca% value is 50 increasing the solubility in this region does not require an increase in temperature



and hence the plateau. Once the plateau temperature is reached then all ratios of Ca-pv and bdg can
be mixed and Ca-pv and bdg will always dissolve into each other.

In the CaSiO3-MgSiOs system we find the solubility of Ca in bdg to be ~0.41% and of Mg in Ca-pv to be
~0.18% at 2000 K and 25 GPa while the plateau Tmix is ¥3170 K. At 75 GPa we find the solubility to be
~0.52 and ~0.13% at 2000 K and the plateau Tmix to be ~3050 K. At 125 GPa we find the solubility to
be ~0.92 and ~0.06% at 2000 K and the plateau Tmix to be ~2740 K. With increasing pressure solubility
at 2000 K is not strongly varied but at higher temperatures pressure has a very large effect on solubility
as seen by the differing plateau Tmix temperatures. In the theoretical study of Jung and Schmidt (2011)
the solubility of Ca in bdg was found to be 0.5% and the solubility of Mg in Ca-pv to be much lower at
25 GPa which is similar to our work.

Experimentally Fujino et al. (2004) found solubilities of 1% Ca in bdg and 4% Mg in ca-pv at 2273 K
and 30 GPa, Irifune et al. (2000) found 1.1-1.5% solubility of Ca in bdg and 2.1-3.2% of Mg in Ca-pv at
25 GPa and 1973 K and Armstrong et al. (2012) found 4.7% solubility of Mg in Ca-pv at 53 GPa and
2000 K. These experimental results all show higher solubility than we predict here. Small solubilities
are the hardest to constrain as they occupy the steepest part of Figure 2. Small errors in our
calculations or in the experiments could easily lead to such differences, solubilities on the order of
mantle phase compositions should be much better constrained. These discrepancies could also be
explained with experimental temperatures being higher than recorded or by the presence of

impurities the possible effects of which we shall explore in the next section.

The Effect of Other Elements

Ca-pv and bdg can contain many other defect elements in the mantle. Bridgmanite crystals typically
contain large (1-10%) amounts of iron and Al (Kaminski, 2017) and potentially many other elements.
Even elements that are present in extremely small amounts will have large effects on Sconsig While
elements present in large amounts will have effects on Hmix and Sii. We have no conceptual model

for which elements could affect the mixing parameters and so instead we tested a large number of



1)

2)

3)

4)

5)

elements as shown in Table 4 (for 25 GPa and 125 GPa and Ca%=10, a roughly pyrolytic mixture). To
test the effect of a large number of atoms we used a simple model with a few assumptions.

That Svip is unaffected by the addition of defects. S.i, is dependent on long-range phonons and thus is
likely unaffected by small additions but could be strongly affected by defects that are present in large
quantities like Fe. Thus we are only calculating changes to Hmix (through static calculations) and Sconfig.
That Sconfig is perfect when considering additional defects. Sconfie changes are therefore solely
dependent upon the number of sites in the system.

That the addition of defects affects Hmix linearly- ie adding 2 iron atoms has twice the energy of adding
1iron atom.

That defect elements are confined to a single type of site and either replace a Mg, a Si, both a Mg and
a Si or exist in their most stable interstitial site as shown in Table 4.

That defect elements are partitioned before phase mixing entirely into the bdg or the ca-pv phase
(depending upon energy).

While all five of these assumptions will break down, particularly at large concentrations of defects,
with this method we can capture two of the largest energy changes induced by defect elements (Sconfig
and Hmi) and thus determine broadly what types of elements are most important for Ca-pv and bdg
mixing. To test how accurate these assumptions are, we performed more explicit calculations upon
one defect element Ti. The full results and method of this will be presented in future work but in
essence we explicitly calculated Sconfig and Syip through the same methods as above but for a range of
Ti% (Ti/(Ti+Si)) values (0, 25, 50, 100). A comparison between the full calculation and the simple model
presented above is given in Table 5. While there are significant differences between our actual results
and our simple model our simple model correctly predicts the magnitude of results and thus it should
predict both which elements are important for inducing mixing and the concentration that these

elements need to appear in to be significant.



As can be seen in Table 4 there is no clear trend in the effect of defect elements on Trmix with either
charge or ionic size and thus individual electronic effects are very important. This makes it hard to
predict off-hand which elements will effect Tmix in what way. Some elements reduce Hnix and thus also
Tmix. The most important of these are the noble gases (which can cause very large reductions of Hmix
due to their position as an interstitial defect), Na(l), K(I), many of the transition metals in particular
Co(ll), Ni(ll) Sc(l1) and Fe(ll), and 4+ cations that replace Si such as S, Ti and C. Some elements that
strongly increase Hmixand thus Tmix are the larger alkaline earth metals (Sr, Ba) and B. Increasing the
pressure has varied effects on these trends increasing Hmix for some elements and decreasing it for

others but defect induced ATmix values are similar at 25 and 125 GPa. This is because the largest effect

of defect elements on Tmix is through modifying Sconfig Which in this model is pressure independent.

Even though defect changes to Hmix (AHmix) are very significant, pressure induced changes to AHmix are

largely insignificant compared to Sconfig.

The most notable trend, however, is that large amounts of defects are required to induce significant
changes in Tmix. With Ca%=10 for all atoms a concentration of at least 0.3 atomic% is required to
change Tmix by 100 K with the required concentration being over 1 atomic % for most elements. This
is significant because most defects in bridgmanite and likely Ca-pv are well below this level. This
means we can restrict our consideration of these defect element effects to either highly chemically
hetereogenous regions or to those defects that are likely to be present in large numbers in the lower
mantle- primarily Fe and Al.

Fe is present in bridgmanite in concentrations of around 5-10% and is predominantly ferrous and high
spin (Shim et al., 2017, Xu et al., 2015, Shukla et al., 2015). High spin ferrous Fe decreases Tmix by up
to 1000 K (Fe%=10 Ca%=10) in a pyrolytic mixture. Fujino et al. (2004) observed that adding iron
increased the total solubility at a fixed temperature. Al on the contrary increases Tmix by up to 230 K
(Al%=5 Ca%=10) and so counteracts the effects of Ferrous iron somewhat. The presence of Al can also
oxidise ferrous to ferric iron by forming Fe-Al pairs where the iron exists as high spin on (primarily) the

Assite (Shim et al., 2017, Catalli et al., 2011, Kupenko et al., 2014). With the introduction of Fe-Al pairs



Tmix is largely unaffected with Tmix changing by -38 K with Fe-Al%=5 and Ca%=10. Pure ferric iron
slightly decreases Tmix at low pressure and slightly increases it at high pressure.

The effect of these elements on some non-pyrolytic mixtures is shown in Table S1 and S2. As Ca%
approaches 50 these defect element effect typically decrease such that for a Ca%=50 mixture the value

of ATmix is roughly half of what it would be in an equivalent pyrolytic system. This relationship,

however, breaks down when the change in Hnix caused by defect elements is very low or very high
such as with pure ferric iron. The effect of defect elements on mixtures with high Ca% is similar to
those with low Ca% but generally larger. This is a potential explanation of the higher solubilities of
high Ca% solutions compared to low Ca% solutions (Armstrong et al., 2012, Fujino et al., 2004, Irifune
et al., 2000) that has been seen in the literature previously but is in contrast to our calculations. Any
defective elements that were present in the experiment would have the effect of raising the solubility

of the high Ca% solutions more than the low Ca% solutions.

Discussion:
Single phase regions of the lower mantle

In the lower mantle Ca% can have various values. For pyrolytic mantle it is generally been 7-12%
(Kesson et al., 1998, Irifune and Tsuchida, 2007, Mattern et al., 2005, Ringwood, 1991), for a
harzburgitic mantle it is ~1-3% (Ringwood, 1991, Michael and Bonatti, 1985) and for a subducted mid-
ocean range basalt (MORB) it is between 40-60% (Hirose et al., 2005, Hirose and Fei, 2002, Irifune and
Tsuchida, 2007, Ricolleau et al., 2010). In defect-free pyrolytic or MORB mantle the exact value of Ca%
in these ranges does not matter because the difference in Tmix between the high Ca% and low Ca%
value in this range is very small (30 K and 5 K for defect-free pyrolytic and MORB respectively at 25
GPa). For harzburgitic mantle the exact value of Ca% is very important because the difference
between Tmix for Ca%=1 and Ca%=3 for example is 320 K at 25 GPa as this Ca% range occurs during the
steep change in solubility (Figure 2).

Pyrolitic Compositions



The Tmix of these mixtures vs some lower mantle temperatures using an extrapolation of our model
is shown in Figure 3 for a pyrolytic composition, Figure 4 for a MORB composition and Figure 5 for a
harzburgitic composition. When the temperature exceeds Tmix these solutions will mix into a single
phase. For a pure pyrolytic composition with no additional elements we see that it remains above the
lower mantle geotherm up until the D" at 125 GPa. Thus pure CaSiO3; and MgSiO; will not mix along
a standard mantle geotherm. Hot spots in the mantle, such as in mantle plumes or LLSVPs, can cause
this phase to mix however. Shown in Figure 3 is a geotherm with an excess temperature of 500 K as
is possible in LLSVPS or plumes (McNamara, 2019). At this excess temperature mixing of the pure
phases should begin around 80 GPa and thus anomalously hot regions of the mantle should see phase
mixing of Ca-pv and bdg near their lower depths.

The addition of defect elements that are likely to exist at these depths furthers this case. While
our results for Al and Fe have significant assumptions and need more testing they should correctly
predict the sign of ATwix and its rough magnitude. With a standard composition of 8% Fe?*, 2% Fe3* -
AI¥* mixing now occurs at ~85 GPa along the geotherm and ~45 GPa on the elevated geotherm. With
an alternative composition of 10% ferrous iron and 5% Al mixing occurs at ~95 and ~60 GPa
respectively. With a heavily aluminous or alumino-ferric composition Tmi is increased so that mixing
does not occur along either of these temperature profiles. With a heavily iron enriched composition
(such as 20% Ferrous iron, 5% Al), such as may occurs in ULVZs, mixing is heavily enhanced.

These iron induced mixed phases are less likely to form in real mantle however. In our work we
have ignored the effects of periclase. While periclase should have no effect on the mixing reaction
directly it could partition elements out of the perovskites and thus make them unable to affect mixing.
Periclase usually partitions iron out of brigmanite (Muir and Brodholt, 2016). Thus bridgmanite in the
lower mantle will generally not have large amounts of iron and so Tmix should remain somewhere near
the “perfect” values in Figure 3 and mixing should not occur.

As seen in Figure 3 while the Ca% ratio is largely unimportant in mixing pure pyrolite phases when

defect elements are present it becomes very important. Across a standard pyrolytic range of Ca%=7-



12 Tmix can vary by 500 K when defect elements are present. This is due to the introduction of different
Sconfig terms. This suggests that in highly chemically heterogenous regions variations in Ca as well more
minor defect element are important.

One area of the mantle that potentially has a compositional difference is LLSVPS (McNamara,
2019). While it is unclear what this compositional difference is, as shown in Table 4 only differences
that exceed ~1 atomic% are important to mixing of the perovskites. It is unlikely that LLSVPs contain
any defective element in this concentration that is not Fe or Al. Thus when considering LLSVPs mixing
of the perovskite phase should primarily be constrained by their elevated temperature with a
secondary effect for potential changes in Fe and Al content. Any exotic compositional differences that
may exist are unlikely to be important for phase mixing of the perovskite. As LLSVPs are considerably
hotter than the rest of the mantle they should thus likely possess some perovskite phase mixing as

should other hot areas of the mantle.

One area where this mixing behaviour is potentially important is in the formation of a post-
perovskite (ppv) phase in bdg and hence on the D”. As the pressure increases beyond 125 GPa the
free energy of the single chemically mixed phase (Ca-pv+bdg) becomes lower than the free energy of
the mechanically mixed ca-pv+bdg phases and this is particularly the case with additional iron. This is
important because it means that the addition of Ca-pv at D”” conditions stabilises the bdg phase against
the ppv phase unless Ca can similarly dissolve into a ppv phase which has been suggested to be unlikely
in the literature (Fujino et al., 2009). As discussed in the methods we find a ppv analogue in the mixed
phase to be unstable compared to a bdg perovskite (pv) analogue which is additional evidence that Ca
containing structures do not like to form ppv structures. Thus we must consider how the stabilisation
of the perovskite mixed phases compares to the stabilisation of the bdg post-perovskite phase.

To examine whether this is an important effect we compared the energies of Gmix vs literature
energies for the pv to ppv transition of bdg. To obtain energies for this latter transition we took the

Clapyeron slope (9.56 MPa/K) and volume difference (1.78 A) of the pv to ppv transition in bdg from



Oganov and Ono (2004) and converted these to an energy difference of ~1.06 meV/Kf.u. between the
pv and ppv phase. At 127 GPa and 3000 K (a rough value for the point where pv converts into ppv in
pure bdg) Gmixis 23.5 meV/f.u. for a pure mixture and 8.94 meV/fu for a mixture with 8% ferrous iron
and 2% Fe-Al mixture. These values correspond to a stabilisation of the bridgmanite phase relative to
the post-perovskite phase of ~2.1 and 0.8 GPa respectively. These numbers are significant for pure
bridgmanite but are small when compared to the effects of other elements (Grocholski et al., 2012)

and thus the Ca% ratio is likely to be only a minor control on this reaction in the real mantle.

Harzburgitic Compositions

Predicted mixing temperatues of harzburgite are shown in Figure 4. Harzburgitic compositions
behave largely like pyrolytic compositions but they have smaller Tnix values and thus mix at shallower
depths. Varying the Ca% ratio has an even larger effect on Tmix in harzburgite than in pyrolite because
the possible Ca% values exist in an even steeper range of the solubility curve. A perfect mixture mixes
along the geotherm at 115 GPa, a 10% ferrous iron and 5% Al mixture at 105 GPa and a 8% ferrous

iron 2% Fe-Al mixture is mixed throughout the lower mantle and even mixes in the coldest slabs.

Basaltic Compositions

A final case to consider is a descending slab with a more MORB-like composition. This has quite
different behaviour to the pyrolytic case and is shown in Figure 5. Twmix is considerably higher in the
MORB case and is considerably above the temperature of descending slabs (the coldest slab adiabiat
is shown in Figure 5). Varying the Ca% ratio has little effect on mixing in basaltic compositions as they
exist in the plateau region of Figure 2 and thus all basaltic compositions should behave largely similarly.
Even in the case of extremely enriched iron (20%) Tmixremains nearly 600 K above the temperature of
the coldest adiabiat at 125 GPa and thus phase mixing does not occur in descending slabs even in

cases of extreme iron enrichment.



While we predict no mixing in the lower mantle for MORB our predicted mixing temperatures for
MORB contradict an experimental study where MORB was heated until it melts at varying pressures
up to CMB pressures and no sign of phase mixing was observed in the XRD spectra (Pradhan et al.,
2015). While this sample contains large amounts of Al which will increase Tmix our predicted Tmix is still
well below the melting temperature at high pressure. In this study samples were heated for 30
minutes which is similar to the heating times for experiments where mixing has been observed
(Armstrong et al., 2012, Fujino et al., 2004, Irifune et al., 2000). This suggests generally that mixing
had enough time to occur in these melting experiments and the lack of any mixed phase formation
was not a kinetic effect. One possible solution to this is that these melting experiments had large
amounts of Fe and Al when compared to the other studies and these elements would need to diffuse
before and during mixing which could delay the formation of a single phase as this diffusion is slow.
Alternatively our simple model may underestimate the effect of some elements, most likely Al, in

raising Tmix and the full effect of these elements needs to be modelled with MD or experimentally.

Seismic Effects

We have established that the 2 phases Ca-pv and bdg mix in chemically anamolous or hot and deep
parts of the lower mantle. It is important now to consider what seismic effects if any this mixing will
have.

Table 3 shows the density of the mixed phase as compared to a mechanical mixing of the two phases
for a pyrolytic mixture. The mixed phase is less dense than a mechanical mixture of the other two
phases but this change is small (<0.26%) and thus is unlikely to have large dynamic effects.
In Figure 6 we consider the elasticity of these structures. This is a difficult problem for multiple reasons.
First the elasticity of the Ca-pv phase has proven to be difficult to measure both theoretically and
experimentally (Thomson et al., 2019, Kawai and Tsuchiya, 2015). Second any consideration of
elasticity differences also needs to account for possible temperature differences between 2 and 1

phase regions in the mantle as well as possible phase changes. Third the elasticity of a mechanical



mixture of Ca-pv and bdg depends upon the geometry of its mixing and without this knowledge large
bounds exist. We shall however estimate the elasticity difference between a chemically mixed and a
mechanically mixed phase by using static calculations (elasticity at ~0 K). To account for the third point
our mechanical mixture of Ca-pv and bdg shall be a Hashin-Shtrikman mixture which provides the
maximum and minimum possible bounds on elasticity regardless of mixing geometry (Hashin and
Shtrikman, 1963).

Using these approximations we find that chemically mixing the two phases causes a drop in Vs of -1.5-
3.5%, a drop in V, of -0.5-1.2% and an increase in V¢ of 0.0-0.75% when compared to a mechanical
mixture of the two phases. These changes are seismically relevant and are similar to those of LLSVPs
where a drop in Vs of 2%, a small change to density that is possibly positive or negative and anti-
correlation of Vs and bulk sound speed have all been observed (McNamara, 2019). Anticorrelation of
Vs and bulk sound is uncommon as both Vsand bulk sound are proportional to the inverse square root
of density so that even moderate changes in density will cause them both to vary in the same direction
regardless of K and G changes. This relationship puts strong limits on the possible density variations
of LLSVPs and modelling of LLSVPs agrees with this assessment as density variations between LLSVPs
and bulk mantle are predicted to be small. Such assessments place strong limits on the range of
compositional variations that could lead to LLSVPs as enrichments of elements like Fe should cause
strong density variations. As demonstrated here structural changes of the underlying minerals which
sometimes lead to only small density variations are potentially much more likely and can lead to
anticorrelation.

To draw strong conclusions, however, work on the elasticity of the mixed phase at high temperature
needs to be performed. As we demonstrate above correctly determining the mixing temperature
requires high temperature calculations and thus high temperature phonons might also have a strong

effect on elasticity.



Conclusion

In this work we find that Ca-pv and bdg are unlikely to mix in the lower mantle in the absence of
additional elements but will mix near the lower end of the mantle in the case of elevated temperatures
such as in an LLSVPs. Descending slabs should remain as two phases in all cases.

Using a simple model we demonstrate that only defects with large concentration affect mixing of
these phases. Of the most likely elements that meet this requirement ferrous iron increases mixing,
aluminium decreases it and ferric iron can increase or decrease it. With a likely pyrolytic composition
mixing is increased and phase mixing occurs at ~85 GPa along a geotherm if iron remains in the
perovskite phase and does not partition to periclase.

This mixing will lead to small density decreases alongside a seismically significant decrease in shear
wave speed and anticorrelation with the bulk sound speed. These elasticity changes are similar to
those predicted for LLSVPs and the excess temperatures of LLSVPs also makes phase mixing more
likely. Some significant approximations have been made to estimate elasticity and the effect of Fe

and Al, however, and more work needs to be done on these points to address this.
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Figure Captions:

Figure 1:

Plot of Hmix (black lines) for a 50:50 (solid) and a 12.5:87.5 (dashed) mixture of Ca-pv and bdg phases
and Tmix (red lines) if Asmix=0 and Sconfig is perfect. As can be seen all of these values increase with
pressure.

Figure 2 Solubility of Mg in Ca-pv (blue) and Ca in bdg (red) as a function of temperature and
pressure (solid lines=25 Gpa, dashed=75, dotted=125). The plateau after the graph levels off is the
temperature where all ratios of Ca-pv and bdg are miscible into a single phase.

Figure 3: Projected Tmix for a pyrolytic mixture with various additional elements against a lower
mantle geotherm (Ono, 2008), the coldest possible slab adiabat (Eberle et al., 2002) and an artificial
“hot” geotherm representing hot spots in the lower mantle that is the geotherm+500 K. The lines
represent Ca%=10 while shading represents Ca% bounds between 7 and 12 which is roughly the Ca%
range of pyrolite. Lower Ca% values correspond to lower Tmix. Ca% becomes more important as
defect elements have stronger effect on Tmix. This plot was constructed by calculating Trix for
CaSi03-MgSiOs; at 25, 75 and 125 GPa and adding in the effect of additional elements as determined
in Table 3 (with 75 GPa as the average of 25 and 125 GPa effects) and then fitting a curve to these 3
points. These curves have significant approximations in that AS,i is not calculated for other
elements.

Figure 4: As Figure 3 but for a Harzburgitic mantle (Ca%=3) and with Ca% bounds of 1-3%. The 20%
Fe 5% Al component is always below 1000 K and thus is not shown here. In this case the upper
bound corresponds to Ca%=3, the lower bound to Ca%=1.

Figure 5: As figure 3 but for a MORB mixture (Ca%=50) and with Ca% bounds of 30-60. Ca% is much
less important in this range as configurational entropy dominates- see Fig 2- and thus the bounds are
much narrower than in Figure 3. In this case Ca%=50 corresponds to the upper bound and Ca%=60
the lower bound with Ca%=30 near the Ca%=60 bound.

Figure 6: Plot of the change in V; (solid lines), V, (dashed lines), V¢ (dotted black lines) on converting
from a mechanical mixture of Ca-pv and bdg to a single phase calculated directly at Ca%=12.75.
These calculations were run at static conditions (~0 K) and 25, 75 and 125 GPa. Ca-pv elasticity was
determined in the cubic pm3m phase, bdg and the mixed phase in the pbnm phase. To determine
elasticity of a mechanical mixture of the two endmembers phase it is necessary to know the
geometry of mixing, as we do not that in this case we used the Hashin-Shtikman bounds REFERENCE
and thus each estimate has an upper and lower bound- the elasticity of the mechanical mixture must
be within these bounds.

Table 1: Sconfig (in eVK™? per formula unit) in the mixed phase as a function of Ca%, P and T as well as
the ideal value of this in a perfect mixed system.

Table 2 Plot of AS.i, (in meV/K per f.u.) upon mixing Ca-pv and bdg with two different Ca% values as a
function of temperature and pressure.

Table 3: Change in density on forming a mixed phase for Ca%=50 (determined from MD) and 12.5
(extrapolated from MD values at Ca%=25 and 50) at various pressures and temperatures.



Table 4: Effect of various elements on Tmix at 25 and 125 GPa with Ca%=10% (Ca%=50 and 90 values
are in Table S1 and S2) which is a roughly pyrolytic mixture. Columns are name of the element, site
at which that element was placed (A=Mg site, B= Si site, AB= 1 element at each, Int=interstitial), the
change in AHmixin eV from placing one defect element, proportion of this element in the Ca-pv
before mixing (1 is all in Ca-pv, O is all in bdg), change in Tmix (K) with various amounts of element (in
atomic % of bridgmanite). All elements are non-spin polarised except those labelled HS which were
run with their standard high spin configuration. 2H represents a water molecule where a Mg has

been replaced with 2 Hydrogens in the vacancy. Fe-Al represents a high spin ferric iron replacing a
Mg and an Al replacing a Si.

Table 5: Comparison of the effect Ti has on Tuix with different atomic% values as predicted with
Table 4 and as calculated fully using MD and configurational entropy calculations.
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Figure 2 Solubility of Mg in Ca-pv (blue) and Ca in bdg (red) as a function of temperature and
pressure (solid lines=25 Gpa, dashed=75, dotted=125). The plateau after the graph levels off is the
temperature where all ratios of Ca-pv and bdg are miscible into a single phase.
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Figure 3: Projected Tmix for a pyrolytic mixture with various additional elements against a lower
mantle geotherm (Ono, 2008), the coldest possible slab adiabat (Eberle et al., 2002) and an artificial
“hot” geotherm representing hot spots in the lower mantle that is the geotherm+500 K. The lines
represent Ca%=10 while shading represents Ca% bounds between 7 and 12 which is roughly the Ca%
range of pyrolite. Lower Ca% values correspond to lower Tmix. Ca% becomes more important as
defect elements have stronger effect on Tmix. This plot was constructed by calculating Tmix for
CaSi03-MgSiOs; at 25, 75 and 125 GPa and adding in the effect of additional elements as determined
in Table 3 (with 75 GPa as the average of 25 and 125 GPa effects) and then fitting a curve to these 3
points. These curves have significant approximations in that AS,i is not calculated for other
elements.
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Figure 4: As Figure 3 but for a Harzburgitic mantle (Ca%=3) and with Ca% bounds of 1-3%. The 20%
Fe 5% Al component is always below 1000 K and thus is not shown here. In this case the upper
bound corresponds to Ca%=3, the lower bound to Ca%=1.
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Figure 5: As figure 3 but for a MORB mixture (Ca%=50) and with Ca% bounds of 30-60. Ca% is much
less important in this range as configurational entropy dominates- see Fig 2- and thus the bounds are
much narrower than in Figure 3. In this case Ca%=50 corresponds to the upper bound and Ca%=60
the lower bound with Ca%=30 near the Ca%=60 bound.
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Figure 6: Plot of the change in V; (solid lines), V, (dashed lines), V¢ (dotted black lines) on converting
from a mechanical mixture of Ca-pv and bdg to a single phase calculated directly at Ca%=12.75.
These calculations were run at static conditions (~0 K) and 25, 75 and 125 GPa. Ca-pv elasticity was
determined in the cubic pm3m phase, bdg and the mixed phase in the pbnm phase. To determine
elasticity of a mechanical mixture of the two endmembers phase it is necessary to know the
geometry of mixing, as we do not that in this case we used the Hashin-Shtikman bounds REFERENCE
and thus each estimate has an upper and lower bound- the elasticity of the mechanical mixture must
be within these bounds.
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1000 K 0| 2.89x10° | 4.00x10° 3.35x10° | 2.06x10° | O
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1000 K 0| 3.42x10° | 4.23x10° 3.55x10° | 2.18x10° | O

125 ] ] ]
Gpa 2000 0| 3.54x10° | 4.46x10° 3.58 x10° | 2.44x10°| O
3000 0| 3.55x10° | 4.57x10° 3.59x10° | 2.51x10°| O
Perfect 0| 3.59x10° | 4.58x10° 3.59x10° | 2.24x10°| O

Table 1: Sconfig (in eVK? per formula unit) in the mixed phase as a function of Ca%, P and T as well as

the ideal value of this in a perfect mixed system.




1000 K 2000 3000

25 GPa | Ca=50% 0.040 0.015 0.041
25% -0.033 0.011 0.031

75 | 50% 0.067 0.075 0.069
25% -0.033 0.041 0.044

125 | 50% -0.094 0.099 0.132
25% -0.033 0.074 0.099

Table 2 Plot of AS.i, (in meV/K per f.u.) upon mixing Ca-pv and bdg with two different Ca% values as a
function of temperature and pressure.



Ca%=12.5 Ca%=50
25 GPa 75 125 25GPa 75 125
1000 K -0.15 -0.17 -0.18 -0.59 -0.69 -0.73
2000 -0.19 -0.19 -0.19 -0.76 -0.77 -0.75
3000 -0.25 -0.23 -0.19 -0.98 -0.93 -0.76

Table 3: Change in density on forming a mixed phase for Ca%=50 (determined from MD) and 12.5
(extrapolated from MD values at Ca%=25 and 50) at various pressures and temperatures.




55 GPa 125 GPa
Element [ Site | AHmix [ K [ 0.10% 1 10 | AHmix | K | 0.10% 1 10
2H A 011 O 2 16 148 095 0 13 134 1224
He Int -027 | 1 -23 | -233 | -1883 0.07 | 1{-7 -70 -628
Ne Int -0.86 | 1 -39 | -389 | -3453 -090 ] 1] -21 -213 | -1839
Li(1) A 028 0 6 60 538 076 | 0| 11 106 981
Na(l) A | -04]0| -12|-125]|-1412] 053] 0|9 86 | -883
K(1) A -0.10 | 1 -32 | -305 | -2057 -0.16 | 1] -17 -162 | -1301
Be(ll) A 018 O 3 34 311 1.17 | 0] 17 166 1505
Cu(ll) A -0.141 0 -5 -51 -526 -038]1 0] -6 -64 -646
Ni(ll) A 0391 0 -11 | -116 | -1292 -0471 0] -8 -77 -791
Zn(ll) A -013 | 0 -5 -47 -477 -043 | 0] -7 -71 -722
Co(ll) A -042 | O -12 | -124 | -1400 -0.55 [ 0] -9 -89 -921
Fe(ll) A -031]1 0 -9 -95 | -1029 -048 1 0] -8 -79 -811
Fe(IHS | A 020 | 0 7] 65| -682] -047 ] 0| -8 -76 -783
V(1) A -0.26 | O -8 -82 -875 -045( 0] -7 -74 -761
Cr(ll) A 0.09| 0 1 9 82 -0.23 1 0] -4 -41 -417
Mn(l1) A 0.25] 0 5 52 473 0141 0|1 15 140
Sc(Il) A -022 | 1 -35 | -336 | -2244 -0.07 | 1] -15 -150 -1216
Sc(l)HS | A -0.26 | 1 -36 | -347 | -2313 -060] 1]-1 -7 -67
Sr(ll) A 051] 1 -16 | -153 | -1193 070 1| -4 -39 -491
Ba(ll) A 098] 1 -4 -38 -581 138 1]6 57 114
B(IlN) AB 062 1 15 | 147 | 1253 -0.77 1 1] -12 -123 | -1294
Al(lIn) AB | 024] 0 5| 48| 439)] 04306 58 550
Cr(1l1) AB -017 | 1 0 -4 -44 0071 1(0 5 44
crimHs | AB | o014 1 2| 23| 218 015 1|3 29 | -289
Ga(lll) AB 013 ] 0 2 20 185 0341 0|4 44 419
Fe(lll) AB 0791 0 19| 188 | 1569 1.03 | 0] 15 146 1337
Fe(ifHs | A8 | 0.01] 0 4| -10| 96| o018|o0]2 20 |189
Sc(llf) AB -020 | O -6 -65 -673 -0.07 (| 0] -2 -17 -167
In(11) AB -0.07 | O -3 -32 -322 017 ] 0| 2 19 182
Fe-Al AB | 0020 4| 7| -7a] 000|021 7 71
C4+ B 051 1 -15 | -148 | -1753 -0.08 [ 0] -2 -19 -193
S 4+ B -045| 0 -13 | -133 | -1530 -021( 0] -4 -38 -387
Ged+ B -0.17 1 0 -6 -57 -587 -009] 0] -2 -20 -204
Snd+ B -051 | 0 -15 | -150 | -1780 -0.38 1 0] -6 -63 -645
Tid+ B -0.07 | 1 -3 -32 -329 -026 | 0| 4 -45 -452

Table 4: Effect of various elements on Tnmix at 25 and 125 GPa with Ca%=10% (Ca%=50 and 90 values
are in Table S1 and S2) which is a roughly pyrolytic mixture. Columns are name of the element, site
at which that element was placed (A=Mg site, B= Si site, AB= 1 element at each, Int=interstitial), the
change in AHmixin eV from placing one defect element, proportion of this element in the Ca-pv

before mixing (1 is all in Ca-pv, O is all in bdg), change in Tmix (K) with various amounts of element (in



atomic % of bridgmanite). All elements are non-spin polarised except those labelled HS which were
run with their standard high spin configuration. 2H represents a water molecule where a Mg has

been replaced with 2 Hydrogens in the vacancy. Fe-Al represents a high spin ferric iron replacing a
Mg and an Al replacing a Si.



0.1% 1 10

25 GPa Predicted -3 -32 -329
Calculated -9 -93 -582

125 GPa Predicted -4 -45 -452
Calculated -3 -29 -251

Table 5: Comparison of the effect Ti has on Tuix with different atomic% values as predicted with
Table 4 and as calculated fully using MD and configurational entropy calculations.



Supplementary Information for the miscibility of Calcium Silicate Perovskite and Bridgmanite: A

single phase perovskite in hot, iron-rich regions
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Figure S1: Plot of the energy of different compositions of CaxMg1.,SiOs3 relative to the energy of
MgSiOs at 25 GPa. The plotted line was drawn with x=0, 0.5 and 1 and x=0.25 was determined
independently. This shows that a polynomial fit is appropriate for these phases except maybe at
extreme values of x. Similar behaviour was observed at 75 and 125 GPa.



25 GPa 125 GPa
Element | Site | K | 0.10% 1 10| K| 0.10% 1 10
2H A 0 -1 -7 77] 0|4 42 389
He int | 1 4| 45| -446| 1 -5 -50
Ne int | 1 -10 | -103 | -1078 | 1| -6 57 | -581
Li(1) A 0 1 9 78] 03 32 297
Na(l) A 0 6| -60| -603] 0]-4 37 | -373
K(1) A 1 -3 -28 =277 11]-2 -17 -175
Be(ll) A 0 0 -1 -13] 05 53 497
cu(ll) A 0 3| 33| -324| o]-3 29 | -292
Ni(11) A 0 6| 56| -569] of-3 34 | 342
Zn(I1) A 0 3| 31| -307| o]-3 32 | -318
Co(ll) A 0 6| 59| -600] 0]-4 -38 | -386
Fe(Il) A 0 5| -49| -489] o] -3 35 | -349
FeilHs |A | o 4| -38| -377] 0|3 34 | -339
V(i) A 0 4| -44| -440| 0] -3 33 | -332
Cr(1I1) A 0 -1 -10 -102 0] -2 -21 -212
Mn(ll) | A 0 1 6 52] oo -1 -14
Sc(ll) A 1 4 40| 397 1] -13 | -128
Sc(l)HS | A 1 -4 -44 -442 1]1-1 -9 -89
Sr(11) A 1 3] 31| 280 13 28 267
Ba(ll) A 1 8| 76| 675] 1|6 64 594
B(III) AB 1 20 150 990 112 0 -263
Al(111) AB | O 16 | 112 629] 09 65 417
Cr(ln) AB | 1 14| 93| 431] 1|7 46 224
Cr(lpHs | AB | 1 15 | 103 5371 1|6 34 99
Ga(l) |[AB | o 15 102 s524] o8 60 367
Fe(l) | AB | 0 21| 166 | 1137 o 12 97 727
Fe(lllHS | AB | 0 14 91 411 017 51 279
Sc(l1n) AB | O 12 70| 194] o6 38 144
In(ll1) AB | O 13 82| 323] 0|7 51 276
Fe-Al AB | 0 14| 91| 42 o]s 42 180
C 4+ B 1 23| -329] 05 30 50
S 4+ B 0 8| 29| -267] 05 23 -21
Ged+ B 0 11| 57 39] 05 30 46
Sna+ B 0 7| 23| 33| 04 14 -114
Tid+ B 1 12| 66| 134] o4 21 -45

Table S1: Effect of various elements on Tmix at 25 and 125 GPa with Ca%=50%. Columns
are name of the element, site at which that element was placed (A=Mg site, B= Si site, AB=1



element at each, Int=interstitial), the change in AHmixin eV from placing one defect element,
proportion of this element in the Ca-pv before mixing (1 is all in Ca-pv, 0 is all in bdg),
change in Tmix (K) with various amounts of element (in atomic % of bridgmanite). All
elements are non-spin polarised except those labelled HS which were run with their standard
high spin configuration. 2H represents a water molecule where a Mg has been replaced with 2
Hydrogens in the vacancy.



25 GPa 125 GPa
Element | site | K | 0.10% 1 10| k| 0.10% 1 10
2H A 0 0 -3 36] 0] 12 121 | 1067
He Int | 1 76 | -547 | -2319| 1| -32 -228 | -1063
Ne Int | 1 91 | 697 | -3344 ] 1| -46 -365 | -2099
Li(1) A 0 4 40 351] o] 10 94 841
Na(l) A 0 -14 | -145 | -1556 ] 0| -9 94 -958
K(1) A 1 3| 27| 277] 1| -2 25 | -250
Be(ll) A 0 1 14 125 0116 153 1328
Cu(ll) A 0 7| 72| -699] o] -7 -72 -722
Ni(11) A 0 14 | -136 | -1441] 0 -9 -85 | -866
Zn(I1) A 0 7| 66| -651] 0]-8 79 | -797
Co(ll) A 0 -14 | -144 | -1544 0| -10 -97 -996
Fe(ll) A 0 11 | -115 | -1188] 0 -9 -87 | -886
Fe(fHs |A | o 9| 85| 851 of-8 -84 | -858
V(i) A 0 -10 | -102 | -1040] 0] -8 -83 | -837
cr(ll) A 0 1| -10| -101) of 5 50 | -496
Mn(ll) | A 0 3| 33| 286] o1 5 45

Sc(Il) A 1 -6 -59 -633 1]1-1 -12 -118
Sc(ll) HS | A 1 7| 7| 7] 1| -2 -16 | -155
Sr(l1) A 1 13 130 1162 1110 101 938
Ba(ll) A 1 25 249 2061 1120 198 1747
B(II) AB | 1 13| 128 | 1064 | 1|-13 130 | -1377
Al(li) AB | 0 3 29 2521 0|5 47 435
Cr(I1) AB 1 -2 -24 -226 110 -5 -48

cr(iHs | AB | 1 4 33| 1|4 38 | -371
Ga(l) |[AB | o 0 1] of3 34 310
Fe(lll) AB 0 17 170 1380 0] 14 134 1172
Fe(l)HS | AB | O 3| 29[ 2771 01 10 91

Sc(lll) AB | o 8| 85| -843] o -3 26 | -252
In(ll1) AB | O 5| 52| -s00] o)1 9 84

Fe-Al AB 10 3| 27| 25| 0(-2 -16 -159
Ca+ B 1 -17 | -168 | -1878 0f-3 -28 =277
S 4+ B 0 -15 | -153 | -1667 ] 0| -5 -47 | -466
Ged+ B 0 8| -77| -758] o -3 -29 | -288
Sna+ B o| -17|-170| 1903| o] -7 72 | -721
Tid+ B 1 5| -52| -506 -5 53 | -531

Table S2:

As Table S1 but with Ca%=90.







