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The Earth’s core is composed mainly of iron. Since the liquid core coexists with solid at the inner core 
boundary (ICB), the melting point of iron at 330 GPa offers a key constraint on core temperatures. 
However, previous results using a laser-heated diamond-anvil cell (DAC) have been largely inconsistent 
with each other, likely because of an intrinsic large temperature gradient and its temporal fluctuation. 
Here we employed an internal-resistance-heated DAC and determined the melting temperature of pure 
iron up to 290 GPa, for the first time above 200 GPa by static compression experiments. A small 
extrapolation of the present experimental results yields a melting point of 5500 ± 220 K at the ICB, 
higher than 4850 ± 200 K reported by previous laser-heated DAC by Boehler (1993) but is lower than 
6230 ± 500 K by Anzellini et al. (2013). Accounting for the melting temperature depression due to 
core-alloying elements, the upper bounds for the temperature at the ICB and the core–mantle boundary 
(CMB) are estimated to be 5120 ± 390 K and 3760 ± 290 K, respectively. Such low present-day 
CMB temperature suggests that the lowermost mantle has avoided global melting, at least since early 
Proterozoic Eon.

© 2019 Elsevier B.V. All rights reserved.
1. Introduction

Since the melting curve of iron constrains the temperatures of 
planetary cores, a number of studies have attempted to determine 
the melting temperature of iron under high pressures. A pioneer-
ing ultrahigh-pressure laser-heated DAC experiment performed by 
Boehler (1993) reported the melting temperature of iron up to 
200 GPa, in which melting was judged visually as the onset of 
convective motion. Extrapolation of his melting curve gives the 
melting point of iron to be 4850 ± 200 K at 330 GPa correspond-
ing to the pressure at ICB. The melting curve of iron has then been 
repeatedly examined by laser-heated DAC studies (Ma et al., 2004;
Shen et al., 2004; Anzellini et al., 2013; Aquilanti et al., 2015;
Zhang et al., 2016), but the results have been markedly different 
from each other. While Shen et al. (2004) reported, on the ba-
sis of diffuse x-ray scattering from liquid, a relatively low melting 
curve close to Boehler (1993)’s, Anzellini et al. (2013) using the 
same melting criterion obtained the highest melting temperature 
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among all previous DAC results. Anzellini and others found the 
melting point of iron to be 6230 ± 500 K at 330 GPa by extrap-
olating their results from 200 GPa, which is approximately con-
sistent with shock compression data (Brown and McQueen, 1986;
Williams et al., 1987; Yoo et al., 1993; Nguyen and Holmes, 2004)
and theoretical calculations (Alfè, 2009; Sola and Alfè, 2009) ex-
cept Laio et al. (2000). The two most recent DAC works based 
on x-ray absorption spectroscopy (Aquilanti et al., 2015) and syn-
chrotron Mössbauer spectroscopy (Zhang et al., 2016), however, 
again demonstrated iron melting curves significantly lower than 
Anzellini et al. (2013)’s. These conflicting results are likely due to 
large spatial and temporal temperature variations, especially in the 
direction parallel to the compressional axis, in a laser-heated DAC 
samples. Another source of the discrepancy may be the difference 
in melting criterion employed by each previous study. Further-
more, the previous DAC experiments were carried out only up to 
200 GPa and thus required long extrapolation to 330 GPa, which is 
another source of large uncertainty.

Here we employed internal-resistance-heated DAC techniques, 
which stabilize sample temperature during heating compared to 
conventional laser heating (Fig. 1, Supplementary Movie 1). Exper-
iments were carried out up to 290 GPa and 5360 K, far beyond 
the pressure and temperature (P –T ) range ever achieved in earlier 
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Fig. 1. Temperature stability and homogeneity in an internal-resistance-heated DAC. (a) Change in temperature profile across a hot spot in 30 min. (b) Comparison of 
temperature stability and variation in 15 μm area between laser-heated (Sinmyo and Hirose, 2010) and internal-resistance-heated DAC samples.
internal-resistance-heated DAC studies (<100 GPa, <2000 K) (Zha 
et al., 2008; Komabayashi et al., 2012). The melting temperature 
of iron was determined on the basis of the change in voltage–
temperature relation to 290 GPa, close to the pressure at the ICB.

2. Experimental methods

2.1. Internal-resistance-heated DAC experiments

High-pressure melting experiments were conducted using an 
internal-resistance-heated DAC (Fig. 2a). Beveled or flat diamond 
anvils with 60–300 μm culet size were used. We employed a com-
posite (inner cubic BN and outer Re) gasket that was electrically 
insulated. Pure iron foil with a thickness of 1 μm was fabricated 
with a focused ion beam (FIB) system (FEI Versa 3D DualBeam); 
the central part of the foil was narrowed in order to locate a hot 
spot and generate temperature high enough to melt iron. Note that 
we used a thin sample foil in order to 1) enhance electrical re-
sistivity and 2) reduce axial temperature variation (see below), al-
though the thin sample did not provide a diffuse x-ray signal when 
melted. The foil was loaded between the Al2O3 thermal insulation 
layers and connected to an electrode several millimeters away from 
the culet. To avoid moisture on the sample, the whole DAC assem-
bly was dried after loading in a vacuum oven at 423 K for more 
than 12 hrs. When the oven was opened, dry argon was intro-
duced, and the sample was compressed in an Ar atmosphere. After 
compression to a desired pressure, direct electrical current was ap-
plied to the iron foil for heating. DC current was supplied by using 
a power source (Takasago ZX-400) under the voltage-control mode 
with a stability within ±0.1% in volt. Ramp rates were typically 
several hundred millivolt per second. One-dimensional tempera-
ture profile was obtained parallel to the view given in Fig. 2a by 
a spectroradiometric method (Ohishi et al., 2008) (Fig. 1). We ad-
justed the temperature measurement position to the hottest part 
of a sample with <1 μm precision.

Pressures were obtained on the basis of the equations of state 
of face-centered-cubic (fcc) and hexagonal-close-packed (hcp) Fe 
(Dewaele et al., 2006; Tsujino et al., 2013) when x-ray diffraction 
(XRD) data were available (Table 1). In runs without XRD measure-
ments, we determined the pressure at 300 K after heating from 
the Raman peak shift of the culet of a diamond anvil (Akahama 
and Kawamura, 2006) and corrected for a thermal pressure contri-
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Fig. 2. Sample configurations for internal-resistance-heated and laser-heated DAC 
experiments. Sample dimensions in an internal-resistance-heated DAC (a) are from 
the present FIB/SEM analyses on the sample recovered from ∼97 GPa (Fig. 3a). 
Sample thickness and the sizes of laser and x-ray beams for a laser-heated DAC 
experiment (b) at ∼90 GPa are from Anzellini et al. (2013).

Table 1
Results of melting experiments.

Run # P
(GPa)

T melt
(K)

Solid phase at T melt

1 6(1) 1900(100) not analyzed
2 57(6) 2620(130) not analyzed
3 67(3) 2760(140) fcc
4 94(9) 3030(150) not analyzed
5 97(5) 3030(150) fcc
6 129(6) 3210(160) hcp
7 134(7) 3470(170) hcp
8 151(8) 3610(180) hcp
9 154(8) 3570(180) hcp
10 155(8) 3610(180) hcp
11 211(11) 4250(210) hcp
12 216(11) 4440(220) hcp
13 230(12) 4780(240) hcp
14 244(12) 4660(230) hcp
15 257(13) 5000(250) hcp
16 285(14) 5120(260) hcp
17 290(15) 5360(270) hcp

Numbers in parentheses indicate uncertainty in the last digits.

bution as +0.004 GPa/K, which was estimated by the present XRD 
measurements at similar pressure range (run #3).

2.2. XRD measurements and chemical analyses

Synchrotron XRD measurements were conducted at BL10XU, 
SPring-8 (Ohishi et al., 2008). A monochromatic x-ray beam with a 
wavelength of 0.413–0.415 Å was collimated to 6 μm at full width 
of half maximum (FWHM) in runs performed below ∼150 GPa and 
to 2 μm at higher pressures. Angle-dispersive XRD patterns were 
collected on a flat panel detector (PerkinElmer XRD 0822) with 
typical exposure time of 1 sec.
Fig. 3. Sample texture after melting. (a) Back-scattered electron image of the iron 
sample recovered from 97 GPa and 3030 K. (b) X-ray maps of iron, aluminum, and 
oxygen for the area same as (a). The sample was not contaminated by oxygen nor 
carbon.

After sample was recovered from a DAC, its cross section – par-
allel to the compressional axis and perpendicular to the view in 
Fig. 2a – was prepared by an FIB. It was then examined for tex-
ture and composition (Fig. 3) with a field-emission-type scanning 
electron microscope (FE-SEM) and an energy dispersive x-ray spec-
troscopy (EDS) operated at 10 kV and 0.17 nA in the dual-beam 
FIB system. Results of chemical analyses showed that contamina-
tion by oxygen or aluminum were not found in the iron sample 
(Fig. 3b). A very weak carbon peak was detected from any part 
of a sample chamber including alumina and unheated area. After 
subtracting higher background in the EDS spectrum for the iron 
sample, which was caused by continuous x-rays that arise when 
high energy electrons approach the nucleus of a heavy metal, the 
amounts of carbon found in iron and surrounding alumina were 
similar to each other, indicating that carbon was contaminated 
during EDS analysis. Moreover, they were also similar between 
quenched molten iron and unmelted solid iron, which also sup-
ports that the contamination took place not during high-pressure 
experiment because otherwise carbon should be enriched in liquid 
several times more than in solid (Morard et al., 2017). Addition-
ally, it is noted that even if a very minor amount of carbon was 
present during heating and induced melting at low temperatures 
by eutectic melting, the fraction of liquid should have been small, 
considering the Fe–C eutectic liquid composition at relevant pres-
sure (Fei and Brosh, 2014).

3. Results

3.1. Melting criterion

We obtained the voltage–temperature relationship for the iron 
sample during heating by applying electricity (Fig. 4). Sample tem-
perature increased with increasing applied voltage; however, after 
reaching a certain temperature, the temperature started fluctu-
ating. At the same time, we observed anomaly in the voltage–
resistance curve (Fig. 5). In addition, the voltage–resistance relation 
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Fig. 4. The onset of melting inferred from applied voltage–sample temperature rela-
tion. Data are from runs #5 at ∼97 GPa (blue) and #11 at ∼211 GPa (black). Both
filled and open symbols show temperatures at two different areas next to each
other. The sample temperature started to fluctuate after reaching a melting point
(arrows). (For interpretation of the colors in the figure(s), the reader is referred to
the web version of this article.)

Fig. 5. Changes in electrical resistance and power with changing applied voltage
in an internal-resistance-heated DAC at ∼97 GPa. Open and closed symbols are
the data obtained in run #5 from heating cycles heated below and beyond melt-
ing point, respectively. Arrow indicates the onset of melting shown in Fig. 4. The
voltage–resistance relation during temperature increase was well reproduced dur-
ing temperature decrease unless sample melted. In contrast, melting of the sample
changed the voltage–resistance relation.

became no longer identical during temperature increase and de-
crease (note the same voltage–resistance path during increasing 
and decreasing voltage unless such temperature fluctuation oc-
curred at some point).

Both of such temperature fluctuation (Fig. 4) and change in the 
voltage–resistance relationship (Fig. 5) are attributed to a morphol-
ogy change upon melting. Textural observation of a sample cross 
section indicated that thickness of an unmelted part of the sample 
was similar from cold to hot regions next to a molten area. It sug-
gests that the deformation of solid iron was not significant even 
right below melting temperature, and therefore not responsible for 
the observed change in electrical resistance. As described above, 
microprobe analyses on recovered samples performed after melt-
ing experiments showed no contamination by carbon, oxygen, or 
aluminum in the iron sample (Fig. 3b). These show that the onset 
of fluctuation in the voltage–temperature relation can be used as 
a melting criterion (Fig. 4). While it was stable at constant voltage 
Fig. 6. The melting curve of iron. Red curve = this study (black open squares, before
melting; red closed circles, onset of melting). Blue curve = alternative fitting re-
sult using an equation proposed by Simon and Glatzel (1929). Fast recrystallization
(stars) was observed at temperatures much lower than the melting curve. Previous
DAC experiments; green (Williams et al., 1987), blue (Boehler, 1993), and brown
curves (Anzellini et al., 2013), and green normal and inverse triangles (Zhang et
al., 2016) for Fe and Fe0.9Ni0.1, respectively. Theoretical predictions; blue diamonds
(Laio et al., 2000), triangle (Alfè, 2009), and inverse triangle (Sola and Alfè, 2009).
Shock-wave data; filled diamond (Brown and McQueen, 1986), filled squares (Yoo
et al., 1993), and filled triangles (Nguyen and Holmes, 2004). The γ –ε boundary is
from a previous internal-resistance-heated DAC study (α, bcc; γ , fcc; ε, hcp iron)
(Komabayashi et al., 2009).

(Fig. 1), temperature slightly fluctuated during increasing the volt-
age (Fig. 4). Considering such fluctuations, we set ±5% uncertainty 
in melting temperature determined in the present experiments 
(Table 1).

3.2. Melting curve of iron

Seventeen separate runs were performed between 6 and
290 GPa to determine the melting temperature of iron (Table 1, 
Fig. 6) on the basis of the applied voltage–sample temperature re-
lation (Fig. 4). In run #5, when we heated hcp Fe, the fcc phase 
appeared above 2770 K at 92 GPa (Fig. 7), consistent with the 
earlier experiments on the fcc–hcp boundary (Komabayashi et al., 
2009). The XRD peaks of fcc then diminished with further tem-
perature increase to 3030 K, which coincides with the onset of 
sample temperature fluctuation (Fig. 4). After high P –T experi-
ment, we recovered this sample from the DAC and observed a clear 
melting texture in its cross section (Fig. 3a). The melting temper-
ature of iron should therefore be 3030 ± 150 K at 97 GPa. Even 
at higher pressures, we successfully observed the onset of fluctua-
tion in the voltage–temperature relation (Fig. 4) and obtained the 
melting point of iron to 290 GPa, well above the pressure range 
examined in previous DAC studies (<200 GPa) (Boehler, 1993;
Shen et al., 2004; Anzellini et al., 2013; Aquilanti et al., 2015;
Zhang et al., 2016).

We have tested the reproducibility of the present melting tem-
perature determination by conducting three separate experiments 
at 151, 154, and 155 GPa. The melting temperatures obtained 
were 3610(±40), 3570(±100), and 3610(±20) K, respectively, all 
in excellent agreement with each other. When XRD data were col-
lected continuously during heating, fast appearance/disappearance 
of diffraction spots, so called “fast recrystallization,” was observed 
at temperatures much lower than melting points (Fig. 6).

The melting temperatures found at 129 to 290 GPa where 
hcp is stable at melting point were fitted by the equation pro-
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Fig. 7. Changes in x-ray diffraction pattern with increasing temperature at ∼97 GPa 
(run #5). Each represents XRD pattern after subtracting the profile collected during 
melting in order to highlight the changes in peaks from solid iron. γ –Fe, fcc iron; 
ε–Fe, hcp iron. Fcc iron appeared above 2770 K, consistent with previous internal-
resistance-heated DAC study (Komabayashi et al., 2009). It vanished at 3030 K at 
which melting was recognized in the voltage–temperature relation (Fig. 4). Inten-
sity scale is the same for all spectra.

posed by Kraut and Kennedy (1966) (Fig. 6); T melt/T ref = [1 +
3.10(±0.12) × (V ref − V )/V ], in which T ref and V ref are refer-
ence temperature (2996 K) and volume (16.823 Å3 correspond-
ing to 98.5 GPa) at liquid–hcp–fcc triple point (Boehler, 1993;
Komabayashi et al., 2009; Zhang et al., 2016). The location of the 
triple point reported in these previous studies is consistent with 
the present XRD measurements describe above (Fig. 7). A small 
extrapolation of our melting curve gives 5500 ±220 K at 330 GPa 
(Fig. 6). Errors in melting temperature here indicate 95% confi-
dence band of the fitting with weighting pressure. When we em-
ploy a classical equation by Simon and Glatzel (1929) for fitting, 
we obtain the melting temperature of 5770 ± 280 K at 330 GPa 
(Fig. 6).

Additionally, the present XRD measurements demonstrated that 
iron was in hcp structure at melting points above 129 GPa, while 
earlier experiment and theory have suggested a phase transfor-
mation from hcp to fcc (Mikhaylushkin et al., 2007) or to body-
centered-cubic (bcc) (Belonoshko et al., 2017) with increasing tem-
perature. Belonoshko and others predicted that at 360 GPa hcp and 
bcc iron are stable at 6000 and 7000 K, respectively, but our data 
indicate that hcp iron melts at 5740 K before any transformation 
to bcc (Fig. 6).

4. Discussion

4.1. Comparison with previous studies

The melting temperature determined to be 3030 ± 150 K at 
97 GPa (run #5, see above for details) agrees with those reported 
by recent x-ray absorption (Aquilanti et al., 2015) and Mössbauer 
spectroscopy studies (Zhang et al., 2016), but 600 K lower than 
that by Anzellini et al. (2013) based on the appearance of a dif-
fuse x-ray signal at equivalent pressure (Fig. 6). The present esti-
mates of 5500 ± 220 K at the ICB pressure is higher than 4850 ±
200 K reported by Boehler (1993) but is lower than 6230 ± 500 K 
obtained by the extrapolation of Anzellini et al.’s melting data. 
Melting temperatures obtained by previous shock experiments are 
higher than our results based on a resistance-heated DAC. This may 
be due to the overestimation of temperature in shock compression 
data (Boehler, 2000).

The difference between the melting curves determined by 
Anzellini et al. (2013) and this study can be partly attributed to 
the difference in sample temperature distribution in laser-heated 
and internal-resistance-heated DACs employed in these studies, re-
spectively. We have calculated thermal structures in these DAC 
samples in Fig. 8. Sample dimensions employed here correspond 
to those around 90 GPa, where 1) the difference between the 
melting temperatures of iron obtained by using these two tech-
niques is large (Anzellini et al., 2013; this study) and 2) the 
morphology of our sample (run #5) was examined by an elec-
tron microscope (Fig. 3a). According to Anzellini et al. (2013), total 
thickness of Fe + KCl layers was ∼15 μm under pressures up 
to 90 GPa, in which iron portion may have been 1/3 (Fig. 2b). 
They also described that a laser beam was focused to 5–20 μm 
(FWHM). Since the beam shape was not mentioned, we consid-
ered an ideal flat-top beam intensity distribution with a diameter 
of 15 μm. The thermal conductivities of Fe (Konopkova et al., 2016;
Ohta et al., 2016), Al2O3, KCl, and Re were from literature (Haynes, 
2016). Our model showed slightly larger temperature variations in 
a laser-heated DAC sample than the previous study by Rainey et 
al. (2013), in which the thermal parameter of platinum (Terada et 
al., 2005) was used. Platinum exhibits higher thermal conductivity 
than iron at high P –T , which is likely the source of the differ-
ent temperature gradient. The calculated temperature distribution 
shows that the center of the iron sample is lower by as much as 
250 K (Fig. 8a) when the surface temperature is ∼3600 K at the 
hot spot. Such temperature difference between the sample sur-
face and the inside is larger if we employ the thermal conductivity 
of liquid iron that is lower than that of solid (Ohta et al., 2016), 
while it can be smaller if liquid state convection occurs. It is noted 
that the absorbance of a laser beam was assumed to be homoge-
neous but could be variable in both space and time because it is 
sensitive to sample surface conditions such as roughness and re-
flectivity. Indeed, the sample temperature in a laser-heated DAC 
was less stable than in an internal-resistance-heated DAC (Fig. 1b).

For an internal-resistance-heated DAC sample, we employed the 
sample configuration found in run #5 heated at ∼97 GPa (Fig. 2a), 
in which 0.4 μm thick iron foil was sandwiched by 2 μm thick 
Al2O3 layers as observed in an SEM image (Fig. 3a). We ignored 
cBN, because it was away from the hot spot. Moreover, cBN has 
high thermal conductivity and was in contact with a diamond 
anvil, and thus it can be regarded as a part of the diamond anvil in 
the thermal modeling. The sample was electrically heated homo-
geneously from the surface to the center, but heat was lost from 
the surface. Therefore, the center should have been hotter by 80 K 
at ∼3600 K (Fig. 8b).

When a diffuse x-ray signal was observed, it is likely that not 
only the surface but also the inside of the sample was molten. 
It leads to an overestimation of melting temperature because the 
temperature was measured at the surface. If this is the case, 
Anzellini et al. (2013) may have overestimated the melting tem-
perature by as much as 250 K. On the other hand, our internal-
resistance-heated DAC experiments could underestimate the melt-
ing temperature by 80 K. Overall, more than half of the mis-
match between the melting temperatures obtained by laser- and 
resistance-heated DAC experiments may be reconciled with the 
difference in the sample thickness in addition to the heating tech-
nique. Indeed, axial temperature variations can be smaller in a 
laser-heated DAC sample when it is thinner. In this case, however, 
it will be difficult to observe an x-ray diffuse signal. On the con-
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Fig. 8. Temperature distribution around iron sample simulated by finite elements modeling. Sample dimensions and configuration in a laser-heated DAC (a) are from Anzellini 
et al. (2013) for ∼90 GPa. Temperature measured at sample surface is hotter by as much as 250 K than at the center. Those for an internal-resistance-heated DAC (b) referred 
to run #5 performed at ∼97 GPa (Fig. 3a). The surface of the sample is colder by 80 K than at the center.
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trary, the change in voltage–temperature relationship employed in 
this study is a reasonable melting criterion applicable to a very 
thin sample.

The appearance of diffuse x-ray scattering is the direct evi-
dence for melting but difficult to see at high pressure because 
it requires a sufficient volume of liquid. Anzellini et al. (2013)
employed a relatively thick sample but were able to observe a 
diffuse signal only up to 150 GPa, less than half of the pres-
sure at the ICB, likely because the sample became too thin at 
higher pressures. Instead of trying to obtain the diffuse scatter-
ing signal from a thick sample, we used a thin foil as a sample 
(0.4 μm thick at 97 GPa, see Fig. 3a), which enhanced electrical 
resistance and enabled high-temperature generation and melting 
of iron to 290 GPa at 5360 ± 140 K. Note also that the thin 
sample foil employed in this study helped reduce axial temper-
ature variation remarkably, as discussed above. Quick appearance 
and disappearance of diffraction spots, so called “fast recrystal-
lization”, were observed in this study at temperatures lower than 
those reported in previous DAC experiments (Boehler et al., 2008;
Anzellini et al., 2013). Indeed, the interpretation of this phe-
nomenon is still under debate; while it could be due to the re-
orientation of crystals in a partially melted sample (Boehler et al., 
2008), it was observed at temperatures lower than melting tem-
peratures (Anzellini et al., 2013). The different results may be due 
to the difference in the definition of fast recrystallization. In this 
study, we define it as the appearance and disappearance of at least 
one diffraction spot in two-dimensional XRD image obtained every 
1 sec.

4.2. Implications for the present-day core temperature

The melting point of pure iron, 5500 ± 220 K at 330 GPa 
(Fig. 6), gives the upper limit for the temperature at ICB, since 
the liquid outer core includes light elements that depress melting 
temperature. Such effect depends on impurity elements; −30(±30) 
K/wt% Si (Morard et al., 2014), −90(±30) K/wt% O, −150(±90) 
K/wt% S, and −470(±340) K/wt% C at CMB pressure (Morard et al., 
2014, 2017) and −450 K/wt% H at 15 GPa (Shibazaki et al., 2014). 
Considering their maximum concentrations theoretically calculated 
to account for the outer core density deficit – 7 wt% Si, 5 wt% O, 
9 wt% S, 4 wt% C (Badro et al., 2014), and 1.0 wt% H (Badro et al., 
2014; Umemoto and Hirose, 2015) – the depression is estimated to 
be −210(±210) K by Si, −450(±150) K by O and H, −1350(±810) 
K by S, and −1880(±1360) K by C if the outer core contains a sin-
gle light element. These values were estimated assuming that the 
liquidus temperature is depressed linearly with increasing the con-
centration of each light element (Morard et al., 2017). The mini-
mum depression is found when core contains 7 wt% Si, but it is not 
likely because eutectic liquid in the Fe–FeSi binary includes less 
than 2 wt% Si and thus liquid Fe with >2 wt% Si crystallizes CsCl-
type Fe–Si alloy being more enriched in silicon than liquid (Ozawa 
et al., 2016). The Fe–FeSi subsolidus phase relations obtained by 
Fischer et al. (2012) are not consistent with those by Ozawa et al.
(2016) likely because of a kinetic effect due to slow diffusion of sil-
icon in solid iron, but the melting experiments in the latter should 
have suffered minimal kinetic problem. The combination of 2 wt% 
Si and 3.6 wt% O (or 0.7 wt% H) indeed gives the least depression 
of the outer core liquidus temperature by 380(±170) K, although 
an Fe–Si–O liquid core is also unlikely (Hirose et al., 2017). There-
fore, the ICB temperature should be lower than 5120 ± 390 K.

These also give the upper bound for the temperature at CMB to 
be 3760 ± 290 K by employing the outer core density profile and 
the Grüneisen parameter γ = 1.5 (Vočadlo et al., 2003). Here we 
consider the adiabatic temperature profile without stratification. It 
is certainly lower than the dry solidus temperature of ∼4150 K 
for a pyrolitic/chondritic mantle at the CMB (Fiquet et al., 2010;
Andrault et al., 2011), consistent with the fact that the bottom of 
the mantle is now not molten globally. On the other hand, ultra-
low velocity zones (ULVZs) may indicate the presence of partial 
melts locally above the CMB. Our data suggest that the temper-
ature at the CMB can be higher than the solidus temperature of 
a basaltic material (3800 ± 150 K) (Andrault et al., 2014), sup-
porting the argument that subducted basaltic crust partially melts 
and causes the ULVZs. Alternatively, it is also possible that the 
partial melts were originally formed when the mantle was hot-
ter and have evolved by fractional crystallization to compositions 
close to FeO (Boukare et al., 2015; Kato et al., 2016), whose melt-
ing temperature is 3690 K at the bottom of the mantle (Fischer 
and Campbell, 2010).

The traditional estimate of the present-day CMB temperature is 
about 4000 K (Boehler, 1993; Anzellini et al., 2013), marginally less 
than the dry solidus temperature (∼4150 K) of a pyrolitic/chon-
dritic mantle (Fiquet et al., 2010; Andrault et al., 2011). The recent 
core energetics modeling by Hirose et al. (2017) demonstrated that 
maintaining a geodynamo with 1 TW ohmic dissipation requires 
the core cooling rate as low as 100 K/Gyr when we consider SiO2
crystallization at the CMB, while it should have been much higher 
if core convection has been driven by thermal buoyancy rather 
than compositional buoyancy (Labrosse, 2015). Therefore, if the 
current CMB temperature is ≥4000 K, the minimum core cooling 
rate 100 K/Gyr leads to global melting of the lowermost mantle 
at least 1.5 Gyr ago. If this is the case, when crustal materials 
subducted down to the bottom of the mantle more than 1.5 Gyr 
ago, they are likely to have interacted with silicate melts above 
the CMB. As a consequence of chemical reaction with the melts 
at the bottom of the mantle, the crustal materials should have 
lost or modified their original geochemical signatures before being 
involved in mantle upwellings and recycled to the surface. How-
ever, recycled crustal materials older than 1.5 Gyr are widely ob-
served in the sources of ocean island basalts (Kimura et al., 2016). 
Moreover, Polynesian plumes involve recycled oceanic crust ma-
terial with a mass-independent sulfur isotopic anomaly that was 
formed exclusively by atmospheric photochemical reactions more 
than 2.45 Gyr ago (Cabral et al., 2013). These support that the 
CMB temperature is, at least lower than 4000 K at present, con-
sistent with the relatively low melting temperature of iron found 
in this study.
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