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Viscosity jump in the lower mantle inferred from
melting curves of ferropericlase

Jie Deng® ' & Kanani K.M. Lee® '

Convection provides the mechanism behind plate tectonics, which allows oceanic lithosphere
to be subducted into the mantle as “slabs” and new rock to be generated by volcanism.
Stagnation of subducting slabs and deflection of rising plumes in Earth’s shallow lower mantle
have been suggested to result from a viscosity increase at those depths. However, the
mechanism for this increase remains elusive. Here, we examine the melting behavior in the
MgO-FeO binary system at high pressures using the laser-heated diamond-anvil cell and
show that the liquidus and solidus of (Mg,Fe;-,)O ferropericlase (x=~0.52-0.98), exhibit a
local maximum at ~40 GPa, likely caused by the spin transition of iron. We calculate the
relative viscosity profiles of ferropericlase using homologous temperature scaling and find
that viscosity increases 10-100 times from ~750 km to ~1000-1250 km, with a smaller
decrease at deeper depths, pointing to a single mechanism for slab stagnation and plume
deflection.
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ecently, Rudolph et al.! observed a jump in viscosity by a

factor of 10-100 at 800-1200 km depths based on a rea-

nalysis of the long-wavelength nonhydrostatic geoid, indi-
cating a possible correlation between this viscosity variation and
slab stagnation? and plume deflection®* in the shallow lower
mantle. Assuming an initiallg silica-rich lower mantle, a recent
geodynamic modeling study® argued that a 20-fold change in
viscosity associated with large-scale heterogeneity is sufficient to
prevent efficient mantle mixing and generate the intrinsically
strong bridgmanite-enriched domains in the shallow lower
mantle, which in turn can explain the present day radial viscosity
jump at those depths. However, the prescribed relationship
between silica concentration and bulk viscosity of materials is
rough as viscosity is not only sensitive to the major element
chemistry but also many other factors including deformation
mechanism, strain, and grain size. Alternatively, a change in the
redox state of bridgmanite at pressures of 40-70 GPa may alter
the Fe partitioning between bridgmanite and ferropericlase and
result in an iron-depleted bridgmanite zone in the shallow lower
mantle®. However, the effects of Fe on the melting temperatures
of bridgmanite are controversial® and consequently the viscosity
increase induced by the high melting temperatures of iron-
depleted bridgmanite inferred from the homologous temperature
scaling remains poorly constrained. Thus, although seismic
tomography, geoid inversion and geodynamic modeling provide
robust evidence for the viscosity jump in the mid-mantle, the
corresponding mechanism remains enigmatic.

The viscosity of the lower mantle is suggested to be strain
dependent’. In regions where large shear strain occurs (e.g., near
subducting slabs and defected plumes), the weakest phase, (Mg,
Fe)O ferropericlase, would form an interconnected weak layer
(IWL) and therefore is expected to dominate the viscosity. Using
homologous temperature scaling, the rheology of the lower
mantle can be further assessed. The rate of plastic deformation of
ferropericlase is proportional to the effective self-diffusion coef-
ficients of the slowest species, i.e., Mg and Fe’, which, in turn, are
related to the melting temperature by the homologous tempera-
ture scaling relation. Using the melting curve of MgO reported by
Zerr and Boehler!®, Yamazaki and Karato’ derived a nearly
depth-independent viscosity of ferropericlase. But recent
experiments' =13, first-principles calculations'* and thermo-
dynamic modeling!® consistently favor a much higher melting
curve of MgO with a much larger zero pressure melting slope
(dT,,/dP, where T, is the melting temperature under pressure P).
Additionally, because ferropericlase in the lower mantle likely
contains 15-20% iron depending on the iron partitioning
between bridgmanite!®, a linear reduction of melting temperature
based on the percentage of iron is often carried out when cal-
culating the melting curve of iron-bearing ferropericlase!” with-
out any physical basis. Therefore, better-constrained melting
curves of iron-bearing ferropericlase are important to understand
the variation of viscosity of ferropericlase at high pressures and
temperatures.

Here, using the laser-heated diamond-anvil cell (LHDAC),
we study the melting phase relations of the MgO-FeO binary
system up to ~80 GPa. We use both ideal and regular solution
models fit our experimental data and both suggest that
the liquidus and solidus curves of (Mg,Fe;_,)O ferropericlase
(x=~0.52—0.98), exhibit a local maximum at ~40 GPa. Based on
these melting curves, the relative viscosity profiles of ferroper-
iclase of Earth-relevant compositions are calculated using
homologous temperature scaling. We find that the viscosity of
ferropericlase shows a 10-100 times increase from ~750 km to
~1000-1250 km, and a subsequent smaller scale decrease at
deeper depths, irrespective of deformation mechanism or mantle
heterogeneity.

2

Results

Laser heating and chemical characterization. We performed
high-pressure melting experiments using the LHDAC on fine-
grained (Mg,Fe, ,)O ferropericlase (x=0.20, 0.23, 0.81, 0.82,
0.88, 0.90, 0.91) at pressures up to 80 GPa (see “Methods” for
details). Temperatures were determined using the inverse mod-
eling method (see “Methods” for details). Samples were recovered
from the LHDAC and examined with an analytical scanning
electron microscope (ASEM) using wavelength dispersive spec-
troscopy (WDS). Sample cross-sections, chemical characteriza-
tion of the run products, and determined temperatures can be
found in Fig. 1, Supplementary Fig. 1, Supplementary Table 1,
and Supplementary Note 1.

Phase diagram calculation. The mixing of MgO and FeO at
low pressures (e.g., 3-7GPa) has been described by the
ideal solution model'! for both liquid and solid states,
whereas Frost'® resolved non-zero interaction parameters
(Margules parameters), Wioid | for MgO-FeO solid solution.
Therefore, we used both the ideal solid solution and symmetric
regular solution models to fit our data to avoid any inherent
biases in the models. The biases are, for example, that the ideal
solution model is incapable of producing inflection points in
phase loops.
The equations we used to fit our data at each pressure are
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where R is the gas constant, T is temperature, AH,, r.o and AH,;,
mgo are the enthalpy of melting of pure FeO and MgO,
respectively. T peo and Timngo are the melting temperatures of
pure FeO and MgO and are directly taken from refs. '41°
respectively. Xihquml *olid §s the component i (FeO or MgO) in the
liquid or solid phase. W;‘;lci)d_Mgo and Wi %\.0 the Margules
parameters for the solid and liquid MgO-FeO solution,
respectively. For the ideal solution models, the Margules
parameters are assumed to be zero and only two paraeters,
AHpreo and AHp, vgo are free fitting parameters. The regular
solution models, in contrast, have four undetermined parameters.
As the data set available for each pressure is limited, direct fitting
for four parameters leads to large non-uniqueness. Therefore,
extra constraints on the fitting parameters are necessary.
Wit g0 is informed by previous studies**!. Frost et al.*’
gives the following equation:

Wit go (KTmol ') = 11+ 0.11P, (3)

where P is pressure in GPa (the uncertainty is not given in the
source). However, we note that this relation is based on only one
experimentally determined Wiolid | - value at 18 GPa'®. As such,
we combine this value and another available experimentally
determined Wf:‘gl(i){Mgo value for olivine?! at 1bar and fit them
together with respect to pressure to get the following relation:

Wit go (KImol ') = 2.60(£0.50) + 0.59(+£0.03)P,  (4)
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Fig. 1 SEM images of representative cross sections of recovered ferropericlase melted samples. Samples melted at a 60 GPa (Jul0415) and b 27 GPa
(Fp2002). Both images show a clearly quenched melt (1), co-existing solid that is relatively iron depleted (ll), and starting material (Ill) regions. The
starting material used in the left panel [(Mgo g1, Feo19)O] was self-insulated whereas the starting material used in the right panel [(Mgg 20, Feo.s0)O1 was
insulated by pure MgO. (Mgg 20,Feo.80)O reacted with MgO, generating a more Mg-rich melt and coexisting solid compared with the starting material
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Fig. 2 The phase diagrams of ferropericlase. Curves in a-e show the ideal (red, dashed) and regular solid solution models (black, solid) at 27, 40, 50, 60,
and 80 GPa, respectively. The solid symbols represent the composition of melt and coexisting ferropericlase (solid circles, triangles and diamonds

represent data from this study, refs. 1249

respectively). Uncertainties (95% confidence interval) for temperatures and compositions are shown and listed in

the Supplementary Table 1. Temperatures are measured and corrected using the multi-layer inverse modeling method (Supplementary Table 1)4°. FeO and

MgO melting temperatures (open squares) are taken from refs. 1419

where P is pressure in GPa. We use Egs. (3) and (4) as the bounds
for Wf:glci)d_Mgo values used in the fitting of the phase diagrams.
The other Margules parameter Wy .0 has not been studied
before in MgO—-FeO system at high pressures and thus it is treated
as a free fitting parameter.

As for the remaining two parameters, AHp, peo and AHy, nvgo»
we emphasize that they are the enthalpy change of endmembers
at reference states. For example, AH,, .o is the enthalpy
difference between the liquid and solid FeO at the melting
temperature (here the reference temperature is the melting
temperature of FeO). According to previous studies’>?%, FeO
remains in the Bl structure along its melting temperatures to
pressures well above our experimental range. Therefore, the
structural phase transitions of FeO at low temperatures®* are not
relevant in fitting the solidus and liquidus loops. There are no
direct experimental studies of AH,, po at high pressures.
Previous thermodynamic modelings®* yield the equation of
states of liquid FeO, which combined with the experimentally
determined equation of states of solid FeO?3 enable us to calculate
the AH,, reo at elevated pressures. The resolved AH,, r.o values
based on refs. 22> are almost identical at pressure lower than
11 GPa but become gradually discrepant with pressure and are
different by ~20k]J mol™! at 80 GPa. We adopt both AH,,reo
values as the bounds in phase diagram modeling using the regular
solution model. In contrast, both AH, mgo Vvalues and their
trends with respect to pressure reported by first-principles
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respectively

calculation'#?627 at pressures greater than 1bar are extremely

discrepant and the discrepancies increase with pressure. For
example, at 90 GPa the smallest AH,, vio0 value reported by the
calculation study is only ~75 kJ mol~! 2 in contrast to the largest
value of ~180kJ mol~!14. Therefore, we set AHpmgo as a free
fitting parameter.

The best fitting parameters are shown in Supplementary
Tables 2 and 3 for the ideal and regular solution model,
respectively. Although the ideal and regular solution models
yield similar phase diagrams, the ideal solution model
gives unrealistically high AH, r.o. This is because AH,, .o is
related AVy,ro, the volume change of melting by
AHpypeo = AVinpeo X Tm 7. The AH,peo at 1bar has been
experimentally determined to be ~35kJ mol~! 2, corresponding
to AV peo of ~0.52 cm®mol™l. A AH, reo of 105K] mol~lat
27 GPa indicates that AV, peo is ~1.2cm®mol™!, which is
unlikely considering that the compression of both solid and
liquid FeO at high pressures. Therefore, a regular solution model
might be more appropriate to describe the MgO—FeO solution in
the pressure range we examined.

The phase diagrams at 27, 40, 50, 60, and 80 GPa constructed
using the best fitting parameters are shown in Fig. 2. The ideal
solution model and regular solution model yield overall similar
phase diagrams, especially at higher pressures. Additionally,
we also apply our parameters fitted at high pressures but
interpolated to low pressures, to existing literature data at 3 GPa'?
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Fig. 3 Melting curves of ferropericlase. Liquidus (L) and solidus (S) temperatures of a (Mgg 75Fe25)O (triangles), b (Mg sFeq2)O (circles), ¢
(Mgo.ss5Feo15)0O (inverted triangles), and d (Mgg oFeq1)O (squares) assuming the ideal (red, open symbols) and regular solution models (black, solid
symbols), respectively. Uncertainties (95% confidence interval) on the temperatures are ~+10% as indicated by the red and gray shaded regions for the
ideal and regular solution models, respectively. The blue shaded regions correspond to the composition-dependent spin transition pressure range at 300 K
(-35-70 GPa)33. The spin transition pressure ranges at corresponding high temperatures are likely broader but begin at pressures similar to those at

300 K856, The curves are drawn as a guide for the eye

and find good agreement (Supplementary Fig. 2 and Supplemen-
tary Note 2), helping to validate our solution models.

Melting curves of ferroepericlase. Based on the phase diagrams,
we infer the solidus and liquidus curves for (MgFe)O with
different Earth-relevant iron contents (Fig. 3). Four consistent
features of the solidus and liquidus curves of ferropericlase are
noticeable. First, the solidus temperatures of ferropericlase are
much smaller (more than 1000 K) than those extrapolated by a
linear reduction of melting curves of pure MgO and FeO'*
(Supplementary Fig. 3 and Supplementary Note 3). Second, the
melting temperatures (both solidus and liquidus) locally peak at
~40 GPa and the difference between the melting temperatures at
27 and 40 GPa is as high as ~900 K. Third, the magnitude of the
melting temperature (both solidus and liquidus) increase from 27
to 40 GPa (i.e., melting slope) is larger than that of the melting
temperature decrease from 40 to 50 GPa. Fourth, between 50 and
60 GPa, the melting slope becomes positive again. It should be
noted that most of our experimental data set is concentrated in
the Mg-rich end. Therefore, the ferropericlase melting tempera-
tures with Earth-relevant compositions (Mg#=100xMg/(Mg+Fe)
by mol=75-90) are robustly constrained by the experimental data
regardless of the solution models implemented (Fig. 2).

Discussion

Our preferred way to interpret the observed unusual melting
behavior of (Mg,Fe)O is the spin crossover of Fe?* in (Mg,Fe)O.
The spin transition of iron in the lower mantle is generally
expected to result in considerable changes including: physical
(e.g., density and elastic moduli), chemical (e.g., element parti-
tioning), and transport properties (e.g., electrical conductivity)?°.
While it is unknown how the spin transition affects the melting
of (MgFe)O, a qualitative estimate can be obtained based on
Lindemann’s law, which provides a simple relationship between
the melting temperature and the thermoelastic properties of
materials, Ty, « C/p, where C is some combination of elastic
moduli and p is the density®?. Both experiments and first
principles computations have shown that the spin transition
softens and densifies (Mg,Fe)O3 1,32 Therefore, we can expect that
the spin transition will tend to lower the melting temperatures
based on Lindemann’s law (see Supplementary Fig. 4 and Sup-
plementary Note 4 for further discussion), setting up a local

4
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maximum in each melting curve. However, after the mid-point of
the spin crossover, the moduli will again monotonically
increase®"¥2, thus causing the melting temperatures to again
increase. For Earth-relevant compositions, the local maximum in
T,,, occurs at ~40 GPa based on the spin-state crossover region’>.
Additionally, the varying signs of melting slopes for the melting
curves of ferropericlase is unexpected but not unique** and is
consistent with the spin crossover of FeZ* in both (Mg,Fe)O
solid* and liquid®®3” (Supplementary Note 5).

With the melting curves of ferropericlase, we further calculated
the effective diffusion coefficients using homologous temperature
scaling. As has been argued for multi-component systems, we
use the solidus as the melting temperature in the homologous
temperature scaling®®. The radial relative viscosity profiles of
ferropericlase based on its solidus curves are shown in Fig. 4 usinég
both a “cool” geotherm® and a relatively “hot” geotherm™”.
We also calculate the radial relative viscosity profiles of
ferropericlase based on the liquidus curves and find similar results
(Supplementary Fig. 5).

Our results are in contrast to early high-pressure, room-
temperature deformation experiments4 4l on (Mg s3Feq17)O
and MgO which show negligible rheological variations with
pressure. More recently, a deformation experiment on
(MgooFe1)O and (Mg sFe(,)O at elevated temperatures (up to
770K), found that the strength of ferropericlase increases by
a factor of three at pressures from 20 to 65GPa!”. Further
modeling based on this strength increase suggests a viscosity
jump by ~2.3 orders of magnitude in regions of large shear strain
in the shallow lower mantle. While their result!” is roughly
consistent with our results, at least until ~40-50 GPa, it is
dependent on deformation mechanism and the data are collected
at low temperatures, which makes the results difficult to apply to
Earth’s interior. Additionally, we also suggest the viscosity of
ferropericlase should decrease between ~40 and 50 GPa, while
Marquardt and Miyagi'” indicate that the viscosity of ferroper-
iclase will continue to increase, likely due to the low temperatures
achieved in their experiments.

It is noted that the viscosity profile of ferropericlase calculated
in this study is in excellent agreement with that proposed by
Wentzcovitch et al.*2, where viscosity was estimated based on the
elastic strain energy model. The viscosity is a function of the
effective diffusivity (see Egs. (8) and (9) in “Methods”) which is
further related to the shear and bulk moduli by the elastic strain
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Fig. 4 The radial relative viscosity profiles of ferropericlase inferred from homologous temperature scaling and the solidus melting curves. Profiles based on
the ideal (red, open symbols) and regular solution models (black, solid symbols) for (Mgg 75Fe0.25)0, (Mg gFep2)0, (Mgg gsFep15)O and (Mgo oFeq1)O
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geotherm3® and a relatively b “hot” geotherm3®. Symbol identification is the same as in Fig. 3. Viscosity values are scaled relative to

the viscosity at 27 GPa. For these curves, the non-dimensional constant g in the homologous temperature scaling is given a value of 12 (Methods).

Uncertainties on the viscosity are approximately enveloped by the values given by the solidus and liquidus (Supplementary Fig. 5) and two different solid
solution models under two different geotherms. The blue shaded regions include spin transition pressure range for Mg#75-90 at 300 K (~35-70 GPa)33.
The spin transition pressure ranges at corresponding high temperatures are likely broader but begin at pressures similar to those at 300 K®>€®, The curves

are drawn as a guide for the eye

energy model because ionic diffusion shears and stretches
the chemical bonds on the diffusion path*2. Using the elastic
constants obtained by first-principle computations, a local
peak viscosity was found at ~40 GPa*2, The consistency between
ref. #2 and this study is not fortuitous. Both studies suggest that
the viscosity of ferropericlase is correlated with its thermoelastic
properties. Although our observation is only directly concerned
with the melting behavior of ferropericlase, melting has
been suggested to be closely related to the thermoelastic
properties in general by both the shear instability model and the
vibrational instability model (see ref. 43 for a review). Based on
the latter instability model, Lindemann’s law mentioned earlier
is one example that relates the elastic constants to melting
temperatures. As such, the viscosity profile of ferropericlase by
ref. *? and this study indicate that the viscosity peaking
at ~40 GPa is a necessary result of the thermoelastic anomaly
induced by the spin crossover of Fe?* for Earth-relevant
ferropericlase.

Note that in our analysis, diffusion creep and dislocation creep
yield identical relative viscosity profiles. This is because we do not
include the strength variation suggested by the low temperature
deformation experiments for dislocation creep!” and conse-
quently for both dislocation creep and diffusion creep, the
resultant viscosity of ferropericlase is 5 « T/Deg, where De is the
effective diffusion coefficient of Mg or Fe and T is temperature.
While the specific values of the viscosity of ferropericlase depends
on the values we use for the input parameters in the homologous
temperature scaling and in the formula for different deformation
mechanisms (“Methods”), a viscosity jump by one to two
orders of magnitude from 27 GPa (~750km) to ~40-50 GPa
(~1000-1250km) is a necessary result of the corresponding
increase in melting temperature of ferropericlase with the
compositions examined here regardless of the dominant

18:1997

deformation mechanisms and geotherms used. Likewise, a
viscosity drop of smaller scale at deeper depths is also a necessary
result stemming from the ferropericlase melting curves.

In large strain regions where ferropericlase likely forms an IWL
framework®%, a one to two orders of magnitude jump in viscosity
of ferropericlase results in nearly the same scale of jump in the
viscosity of the lower mantle. This offers a simple mechanism for
the sharp viscosity increase in the shallow lower mantle and the
corresponding depth of the maximum viscosity is in excellent
agreement with the maximum depth at which most actively
subducting slabs stagnate’. Since the viscosity jump predicted
by this study does not rely on the deformation mechanism
of ferropericlase, if we include the contribution of an elastically
strengthened ferropericlase to the viscosity!” assuming the
deformation mechanism is dislocation creep as suggested by
ref. 4, the viscosity further increases to two to four orders of
magnitude, up from one to two.

For the majority of the shallow lower mantle away from
stagnant slabs and deflected plumes where the shear strain is
likely relatively small and seismic anisotropy is generally not
observed®®, our analysis suggests that the viscosity of ferroper-
iclase still increases by at least one to two orders of magnitude.
But whether this jump in viscosity for ferropericlase results in the
bulk mantle viscosity increase by a similar scale strongly depends
on the strain partitioning between bridgmanite and ferropericlase.
The IWL framework is an extreme case in which most of the
strain preferentially partitions into the weak phase, and thus the
weak phase dominates the deformation rate of the aggregate.
In contrast, strain equally partitions between the strong and
weak phases in a load-bearing framework (LBF) where the
strong phase containing isolated pockets of the weak phase.
The degree of strain partitioning into a weaker phase has been

suggested to increase with the strain under plastic deformation®’.
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If the shear strain in the majority of the shallow lower mantle is
relatively small so that LBF dominates, the viscosity is dominated
by the dominant and more viscous phase (bridgmanite) and the
viscosity jump of ferropericlase in this region will be
overshadowed.

Our conclusion is comparable with Marquardt and Miyagi!” in
that both studies predict a sudden jump of the viscosity of
ferropericlase in the shallow lower mantle. As such, each can
explain the broadening and stagnation of subducting slabs at
those depths. The difference between our results and the previous
study’s!” is at pressures greater than 40 GPa and is likely due to
the fact that their experiment is conducted at relatively
low temperatures and is not directly applicable to the high-
temperature rheology of ferropericlase in Earth’s deep interior.
Additionally, our results yield a natural explanation for plume
deflection at depths of ~1000 km>* because of viscous resistance
for upwelling plumes also peaks at this depth. These conclusions
do not hinge on the assumption that the dominant deformation
mechanism in large strain areas in the shallow lower mantle is
dislocation creep. Additionally, our results show the existence of
this viscosity peak is relatively insensitive to the major element
chemistry of ferropericlase for plausible lower mantle ferroper-
iclase compositions. Therefore, the intrinsic viscosity profile
inferred from the melting curve of ferropericlase likely affects the
pattern of mantle convection in the Earth.

Methods

Sample synthesis and laser heating experiments. (Mg;_,Fe,)O ferropericlase
(x=10.09, 0.2, 0.23, 0.82, 0.88, 0.90, 0.91) were synthesized from powders of Fe,0;
and fired MgO which were annealed for 14h at 1473 K at an oxygen fugacity of
107 Pa'?8 In order to minimize chemical reactions between widely used pressure
media and ferropericlase, Mg-rich ferropericlase starting materials were loaded
without any pressure transmitting medium into LHDACs equipped with either
matched 150, 200, or 300 pm culets. For example, using a noble gas such as argon
may cause lowered melting temperatures due to incorporation in to melts of this
composition'?. Additionally, due to the high temperatures anticipated for ferro-
periclase melting, we avoided alkali halides because of strong changes in the optical
properties*®, which cause a rapid increase in temperature near their melting
points>. See Supplementary Note 6 for a thorough discussion about the absence of
the pressure medium for some experiments in this study. For Fe-rich ferropericlase
samples, ferropericlase must be insulated in order to protect the diamond anvil on
the heated side. We therefore loaded a layer of pure MgO powder between the
diamond anvil and the Fe-rich ferropericlase on the heated side, which also helped
to minimize axial temperature gradients*’ and contamination from other potential
pressure media. In order to minimize moisture contamination, the starting
materials were kept in a vacuum oven (80 °C) except when taken out for sample
loading. Additionally, the sample assembly was also oven-dried after cell loading
and prior to pressurization. Pressurized samples were heated from one side with a
near-infrared laser (100 W, 1070 nm SPI water-cooled fiber laser). We used pre-
defined ramped laser heating!? to melt the sample: the laser is set to a low power
for 2's and then linearly ramped up to a peak power every 20 ms within 1s and
kept at the peak power for 0.4-1 s before turned off. A mechanical shutter is
opened ~40-100 ms before the laser is quenched to allow the temperature mea-
surement of the sample at peak power.

Chemical analyses. Quenched samples were cut and polished through the center
of the heated region by electrical discharge machining and focused ion beam (FIB)
techniques (Fig. 1 for representative cross-section images), and then quantitatively
analyzed by an ASEM (JEOL 7600F) using WDS. Both pure iron (purity > 99.95%)
and (Mg,Fe)O samples with known compositions were selected as reference
standards for WDS measurements. Chemical analyses were performed using an
accelerating voltage of 10 KeV and a beam current of 6.5 nA, with spatial resolution
of ~1 ym in diameter’!.

The measurement totals of our quenched samples are mostly within the range
of 97-103%, suggesting that contamination from carbon, if it exists, is likely small.
In addition, previous studies suggest a negligible solubility of carbon in (Mg,Fe)O.
Shcheka et al.> found that the maximum carbon solubility in most mantle silicates,
including wadsleyite, ringwoodite, MgSiO;—ilmenite and MgSiOs;—bridgmanite is
below their limit of detection of 40-110 ppb by weight. Because (Mg,Fe)O does not
have tetravalent cation, we expect that the solubility of carbon in ferropericlase
should be lower than the above silicates and therefore negligible. Indeed, the
solubility of carbon in FeO and MgO solid was reported under the detection limit
(0.01 ppm by weight) at 1bar. Although the effects of carbon on the melting of

6
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ferropericlase is unknown, a carbon concentration <0.01 ppm is unlikely to have
any pronounced effects on the melting of (Mg,Fe)O ferropericlase.

Temperature determination. Accurate temperature measurements using
spectroradiometric approaches® or multi-wavelength two-dimensional imaging
radiometry>>°® for semi-transparent materials in LHDAC experiments is difficult,
because wavelength-dependent absorption/emission and temperature gradients at
elevated pressures may drastically deviate the apparent temperature from the real
highest temperature attained during the experiments®®. The optical absorption
spectra of (Mg,Fe)O ferropericlase exhibit strong wavelength dependency which
varies significantly with Fe content, pressure and temperature®’. Consequently, the
wavelength-dependent absorption must be taken into account when determining
temperatures of (Mg,Fe)O samples in LHDAC experiments. The wavelength-
dependent absorption issue cannot be simply solved by using thin samples within a
thick and inert insulating medium. On the contrary, a thin sample will make the
situation worse because the temperature deviation can easily be very large when the
optical thickness of the sample 7; = [(k;dz is small, where k; is the absorption
coefficient and d is the thickness of materials that participate in the radiative heat
transfer at the wavelengths of interest. A thinner sample is characterized by a
smaller optical thickness and therefore a large temperature deviation is more likely
(see Fig. 4 in ref. *%). Here, we implemented the multi-layer inverse modeling
method in which the geometry and optical properties of the sample and detected
thermal radiation intensities during each experiment are integrated to rigorously
constrain the melting temperatures of ferropericlase?®. The results (inverse
modeling T,,,) are tabulated in Supplementary Table 1. Apparent temperatures (T,)
calculated by averaging the temperatures along the loop encompassing the molten
region (region I in the Supplementary Fig. 1a) in 2D optical images (perimeter T,)
and apparent temperatures of position with strongest thermal radiation intensities
(hottest point T,) are also shown for comparison.

At first glance, the differences between T, and T, do not exhibit any obvious
systematic trends with respect to pressure or composition (Supplementary Table 1).
However, there is a qualitative prediction of the trend. For example, samples
Jul0415 (T, — T,=670K) and 14_0506_45G (T}, — T, =—660 K) have opposite
temperature corrections. It is worth noting that in the wavelength range of thermal
radiation we measured (580, 640, 766, and 905 nm), (1) the optical absorption
coefficients of (Mg,Fe)O ferropericlase generally decrease with wavelength, and
(2) both the absorption coefficients and the slopes of the optical absorption spectra
exponentially increase with Fe concentration of ferropericlase®”. For sample
Jul0415, the melt is very iron rich and relatively thick so that the optical thickness
in the four wavelengths measured (580, 640, 766, and 905 nm) are very large and
the melt can be treated as a blackbody. Therefore, the radiation emitted from the
melt is nearly intact. But after the radiation penetrates through the overlaying
coexisting solid and starting materials and is recorded, the short wavelength
radiation signal (high energy) is preferentially absorbed, yielding a radiation
spectrum with the intensities at short wavelengths undermined. Consequently, the
later Wien or Planck fitting based on this biased spectrum gives a cooler apparent
temperature. However, for sample 14_0506_45G, the melt is not as iron rich and
relatively thin as compared to Jul0415, such that the optical thickness in 580, 640,
766, and 905 nm is relatively smaller. According to Kirchoff's law, the thermal
radiation from the melt itself is biased in the way that high-energy signals (short
wavelength) are relatively enhanced because of the large absorptivity at short
wavelengths. Although the preferential absorption of short wavelength radiation by
the overlying coexisting solid and the starting material can mitigate the effects to
some extent, the coexisting solid and the starting material are too transparent
(Mg#93 and 90, respectively) and thin to make a big difference. Consequently, the
overall effect is dominated by the melt and the thermal radiation detected exhibits a
hotter apparent temperature.

While the above qualitative analysis can explain the general trend of T,,—T,, a
rigorous evaluation of temperature requires careful inverse modeling taking into
account the geometry, optical properties of the sample and temperature gradients,
as shown in Supplementary Fig. 1. The best fitting horizontal intensity of radiation
curves (thin lines in Supplementary Fig. 1d) are generally very consistent with the
detected data (thick lines) except that the fitted results are overall slightly higher
than the detected values, which might be a result of inaccurate interpolation or
extrapolation of the absorption coefficients at a particular wavelength. Additionally,
the fitted curves become increasingly disparate from the real data at the ends. This
is reasonable since the white lines in Supplementary Fig. 1c do not delineate the
layer boundaries at the two ends very well and are only an approximation to the
actual shape.

Viscosity calculation using homologous temperature scaling. Homologous
temperature scaling relates the effective diffusion coefficients at high pressures to
melting temperatures by,

D(P, T) = Do exp(—gTm(P)/T), (5)

where the pre-exponential factor Dy is a constant, Ty,(P) is the melting temperature
at pressure P, and g is a non-dimensional constant and is given by

g = H' (P)/RT(P), (6)
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where H'(P) is the activation enthalpy at a given pressure P. Following previous
studies”!”, we derive the g values by taking the zero pressure H (P) from com-
putational studies®®®! and zero pressure solidus melting temperature of

(Mg s0Fe.20)O by phase diagram calculation using the regular solution model. The
resultant g values are 10~14. Taking the derivative of H (P) with respect to pressure
yields the activation volume,

V' = gR(dT,0 /dP). @)

For Earth-relevant compositions (Mg#75, 80, 85, 90), our inferred average
activation volumes at pressures 3—27 GPa and 60—-80 GPa are consistent self-
diffusion activation volumes of Mg in pure MgO®*°>62 (Supplementary Fig. 6). As
discussed above the spin transition of Fe?* in solid (Mg,Fe)O of those compositions
at 300 K starts and completes at ~35 and ~70 GPa, respectively! % and the spin
transition pressure range in solid (Mg,Fe)O counterparts might be smaller’”. The
overall effects of spin transition in both liquid and solid (Mg,Fe)O is that the V* at
~40 and 50 GPa is strongly affected as shown in Supplementary Fig. 6.
Nevertheless, the general good agreement between the activation volumes of self-
diffusion in (Mg,Fe)O inferred based on homologous temperature scaling and
those in MgO resolved by experiments and computations strongly validates the use
of the homologous temperature scaling method in this study. As such, we use
homologous temperature scaling to infer viscosity in the mantle as shown below.

Under dislocation creep, the viscosity of ferropericlase is expressed as!7:64

RT /t,\"
= Agis ——— (l ,
T= 245D b g) (8)

where Ag; is a pre-exponential factor, D is the lattice diffusion coefficient of the
slowest species, 7, is Peierls stress, b is Burgers vector, ¢ is stress, and # is the stress
exponent.

Under diffusion creep, the viscosity of ferropericlase is expressed as’

RT
n = Adgif @dz«, (9)

where Ay is a pre-exponential factor, Q is the molar volume, and d is the grain size
of the constituent materials.

Here we only focus on the ratio of viscosities since the absolute value of
viscosity is highly sensitive to the specific values of input parameters, e.g, Agis, Adip
7, 0, 1, and d of which most are poorly understood at lower mantle conditions. We
therefore assume Agis, Agis 7p» 0, 11, and d are constant from 27 to 80 GPa. The
molar volume of ferropericlase, Q slightly decreases with pressure (~10% reduction
from 27 to 80 GPa for ferropericlase of the composition we examine here). We use
the equation of state of (Mg soFe20)O to calculate Q36 With above set-up, the
viscosity ratio of ferropericlase at high pressure over the viscosity at reference state

Py is
_T(P) Q(Po)exp<g<Tm(P) B Tm(Po)>>7 (10)

ap) _ (/D) _
n(Po)  T(Py)/D(Py) T(Py) 2(P) T(P)  T(Py)

where T(P) is the geotherm.

Here we use a typical lower mantle geotherm® and set Py =27 GPa. Taking the
solidus as T, the radial relative viscosity profile of (Mg soFep20)O is shown in
Supplementary Fig. 5. The ratio of viscosity at ~1000 km over viscosity at ~750 km
increases with g and is ~20 at g=10 and is ~70 at g=14. The relative viscosity
profiles inferred from liquidus curves rather than solidus curves by both ideal and
regular solution models are also shown in Supplementary Fig. 5, which in general,
are in good agreement with those inferred from the solidus curves.

Data availability. The data sets generated during and/or analyzed during the
current study are available as Supplementary Information and from the corre-
sponding authors.
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Supplementary Figure 1. Illustration of temperature calculation and correction
methods. (a) Optical image; Regions I, II, and III are molten area, coexisting solid, and
starting material, respectively. Dashed lines in optical images are the cross section
position. (b) Two-dimensional temperature map. (¢) FIB’d cross section of heated area
corresponding to the vertical dashed line in (a). (d) Corresponding inverse modeling
results. The thick lines are the horizontal intensities of radiation detected, and the thin
lines are the fitted results with the corresponding wavelength labeled. Figure is modified

from ref. 1.
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Supplementary Figure 2. The phase diagram of ferropericlase at 3 GPa calculated
based on the symmetric regular solution model. Both the original data® (red) and after
temperature correction' (black) are shown for comparison. The input parameters for the
regular solution model are T, ..,= 1750 K, T, ,.,= 3460 K, AH ., = 36 kJ mol”,
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AH 0= 87 kI mol”, W0 = 11 kI mol™, Wegyeo = -30 kJ mol™.
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Supplementary Figure 4. Linearly extrapolated temperature increments compared
with temperature increments determined from phase diagrams from 40 to 50 GPa.
Comparison between the linearly extrapolated temperature increments from 40 to 50 GPa
(black, solid curve) and those from the phase diagram calculation based on both the
regular solution model and the ideal solution model with (solid curves) and without
(dashed curves) including the 10% uncertainty in the solidus melting temperature at 50
GPa. The shaded region highlights the region where extra solidus temperature depression
at 50 GPa occurs likely due to the spin crossover.
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Supplementary Figure 5. The relative radial viscosity profiles of ferropericlase
inferred from homologous temperature scaling. (a) relative viscosity profiles
calculated based on the solidus melting curve of (Mg, ¢,Fe,,,)O for a range of plausible g
values (i.e., g = 10-14). (b) relative viscosity profiles calculated based on the liquidus of
ferropericlase of different Mg# assuming g = 12. Red open (black solid) markers
represent the relative viscosity calculated using the melting temperatures assuming ideal
(regular) solution model. Uncertainties on the viscosity are approximately enveloped by
the values given by the solidus (Fig. 4) and liquidus, and two different solid solution
models under two different geotherms. The blue shaded regions include spin transition
pressure range for Mg#75-90 at 300 K (~35-70 GPa)’. The spin transition pressure ranges
at corresponding high temperatures are likely broader but begin at pressures similar to
those at 300 K*°. Curves are drawn as a guide for the eye.
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Supplementary Figure 6. Activation volume of self diffusion of Mg in (MgFe)O
ferropericlase. Here g = 12 and Mg# = 75 (blue), 80 (red), 85 (pink) and 90 (green)
compared with activation volume of self diffusion of Mg in pure MgO obtained in
previous studies®”®,



Supplementary Table 1. Summary of the experimental conditions and results.
Compositions are measured for the quenched samples after laser heating and the standard
deviations of multiple measurements at each region are shown in parentheses.
Uncertainties in pressure (95% confidence level) are given in parentheses. Temperature
uncertainties are ~7% for perimeter and hottest point values and is ~10% for inverse
modeling (95% confidence level)'. Temperatures used in the phase diagrams are those
computed by the inverse modeling.

Starting Coexisting  Temperature (K)

P . Melt i
Run# (GPa) Material (Mg#) Solid Perimeter Hottest  Inverse
(Mg#) (Mg#) T, point 7, modeling T,
13-0814 " 27(1)  91(1) 73(1)  94(1) 4300 4655 3790
140610° 27(1)  91(1) 68(1)  95(1) 3650 3840 3450
Fp2002B* 27(1)  20(1) 59(1)  87(1) 3000 3204 3100
Fp200140G_D 40(1) 20(1) 36(1)  62(1) 2600 3047 3150
Fp200140G_B 40(1) 20(1) 37(3)  69(1) 2700 3056 3200
14-0506_45G" 40(1) 90(1) 67(3)  93(1) 5000 5505 4400
14-0426° 40(1)  90(1) 55(2)  92(1) 4300 4517 3910
May2715C*¢  51(1) 88(1) 71(1)  91(1) 4250 4500 3800
Jan311650GC* 50(1) 81(1) 51(3)  84(1) 3000 3209 3200
Fp2006C* 60(1) 20(1) 10(5)  75(4) 2700 3076 2990
Jul0415°¢ 60(1) 8I1(1) 59(1)  90(1) 2600 2750 3270
Junl115A 60(1) 88(1) 71(2)  95(1) 4100 4355 4070
Fp8OO180GA*® 80(1) 82(1) 62(1)  91(1) - - 4150
Fp800180GB' 80(1) 82(1) 50(5) 88(2) 3200 3455 3550
Fp201283G* 83(1) 23(1) <9 76(1) 2800 3405 3450

‘Intensity data of thermal radiation saturated in one wavelength. Three-color temperature
fit was implemented, see ref. 1 for more details.

"Data taken from ref. 2. Note the temperatures are re-calculated using mutli-layer inverse
modeling, which show a large contrast with the temperatures used in the ref. 2.

‘Data taken from ref. 1.

‘Data taken from The melt composition is from semi-quantitative analysis by Energy
Dispersive Spectroscopy (EDS).

‘Intensity data of thermal radiation saturated in all four wavelengths. Temperature
calculated by the power ratio used for Fp800180GA and Fp800180GB and the inverse
modeling T, of Fp800180GB.

"The chemical composition of the melt is estimated from the degree of melting which is
determined by the areas of coexisting solid and melt from the optical images.

fThe melt is too small (< 1 um) to measure precisely using WDS. In order to get a
estimate of the composition, we compare the melt and (Mg, ,Fe,s,)O under BSE. The
melt tends to be “brighter” than (Mg, Fe,s,)O, which indicates that it is more iron-rich
than (Mg soF'e)5,)O.

Mg# = 100xMg/(Mg+Fe)



Supplementary Table 2. Best-fitting thermodynamic parameters using the ideal
solution model. Uncertainties in pressure and fitted parameters at each region are shown
in parentheses.

Pressure (GPa) 27(1) 40 (1)  50(1) 60(1) 80(1)
AHy,0 (K mol™)  31(10) 43(14)  25(7) 26(10) 32(9)
AH., (kI mol") 105(30) 100(40) 160(56) 244(35) 280(43)




Supplementary Table 3. Best fitting thermodynamic parameters using the regular
solution model. Uncertainties in pressure and fitted parameters at each region are shown
in parentheses.

Pressure (GPa) 27(1) 40 (1) 50(1) 60(1) 80(1)
AHy,0 (kJ mol™') 33(11)  55(15) 23(7) 249  24(7)
AH,, (kJ mol™) 47(13)  49(14) 49(21) 58(25) 75(18)
Weeoneo (kJ mol™) -16(4)  -10(8)  10(5)  12(5)  23(6)

W (kJ mol™) 18(6)  25(6) 32(5) 35(6)  39(7)




Supplementary Note 1: Attainment of chemical equilibrium

(Mg,Fe)O melt is thought to be homogenized instantaneously due to the fast
diffusion rate of elements>’. In contrast, the Mg-Fe interdiffusivities in (Mg,Fe)O solid
are relatively sluggish and are strongly dependent on temperature, pressure and chemical
compositions'” ">, We calculated the length scales corresponding to our experiment
durations using the experimentally determined chemical diffusion relation. The length
scales are overall larger than the maximum dimensions of the coexisting solid observed
(~1-4 pm). Therefore, the chemical equilibrium at least between melt and coexisting solid
is achieved during the experiment. Following ref. 2, we also measured the chemical
composition within the melts and coexisting solids and found the standard deviation is

generally smaller than 3% as indicated in the Supplementary Table 1.

As noted above, we use pure MgO as an insulation layer for iron-rich starting
materials. Consequently, the reaction between the starting materials and the MgO
insulation layer are inevitable due to the large chemical gradient. But chemical
equilibrium between the melt and coexisting solid is not affected. As argued above, what
determines the chemical equilibrium is the Fe-Mg inter-diffusion rate. And both the inter-
diffusion rate and chemical characterization confirm that chemical homogenization
occurs within the length scale of melt and coexisting solids in our experiments. The only
effect is that the starting materials are diluted and the melt is more Fe depleted than the

initial starting materials for samples Fp2002B, Fp200140G_D and Fp200140G_B.
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Supplementary Note 2: Comparison with the low pressure melting data of

ferropericlase

Both Zhang and Fei" and Du and Lee” conducted (Mg,Fe)O melting experiments
at pressures lower than 27 GPa. However, the results are in sharp contrast with each other,
with ref. 13 being around several hundreds of K higher. As pointed out by Du and Lee >,
this discrepancy is likely due to the indirect temperature measurements beyond the limit
of thermocouples (typically for temperatures > 2300 K) and therefore the extrapolation of
a linear temperature and power relationship for the heater may be an invalid assumption
at the high temperatures like those reported in ref. 13. In addition, both inferred FeO and
MgO melting temperatures by ref. 13 at evaluated pressures are several hundreds of K
higher than the direct experiment measurements' and many other first principle

computations” ' '°. As such, we do not include the melting data by ref. 13 for comparison.

In order to compare our results with the low pressure melting experiments by Du
and Lee?, extrapolation and interpolation of thermodynamic parameters are necessary. As
discussed above, the regular solution model might be more appropriate to describe the
MgO-FeO system in the pressure range we examined. We therefore use the regular
solution model to calculate the phase diagram at low pressures in case the ideal solution

model is insufficient to describe the mixing of MgO and FeO. As described above, six
i liquid
parameters (T, r.o » Trmgo s AH o » AH g0 ,W;;’(')‘f’Mgo ’WFgg-lMgO) are needed to construct a

phase diagram using the symmetric regular solution model. T, ., and 7T, ., are taken from

17,18

previous studies following our convention. Both thermodynamic models suggest the

same AH .. of 36 kJ mol"at 3 GPa. Following our convention Wisomeo 18 set as fitting

m,Fe
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parameters with bounds 4.4-11.4 kJ mol" defined by the equations (3) and (4) of the
main text. The remaining question is how to constrain the AH, ., and WQ;%T&gO at
pressures less than 27 GPa based on our fitted values at high pressures and available
literature data. For WQ;%T&gO , we follow refs.17, 19 and fit WQ;%T&gO as a linear function of

pressure,

Wisis  (kJ/mol) = =35.92(£6.49) +0.78(0.12)P (11)
Experimental data of AH, . is only available at 1 bar (87 kJ mol)*. As

discussed above, the reported AH .. values at elevated pressures show large

m Mg
discrepancies. But interestingly, most computations yield very similar melting curves of
MgO, which indicates that quantification of entropy/volume of melting for MgO is
difficult and controversial in first-principles computations. Specifically, the difficulties
may come from the size of ensembles, effects of the surface energy and so on (see more

discussion in refs. 9, 15). Our inferred AH ., values slightly decrease with pressures

from 27 GPa to 50 GPa and then remain roughly constant upon increasing pressures with

AH  \.oat 40 GPa being exceptionally higher. Nevertheless, this trend is generally

consistent with ref. 20 . To avoid the large influence of uncertainty of AH_,,, on the

m Mg
phase diagram, it is optimal to compare with the data of (Mg,Fe)O melting at lowest
available pressure (i.e., 3 GPa). AH

oat 3 GPa should be reasonably close to AH_,,,,at

m,Mg m,Mg

1 bar, which is rigorously constrained. For simplicity, we adopt the 1 bar value of

AH  \.0 - Following this analysis, the calculated phase diagram at 3 GPa together with the

temperature-corrected experimental data by Du and Lee” are consistent (Supplementary

12



Fig. 2).

Supplementary Note 3: Comparison with linearly extrapolated solidus melting

temperatures of ferropericlase

As pointed out in the main text, the solidus temperatures of ferropericlase that we
measure are much smaller than those extrapolated by a linear reduction of melting curves
of pure MgO and FeO by up to ~3000 K. We plot the temperature differences in

Supplementary Fig. 3 for (Mg, ;sFe,,5)0, (Mg, sFe,,)0, (Mg, ssFe, ,5)O and (Mg, 4Fe, ,)O.

Supplementary Note 4: Interpretation of local maxima in melting temperatures

In order to interpret the melting temperature variations in ferropericlase, we look
to the spin transition of Fe** in (Mg,Fe)O. While it is unknown how the spin transition in
iron affects the melting of (Mg, Fe)O, the spin transition has been found to influence
many physical, chemical and transport properties including density*', elastic moduli*',
element partitioning” and thermal/electrical conductivities™ **. Nevertheless, we can
make a qualitative estimate based on Lindemann’s law>. Lindemann’s law provides a
simple relationship between the melting temperature and thermo-elastic properties of
materials, 7, «C/p, where C is some combination of elastic moduli and pis the density
26- 27 Both experiments and first principles computations have shown that the spin
transition softens and densifies (MgJFe)O™ *. Therefore, we expect that the spin
transition tends to lower the melting temperatures based on Lindemann’s law. We take
(Mg, Fe, ,,)O as an example and use the bulk modulus as the elastic constant of interest

for simplicity which has been shown to decrease over a broad range (40 — 70 GPa) due to
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the spin transition and reach a local minimum at ~50 GPa®. The local minimum bulk
modulus is ~220 GPa compared with ~360 GPa if there were no spin transition.
Additionally, the spin transition also increases the density of ferropericlase by ~2.4% in
this pressure range™. As such, an overall decrease in T,, will occur between 40 — 70 GPa
with the decrease peaking at ~50 GPa. After the mid-point of the spin crossover, the
moduli will monotonically increase at values greater than those in the high-spin state,
thus setting up a local maximum in the melting curves™ *. For Earth-relevant
compositions, this local maximum in T,, occurs at ~40 GPa based on the spin-state
crossover range’. Note that the above spin-state crossover pressure range is
experimentally obtained at 300 K and so high temperatures may additionally influence

this analysis™ ",

Previous ambient temperature experimental studies suggest that the elasticity of
(Mg ,Fe)O with Mg# between 60-94 is affected by the spin transition between 35-70 GPa
and the pressures corresponding to the local minima of elastic constants are likely to
increase with Fe content’. Assuming 1) the solidus melting temperatures at 40 GPa is
only marginally affected by the spin transition compared with those at 50 GPa and 2) the
increment of solidus melting temperatures of (Mg, Fe)O from 40 to 50 GPa without the
effects of spin transition is a linear combination between the increments of melting
temperatures of endmembers (AT = 70 — 280 K for Mg# 0-100), we can discriminate the
amount of temperatures depressed due to spin crossover (Supplementary Fig. 4). It is
clear from Supplementary Fig. 4 that the depression in solidus melting temperatures for
(Mg, Fe)O with Mg# between 52 to 98 cannot merely be explained by the +10%

measurement uncertainty in the solidus melting temperature at 50 GPa. As mentioned
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above, the bulk moduli of (Mg,Fe)O with those compositions are depressed by the spin
transition at pressures between 35 and 70 GPa and local minimal of this depression likely

3,33

located at pressures > 40 GPa™ ™, suggesting that the extra depression in the solidus

melting temperatures at 50 GPa is due to the spin transition.

To sum up, we demonstrate that the spin transition of Fe** in (Mg,Fe)O with an
Mg# between 60 - 94 can at least qualitatively account for the local maximum in melting
temperatures at ~40 GPa observed in this study. As the spin transition of Fe®* in
(Mg,Fe)O is a composition-sensitive phenomenon, pressures corresponding to the peak
melting temperatures should vary with composition, which are not be observed in this

study because of the coarse pressure steps.

Supplementary Note 5: Volume change upon the melting of ferropericlase

According to the Clausius—Clapeyron relation, d7T,/dP=AV/AS , a negative
melting slope (dT,/dP) means that the ratio of molar volume change AV and molar
entropy change AS upon melting is negative. AsAS is generally thought to be positive
during melting, our melting curves (Fig. 3 in the main text) indicate that the volume
change is small and even negative during the transition of (Mg, Fe, ,)O (x = ~0.52-0.98)
from solid to liquid at a pressure between 40 GPa to 50 GPa. Note that the specific
pressure range for this negative volume change is unknown because of the lack of fine
pressure steps between 40 to 50 GPa. Nevertheless, this pressure range is almost
coincident with the pressures at which over half of the Fe in liquid (Mg,Fe)O become
stable in the low-spin state based on a recent first-principles molecular dynamics (FPMD)
simulations study™, which indicates that the negative volume change observed in this

study might be due to the spin transition of Fe in liquid (Mg,Fe)O. Since the negative
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volume change only occurs between 40 and 50 GPa might imply that the population of
the low-spin state Fe in liquid (Mg, Fe)O surpasses that in solid (Mg,Fe)O at the same P,
T conditions. In other words, the initiation of the spin transition of Fe in solid (Mg ,Fe)O
might be more sluggish. This is consistent with ref. 30, which shows that at ~3000 K and
50 GPa, the fraction of low-spin state Fe in liquid (Mg, -,sFe,,5)O is ~70% (3000 K is out
of the temperature range considered in ref. 30 and 70% 1is an estimate based on their Fig
2), larger than that in (Mg, ,sFe,,s)O solid, which is ~40% (see their Fig. 2). Indeed, at
3000 K low-spin state (Mg, ,sFe,,s)O liquid is shown to become as dense as than high-
spin state (Mg,,sFe,,s)O solid although at a pressure (90 GPa) * higher than what we
observed in our experiments (40-50 GPa). Additionally, the possible stronger softening
of the adiabatic bulk modulus of (Mg,Fe)O liquid than that observed and predicted in

solid (Mg,Fe)O might partly account for the large volume reduction upon melting***°.

However, in contrast to the spin transition pressures and positive Clapeyron
slopes for the spin crossovers reported by ref. 30, another FPMD simulations study’'
predict ~20 to 30 GPa higher spin crossover pressure for iron in liquid (Mg, ,sFe,,s)O
with a negative Clapeyron slopes for the spin transition. This discrepancy in transition
pressure has been attributed to the use of the Hubbard U term and the sharp differences in
Clapeyron slopes has mainly been attributed to entropy factors™. Nevertheless, the lack
of knowledge about Hubbard U and entropy of liquid (Mg,Fe)O at high pressures and
temperatures precludes the assessment of the conflicting results given by different
studies. In addition to the Hubbard U and entropy, other simplifications made in FPMD
simulations’ such as ideal mixing between FeO and MgO liquid end-members may also

introduce some uncertainty in those computational results. To conclude, the negative
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volume variation of (Mg,Fe)O during melting between 40 to 50 GPa observed in this
study may be the result of the spin transition of Fe in liquid (Mg,Fe)O. More studies are
needed to fully understand the spin crossover of Fe in the (Mg,Fe)O liquid and the
associated thermoelastic variation. More discussion concerning this topic will be included

in a coming paper.

Supplementary Note 6: Pressure medium

The purpose of not using any pressure media for Mg-rich samples is to minimize
the possible contamination introduced by the pressure medium. In addition, for Mg-rich
samples, even if a pressure medium is used, large temperature gradients still exists due to
the small absorption coefficient of the materials to laser radiation. This means that the
laser can easily penetrate through the Mg-rich (Mg,Fe)O and melting would still begin

from the interior of the samples, setting up temperature gradients.

For the Fe-rich samples, we use MgO as insulation and a pressure media so that
we are able to heat, without which, laser heating would be difficult. We find diffusion
between the MgO and Fe-rich ferropericlase and therefore do need to take this into
account when applying the temperature correction due to wavelength-dependent
absorption. Fortunately, in terms of contamination, MgO is fine since it is already part of
the binary system we are investigating. Using a noble gas such as argon, for example,
may cause lowered melting temperatures due to incorporation in to melts of this
composition’. Additionally, due to the high temperatures anticipated for ferropericlase
melting, we avoided alkali halides due to strong changes in the optical properties, which

cause a rapid increase in temperature near their melting points™.
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Although there exists large temperature gradients within the sample during the
laser heating due to the absence pressure media for some experiments, the correction of
the effects of temperature gradients on temperature deviation is already incorporated in
our inverse modeling method (See Temperature determination in main text). To
summarize the consideration in Deng et al ', the steady heat flow equation is solved with
proper boundaries conditions to obtain the 1D axial temperature gradient. More rigorous
temperature profiles can be calculated using the TempDAC code” with the knowledge of
thermodynamic properties of materials at corresponding conditions. But unfortunately,
those parameters are poorly constrained for most Earth materials at elevated pressures
and temperatures. Nevertheless, the fine structure of the temperature profile obtained by
rigorous thermodynamic simulation is not expected to change the axial temperature
distribution within the melt much while it does alter the fine structure of the temperature
profile of the solid part. As such, temperature correction will not be influenced largely by
the rigorous temperature profile calculation since the hottest part (melt) dominates the

effects of the temperature.
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