Melting of Iron at Earth’s
Inner Core Boundary Based on
Fast X-ray Diffraction
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Earth’s core is structured in a solid inner core, mainly composed of iron, and a liquid outer core. The
temperature at the inner core boundary is expected to be close to the melting point of iron at 330
gigapascal (GPa). Despite intensive experimental and theoretical efforts, there is little consensus on

the melting behavior of iron at these extreme pressures and temperatures. We present static laser-heated
diamond anvil cell experiments up to 200 GPa using synchrotron-based fast x-ray diffraction as a
primary melting diagnostic. When extrapolating to higher pressures, we conclude that the melting
temperature of iron at the inner core boundary is 6230 + 500 kelvin. This estimation favors a high
heat flux at the core-mantle boundary with a possible partial melting of the mantle.

arth’s inner core grows by solidification
Efrom the surrounding outer core, which is
composed of molten iron (Fe) alloyed with

~10 weight percent light elements (/). Seismo-
logical data reveal important physical properties
of the core, such as density (and hence pressure)
and elasticity; however, they cannot directly re-
veal the corresponding temperature. Temperature
in the core places important constraints on param-
eters like heat flux to the mantle, power for the
geodynamo, and cooling rate, all of which are fun-
damental to Earth’s heat budget and dynamics (2).
The temperature at the inner core boundary
(ICB) is bracketed between the melting temper-
ature of pure Fe at 330 GPa and the liquidus
temperature of the outer core iron-rich alloy (3)
[expected to be depressed by ~700 K (4)]. Nei-
ther dynamic (5—7) and static (8—//) compres-
sion measurements nor thermodynamic modeling
(12-15) have resulted in a consensus ICB melt-
ing temperature, in part because these approaches
suffer from intrinsic uncertainties. Dynamic mea-
surements have long been considered the most
promising way to determine the ICB temperature
because shocked Fe melts around 230 GPa, yet
the temperature determination (spanning from
5100 K to 6350 K) and the possibility of super-
heating in shock compression (/6) are major un-
certainties. Using laser heating in static diamond
anvil cell (DAC) experiments to produce reliable
melting data above 100 GPa is also difficult be-
cause of uncertainties in the pyrometric temperature
measurements (/7), the criterion used to identify
the melting (/8), and the possible temperature-
induced chemical reactions (/8, 19). In fact, esti-
mation of Fe melting temperature at ICB pressure
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based on static compression data spans the range
4850 (8) to 7600 K (10). Finally, the tremendous
advances in computational capacity have enabled
quantum-mechanics calculations of the melting
behavior, but each method has underlying approx-
imations or assumptions. For instance, melting
temperatures from 6370 (/4) to 7050 K (/2) have
been obtained with the same melting criterion—
the coexistence of a liquid and solid phase in a
molecular dynamics run—but a different descrip-
tion of interatomic forces within density functional
theory. Going beyond density functional theory
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with a quantum Monte Carlo simulation, melting
was obtained at 6900 K (/5) at 330 GPa.

Here, we report the laser-heated DAC de-
termination of the Fe melting curve from 50 to
200 GPa, using a um-spatial and s-time-resolved
approach that has recently been applied to the
determination of the Ta melting line (/8). Fast
x-ray diffraction (XRD) is used as the primary
technique for structural determination. This ap-
proach presents several advantages: (i) The struc-
tural evolution of Fe can be followed during
heating; (ii) the measured volume expansion of
solid Fe provides an independent control of tem-
perature measurements; (iii) chemical reactions,
if any, can be observed within the few percentage
detection limits; and (iv) most importantly, an
unambiguous bulk signature of melting—i.c., the
appearance of a diffuse ring—is recorded (9, 20).
This technique offers an alternative to the melting
diagnostics used in the past in the laser-heated DAC:
motion of the sample surface (8, /0), microscopic
observation of the recovered samples (/0), and
plateaus/drops on the temperature ramps (8, 21).

The XRD spectra obtained during heating pro-
vide direct information about the physical state of
the laser-heated sample that can be correlated
with additional information such as temperature
T versus time (Fig. 1). From this, we deter-
mined that e-Fe (hexagonal close packed) and y-Fe
(face-centered cubic) are the only structures ob-
served in the investigated pressure-temperature
range. This confirms earlier findings of a large
stability field for e-Fe (19, 22) and extends in
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Fig. 1. XRD patterns as a function of temperature, pressure, and time. (A and B) XRD patterns of a
~3-um-thick (=7-um-thick) sample during a heating series at P ~ 133 GPa (A) and 53 GPa (B), re-
spectively, recorded at different temperatures. y-Fe, e-Fe, and KCl pressure medium diffraction peaks are
labeled. Liquid Fe is evidenced by a diffuse ring at 26 = 10° to 13.5°. (C and D) Pyrometry temperature,
measured and predicted (25, 26). Fe volume as a function of time for the thin (C) and thick (D) samples.
The laser’s power is linear with time. Data are in table S1.
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temperature this domain up to the melting line at
200 GPa—e.g., under the conditions where a trans-
formation to a body-centered cubic phase had
been suggested using shock wave measurements
(23) or ab initio calculations (24). XRD patterns
also show, in a few cases, a partial reaction of Fe
with the diamond anvil, as shown by the ap-

pearance of weak peaks that can be assigned to
FesC (20). Therefore, each heating series was
performed on a fresh, unheated zone of the sam-
ple. Furthermore, we measured and compared the
volume of solid Fe with the expected volume based
on the pyrometry temperature and the equation of
state of e-Fe (25) or y-Fe (26), assuming that the
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Fig. 2. Pressure (Pyc)-temperature conditions at which XRD patterns have been collected.
Different symbols correspond to different Fe phases and textures. The continuous black lines correspond

to Egs. 1, 2, and 3. Data are in table S1.
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Fig. 3. Phase stability domains for Fe obtained in the literature and in this study. The stability
field for e-Fe is based on the current study data and data from (19).

pressure remained constant. In cases where an
inconsistency was detected, the ramp data was
discarded. Finally, XRD images yield informa-
tion on the sample texture: The starting fine pow-
der transformed into large single crystals upon
heating. Above a certain temperature, single-crystal
spots appeared and disappeared at each XRD ex-
posure, which we refer to as “fast recrystallization.”

Changes in 7T versus time curves, such as
plateaus or sudden drops, are often considered as
a melting signature (8, 27). This is interpreted as
a loss of thermal insulation in the sample as-
sembly due to melting (27). We observed such
features, but not systematically. In Fig. 1, the
temporal evolutions of the temperature and the
e-Fe volume of a =3-um thickness sample are
parallel: a linear increase, then a marked plateau.
A diffuse scattering signal of the liquid appears
in the XRD signal at the beginning of this pla-
teau; however, €-Fe single crystal XRD spots
indicate that the sample is not completely molten.
For a thicker (=7 um) sample, the observations
seem less correlated. After the expected y-Fe to
e-Fe phase transition (22), the e-Fe volume has a
similar behavior as for the thin sample: It plateaus
during melting, evidenced by the diffuse XRD
signal. However, the pyrometry temperature con-
tinues to increase. With the rise of temperature,
the intensity of the liquid signals increases, indi-
cating that the amount of molten Fe scanned by
XRD increases. Our interpretation is that the solid
Fe is surrounded by layer of liquid Fe a few um
thick, whose surface is heated and analyzed by
pyrometry. We observe that this layer sustains a
sharp temperature gradient, its surface being up
to 400 K warmer than solid Fe. The XRD mea-
surement of the plateau of thermal expansion and
the simultaneous observation of the diffuse dif-
fraction peak of the liquid provide here an unam-
biguous signature of melting.

The melting temperature 7, is estimated as
the average between, respectively, the highest
(lowest) temperatures at which only solid (solid +
liquid) Fe is observed (Fig. 2). The temperature
of fast recrystallization is substantially (400 to
900 K) lower than the melting temperature. Two
Simon equations are used to fit the melting points
together with existing low-pressure data (28). The
e-Fe to y-Fe phase boundary is estimated using
the current data and literature data (22, 28). The
y-e-liquid triple point is at 98.5 GPa (Prp) and
3712 K (Trp). The following formulations are
obtained [7in K, P in GPa, T = 1991 K, and
Py=5.2 GPa (28)].

T =575+ 18.7P + 0.213P% — 0.000817P>

(e — Fe/y — Fe) (1)
(P = Py)/27.39 = (T/To)*** - 1
(y — Fe/liquid) (2)
(P— Prp)/162.6 = (Ty/Trp)""* — 1
(e — Fe/liquid) (3)

The present melting curve closely follows the
one determined by Alfé et al. (13) on the basis of
a Gibbs free-energy minimization (Fig. 3). It goes
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through the same dynamic determinations of melt-
ing as in (6, 7), around 230 GPa. The melting
temperatures of Fe obtained with the laser-heated
DAC are bracketed by two studies (8, /0), which
mainly differ in their melting criteria. The present
melting curve is within the standard error of the
measurements based on the observation of tex-
tural changes on recovered samples up to 100 GPa
(10y—a method which is probably not possible
above that pressure—and agrees correctly with
determinations based on a similar method (9, /1)
and a recent indirect measurement (29). The cur-
rent melting points are up to 1000 K higher than
the melting points obtained by the observation of
surface motion of a laser-heated sample (8). Nei-
ther temperature measurement techniques, which
are similar, nor pressure calibration issues can
explain such a difference. It is possible that the
melting diagnostic used in (&) detects fast recrys-
tallization instead of melting. Indeed, it is inter-
esting to note that the melting line of (8) coincides
with the temperature of fast recrystallization, ob-
served in this study and in another recent work
(30). In the latter study, it was interpreted as melt-
ing evidence. We propose instead that fast recrys-
tallization begins at temperatures below melting
and causes the surface motion observed in (8),
which had been wrongly attributed to melting.
Eq. 3 extrapolates to 7,,(330 GPa ) = 6230 =
500 K. The error is the sum of the maximum
pyrometry error and the uncertainty on the de-
tection of melting temperature (200 K). A tem-
perature profile inside Earth’s core can be estimated
using this value, which leads to a temperature at
the core-mantle boundary (7cyg) 0f 4050 + 500 K
(20). This corresponds to a thermal boundary
layer of ~1400 K at the base of the mantle and,
subsequently, a high CMB heat flux (~10 TW)
(2). Such a value is needed to sustain the geo-
dynamo with recent estimate of the core conduc-
tivity (37). At CMB pressure, partial melting of

the mantle material has been observed at 4180 +
150 K (32) and would therefore be possible with
strong geodynamical and geochemical implica-
tions. At 135 GPa, the post-perovskite phase is
stable below 3520 + 70 K for MgSiO; (33); a
double-crossing scenario (33) is therefore com-
patible with the current 7y, given the error of
experimental determinations.

Our experiments result in better agreement
between calculations, and dynamic and static DAC
approaches, and reduce uncertainty on the ex-
pected melting temperature of Fe at the ICB
pressure. Because this study spans the 50 to 205
GPa range, we cannot rule out the possibility of a
phase transition in Fe at higher P-T (unexplored
region in Fig. 3), that could slightly change the
extrapolation of the current determination of the
Fe melting curve.
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