
1) What	  is	  the	  mel-ng	  temperature	  of	  end-‐
member	  iron	  at	  IC/OC?	  

2) What	  is	  the	  outer	  core’s	  light	  alloying	  
cocktail?	  

3) What	  is	  the	  inner	  core’s	  light	  alloying	  
cocktail	  (O~0.3%	  mass	  of	  core)?	  	  

4) What	  is	  the	  mel-ng	  point	  (IC)/amount	  of	  
freezing	  point	  depression	  (OC)	  associated	  
with	  these	  cocktails?	  

5) What	  is	  the	  Gruneisen	  parameter	  (and	  q)	  
of	  these	  cocktails	  (for	  geotherm,	  far	  more	  
important	  for	  OC	  than	  IC….)?	  

6) What	  is	  the	  precise	  chemical	  density	  
deficit	  of	  the	  outer	  core	  (depends	  on	  T)?	  

7)  Composi-onal	  Stra-fica-on	  in	  Core?	  

My	  current	  assessment	  of	  the	  uncertain-es	  of	  each	  queries’	  effect	  on	  the	  
net	  geotherm	  is	  color-‐coded	  on	  a	  Planck	  thermal	  scale	  (when	  did	  red	  
become	  hot	  and	  blue	  cold?-‐-‐-‐Makes	  no	  sense…)	  	  

The	  Core	  and	  
the	  Geotherm:	  
Issues,	  and	  
More	  Issues….	  



 End-member Iron Melting Curve…An Anchor Point, or a Floating Buoy? 

Have	  We	  Se[led	  Completely	  on	  TM	  Fe?	  	  
If	  the	  past	  is	  the	  key	  to	  the	  present,	  maybe	  or	  maybe	  not…	  

Anzellini	  et	  al.,	  Science,	  2013	  

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 tempera-
ture because shocked Fe melts around 230 GPa,
yet the temperature determination (spanning from

5100 to 6350 K) and the possibility of super-
heating in shock compression (16) are major
uncertainties. Using laser heating in static dia-
mond anvil cell (DAC) experiments to produce
reliable melting data above 100 GPa is also dif-
ficult because of uncertainties in the pyrometric

temperature measurements (17), the criterion
used to identify the melting (18), and the possible
temperature-induced chemical reactions (18, 19).
In fact, estimation of Fe melting temperature at
ICB pressure based on static compression data
spans the range 4850 (8) to 7600 K (10). Finally,
the tremendous advances in computational ca-
pacity have enabled quantum-mechanics calcu-
lations of the melting behavior, but each method
has underlying approximations or assumptions.
For instance, melting temperatures from 6370
(14) to 7050 K (12) have been obtained with the
same melting criterion—the coexistence of a liq-
uid and solid phase in a molecular dynamics
run—but a different description of interatomic
forces within density functional theory. Going
beyond density functional theory with a quan-
tum Monte Carlo simulation, melting was ob-
tained at 6900 K (15) at 330 GPa.

Here, we report the laser-heated DAC de-
termination of the Fe melting curve from 50 to
200 GPa, using a mm-spatial and second-time-
resolved approach that has recently been applied
to the determination of the Ta melting line (18).
Fast x-ray diffraction (XRD) is used as the pri-
mary technique for structural determination. This
approach presents several advantages: (i) The
structural evolution of Fe can be followed dur-
ing heating; (ii) the measured volume expansion
of solid Fe provides an independent control of
temperature measurements; (iii) chemical reac-
tions, if any, can be observed within the few per-
centage detection limits; and (iv) most importantly,
an unambiguous bulk signature of melting—i.e.,
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, 10),
microscopic observation of the recovered sam-
ples (10), and plateaus/drops on the temperature
ramps (8, 21).

The XRD spectra obtained during heating
provide direct information about the physical
state of the laser-heated sample that can be cor-
related with additional information such as tem-
perature T versus time (Fig. 1). From this, we
determined that e-Fe (hexagonal close packed)
and g-Fe (face-centered cubic) are the only struc-
tures observed in the investigated pressure-
temperature range. This confirms earlier findings
of a large stability field for e-Fe (19, 22) and ex-
tends in temperature this domain up to the melt-
ing line at 200 GPa—e.g., under the conditions
where a transformation to a body-centered cu-
bic 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 appearance of weak peaks that can be
assigned to Fe3C (20). Therefore, each heating
series was performed on a fresh, unheated zone
of the sample. Furthermore, we measured and
compared the volume of solid Fe with the ex-
pected volume based on the pyrometry tempera-
ture and the equation of state of e-Fe (25) or g-Fe
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Fig. 2. Pressure (PKCl)–temperature conditions at which XRD patterns have been collected.
Different symbols correspond to different Fe phases and textures. The continuous black lines correspond
to Eqs. 1, 2, and 3. Data are in table S1.
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 End-member Iron Melting Curve…Raw Data 

Mel-ng	  Curve	  of	  Iron:	  A	  Combo	  of	  Sta-c	  	  
and	  Shock	  Measurements	   Anzellini	  et	  al.,	  Science,	  2013	  

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 tempera-
ture because shocked Fe melts around 230 GPa,
yet the temperature determination (spanning from

5100 to 6350 K) and the possibility of super-
heating in shock compression (16) are major
uncertainties. Using laser heating in static dia-
mond anvil cell (DAC) experiments to produce
reliable melting data above 100 GPa is also dif-
ficult because of uncertainties in the pyrometric

temperature measurements (17), the criterion
used to identify the melting (18), and the possible
temperature-induced chemical reactions (18, 19).
In fact, estimation of Fe melting temperature at
ICB pressure based on static compression data
spans the range 4850 (8) to 7600 K (10). Finally,
the tremendous advances in computational ca-
pacity have enabled quantum-mechanics calcu-
lations of the melting behavior, but each method
has underlying approximations or assumptions.
For instance, melting temperatures from 6370
(14) to 7050 K (12) have been obtained with the
same melting criterion—the coexistence of a liq-
uid and solid phase in a molecular dynamics
run—but a different description of interatomic
forces within density functional theory. Going
beyond density functional theory with a quan-
tum Monte Carlo simulation, melting was ob-
tained at 6900 K (15) at 330 GPa.

Here, we report the laser-heated DAC de-
termination of the Fe melting curve from 50 to
200 GPa, using a mm-spatial and second-time-
resolved approach that has recently been applied
to the determination of the Ta melting line (18).
Fast x-ray diffraction (XRD) is used as the pri-
mary technique for structural determination. This
approach presents several advantages: (i) The
structural evolution of Fe can be followed dur-
ing heating; (ii) the measured volume expansion
of solid Fe provides an independent control of
temperature measurements; (iii) chemical reac-
tions, if any, can be observed within the few per-
centage detection limits; and (iv) most importantly,
an unambiguous bulk signature of melting—i.e.,
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, 10),
microscopic observation of the recovered sam-
ples (10), and plateaus/drops on the temperature
ramps (8, 21).

The XRD spectra obtained during heating
provide direct information about the physical
state of the laser-heated sample that can be cor-
related with additional information such as tem-
perature T versus time (Fig. 1). From this, we
determined that e-Fe (hexagonal close packed)
and g-Fe (face-centered cubic) are the only struc-
tures observed in the investigated pressure-
temperature range. This confirms earlier findings
of a large stability field for e-Fe (19, 22) and ex-
tends in temperature this domain up to the melt-
ing line at 200 GPa—e.g., under the conditions
where a transformation to a body-centered cu-
bic 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 appearance of weak peaks that can be
assigned to Fe3C (20). Therefore, each heating
series was performed on a fresh, unheated zone
of the sample. Furthermore, we measured and
compared the volume of solid Fe with the ex-
pected volume based on the pyrometry tempera-
ture and the equation of state of e-Fe (25) or g-Fe
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Fig. 2. Pressure (PKCl)–temperature conditions at which XRD patterns have been collected.
Different symbols correspond to different Fe phases and textures. The continuous black lines correspond
to Eqs. 1, 2, and 3. Data are in table S1.
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Lighter	  Alloying	  
Components:	  Three	  End-‐
Memberish	  
Binary	  Phase	  Diagrams:	  
Of	  course,	  the	  Core	  is	  n-‐
components,	  so	  visualize	  
these	  in	  n-‐dimensions…	  

IC	  
OC	  



temperature. A phase diagram of Fe–18 wt% Si alloy up to

119 GPa is illustrated in Fig. 5 on the basis of the present
results (Table 2). The melting curve of Fe–18 wt% Si

representing the abrupt increase of the heating efficiency

can be fitted by the Simon’s equation (Simon and Glatzel
1929) as (P(GPa)-P0)/a = (Tm(K)/T0)

c where P0 =

0 GPa, T0 = 1,473 K, a = 3.5 ± 1.1 GPa, and c = 4.5 ±

0.4. Table 2 summarized the maximum temperatures of
the experiments, from which the quench textures were

observed in the recovered samples. The upper bound of the
melting temperature based on the quench texture is also

expressed by the Simon’s equation for melting, P(GPa)/a =

(Tm(K)/T0)
c, with T0 = 1,473 K, a = 2.1 ± 0.7 GPa, and

c = 4.9 ± 0.5 and shown in Fig. 5.

Melting phase relations in the Fe–Si system at ambient

pressure were investigated and the two eutectic points are
located at 1,463 K and 19.1 wt% Si and at 1,488 K and

20.0 wt% Si (Schurmann and Hensgen 1980). Yang and

Secco (1999) reported the melting curve of Fe–18 wt% Si
alloy up to 5.5 GPa by measuring a change of the electrical

resistivity of the Fe–Si alloy sample, indicating that the

melting temperature increases with increasing pressure up

to 1,703 K at 5.5 GPa. Kuwayama and Hirose (2004)

reported that the eutectic temperature and composition in
the Fe–FeSi system were 2,093 K and 26 wt% Si at

21 GPa. The melting temperature of pure iron was deter-

mined by Williams et al. (1987), Boehler (1993), Ma et al.
(2004), and shown in Fig. 6. According to the phase rela-

tion in the Fe–Si system determined by Kuwayama and

Hirose (2004), the eutectic temperature of the Fe–Si system
and the liquidus temperature of Fe–18 wt% Si is lower than

that of pure iron at 21 GPa. Recently, Santamarı́a-Pérez
and Boehler (2008) determined experimentally the melting

temperature of FeSi up to 70 GPa as shown in Fig. 6.

These data are consistent with the present results, which
indicates that the melting temperature of Fe–18 wt% Si

alloy determined in this work is comparable with that of

pure iron as shown in Fig. 6.
In order to estimate the temperatures of the CMB and

ICB, the present melting curve may be extrapolated to the

CMB (135 GPa) and ICB (330 GPa) pressures using the
Simon’s equation assuming absence of phase transitions in

the subsolidus phase up to the ICB pressure. The extrap-

olated melting temperature is 3,300–3,500 K at 135 GPa
(CMB) and 4,000–4,200 K at 330 GPa (ICB).

The present experiments may give constraints on the

thermal structure of the Earth’s core. If the light element in
the core is silicon, the lower bound of the CMB tempera-

ture is 3,300 K. The melting temperature of Fe–18 wt% Si

at the base of the outer core, i.e., ICB, is estimated to be
4,000–4,200 K, which might provide the lower bound of
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Fig. 5 The phase diagram of Fe–18 wt% Si alloy. Solid circles are
the lower bound of the melting points determined by the change of
laser heating efficiency, which are fitted by the Simon’s equation,
P(GPa)/a = (Tm(K)/T0)

c, with parameters, T0 = 1,473 K, a = 3.5 ±
1.1 GPa, and c = 4.5 ± 0.4 (a solid curve). The upper bound of the
melting temperature determined by the quench texture of the sample
is also shown as the inverted triangles (white) and fitted by the
Simon’s equation with T0 = 1,473 K, a = 2.1 ± 0.7 GPa, and
c = 4.9 ± 0.5 (a dashed curve). Cross (white) is the melting
temperature measured by Kuwayama and Hirose (2004), cross
(black) is that determined by Yang and Secco (1999), solid diamond
is the melting temperature determined by Schurmann and Hensgen
(1980). Solid triangles are the bcc phase of Fe–18 wt% Si determined
by in-situ X-ray diffraction experiments. Asterisk of the solid triangle
(96 GPa and 2,000 K) indicates that the X-ray diffraction data were
collected at high pressure and room temperature after quenching from
2,000 K
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temperatures of Fe–18 wt% Si determined in this work; a blue
broken curve, the melting curve of FeSi by Santamarı́a-Pérez and
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temperature. A phase diagram of Fe–18 wt% Si alloy up to

119 GPa is illustrated in Fig. 5 on the basis of the present
results (Table 2). The melting curve of Fe–18 wt% Si

representing the abrupt increase of the heating efficiency

can be fitted by the Simon’s equation (Simon and Glatzel
1929) as (P(GPa)-P0)/a = (Tm(K)/T0)

c where P0 =

0 GPa, T0 = 1,473 K, a = 3.5 ± 1.1 GPa, and c = 4.5 ±

0.4. Table 2 summarized the maximum temperatures of
the experiments, from which the quench textures were

observed in the recovered samples. The upper bound of the
melting temperature based on the quench texture is also

expressed by the Simon’s equation for melting, P(GPa)/a =

(Tm(K)/T0)
c, with T0 = 1,473 K, a = 2.1 ± 0.7 GPa, and

c = 4.9 ± 0.5 and shown in Fig. 5.

Melting phase relations in the Fe–Si system at ambient

pressure were investigated and the two eutectic points are
located at 1,463 K and 19.1 wt% Si and at 1,488 K and

20.0 wt% Si (Schurmann and Hensgen 1980). Yang and

Secco (1999) reported the melting curve of Fe–18 wt% Si
alloy up to 5.5 GPa by measuring a change of the electrical

resistivity of the Fe–Si alloy sample, indicating that the

melting temperature increases with increasing pressure up

to 1,703 K at 5.5 GPa. Kuwayama and Hirose (2004)

reported that the eutectic temperature and composition in
the Fe–FeSi system were 2,093 K and 26 wt% Si at

21 GPa. The melting temperature of pure iron was deter-

mined by Williams et al. (1987), Boehler (1993), Ma et al.
(2004), and shown in Fig. 6. According to the phase rela-

tion in the Fe–Si system determined by Kuwayama and

Hirose (2004), the eutectic temperature of the Fe–Si system
and the liquidus temperature of Fe–18 wt% Si is lower than

that of pure iron at 21 GPa. Recently, Santamarı́a-Pérez
and Boehler (2008) determined experimentally the melting

temperature of FeSi up to 70 GPa as shown in Fig. 6.

These data are consistent with the present results, which
indicates that the melting temperature of Fe–18 wt% Si

alloy determined in this work is comparable with that of

pure iron as shown in Fig. 6.
In order to estimate the temperatures of the CMB and

ICB, the present melting curve may be extrapolated to the

CMB (135 GPa) and ICB (330 GPa) pressures using the
Simon’s equation assuming absence of phase transitions in

the subsolidus phase up to the ICB pressure. The extrap-

olated melting temperature is 3,300–3,500 K at 135 GPa
(CMB) and 4,000–4,200 K at 330 GPa (ICB).

The present experiments may give constraints on the

thermal structure of the Earth’s core. If the light element in
the core is silicon, the lower bound of the CMB tempera-

ture is 3,300 K. The melting temperature of Fe–18 wt% Si

at the base of the outer core, i.e., ICB, is estimated to be
4,000–4,200 K, which might provide the lower bound of
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Fig. 5 The phase diagram of Fe–18 wt% Si alloy. Solid circles are
the lower bound of the melting points determined by the change of
laser heating efficiency, which are fitted by the Simon’s equation,
P(GPa)/a = (Tm(K)/T0)

c, with parameters, T0 = 1,473 K, a = 3.5 ±
1.1 GPa, and c = 4.5 ± 0.4 (a solid curve). The upper bound of the
melting temperature determined by the quench texture of the sample
is also shown as the inverted triangles (white) and fitted by the
Simon’s equation with T0 = 1,473 K, a = 2.1 ± 0.7 GPa, and
c = 4.9 ± 0.5 (a dashed curve). Cross (white) is the melting
temperature measured by Kuwayama and Hirose (2004), cross
(black) is that determined by Yang and Secco (1999), solid diamond
is the melting temperature determined by Schurmann and Hensgen
(1980). Solid triangles are the bcc phase of Fe–18 wt% Si determined
by in-situ X-ray diffraction experiments. Asterisk of the solid triangle
(96 GPa and 2,000 K) indicates that the X-ray diffraction data were
collected at high pressure and room temperature after quenching from
2,000 K
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Fig. 6 Melting temperatures of Fe–Si alloys and pure iron at high
pressure. The black solid and dashed curves are the melting
temperatures of Fe–18 wt% Si determined in this work; a blue
broken curve, the melting curve of FeSi by Santamarı́a-Pérez and
Boehler (2008); a red dashed curve, the melting temperature of iron
by Williams et al. (1987); a red solid curve, melting temperature of
iron by Ma et al. (2004); a red dotted curve, melting curve of iron by
Boehler (1993), in which the pressure of the c–e–l triple point of iron
by Boehler (1993) was corrected to 70 GPa after Santamarı́a-Pérez
and Boehler (2008)
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Fe-‐S	  Mel-ng:	  Fairly	  
Robust	  Eutec-c	  

Behavior—At	  Least	  to	  
Deep	  Mantle	  
Pressures	  

	  

Kamada,	  Ohtani	  et	  al.,	  EPSL,	  2010	  

the inner core, assuming that there is no phase transformation in
these phases at higher pressures and temperatures.

In this study, the solid iron (!-Fe) in the sample recovered from
81.9 GPa and 1600 K (Run F92S06) contained 1.1(0.4) at.% of sulfur,
and the solid iron in the sample recovered from 85.6 GPa and 2200 K
(Run F92S19) contained 7.6(0.8) at.% (Table 3). Li et al. (2001)
showed that 1.4 at.% of sulfur dissolved in solid iron at 25 GPa close to
the eutectic temperature, and reported that the amount of sulfur in
solid iron increases with increasing pressure at an eutectic temper-
ature. Stewart et al. (2007) reported that 2.9 and 2.2 at.% of sulfur
dissolved in solid iron at 23 and 40 GPa at each eutectic temperature,
respectively. They showed that the solubility of sulfur in iron did not
increase with pressure. Fig. 3a shows the phase diagrams of the Fe–
FeS system from this study, and those from previous studies at lower
pressures (25 and 40 GPa). The stability !eld of iron, shown by
hatched area in Fig. 3a, expands towards the sulfur-rich side with
increasing pressure. In a phase diagram of the Fe–FeS system at each
pressure in Fig. 3a, the content of sulfur increases with increasing
temperature up to a eutectic temperature but the content of sulfur
starts to decrease above the eutectic temperature as discussed by
Tsuno and Ohtani (2009). Therefore, the content of sulfur in solid iron
has amaximum at the eutectic temperature. Fig. 3b shows the amount
of sulfur in the solid iron as a function of pressure at the eutectic
temperature. The maximum amount of sulfur in the solid iron
increases with pressure at the eutectic temperature. This tendency
of the change in sulfur solubility may be explained simply by an
increase of the eutectic temperature with pressure. This trend is
consistent with that observed by Li et al. (2001).

Our results show that solid iron can contain 7.6 at.% of sulfur at
85.6 GPa and 2200 K and 7.5 at.% at 125.7 GPa and 2370 K as shown in
Table 3. Assuming that the effect of pressure on the maximum
solubility of sulfur in solid iron at the eutectic temperature increases
up to the pressure of the core, the maximum solubility of sulfur in the
inner core (at 329 GPa) is likely to exceed 7.5 at.%. However, the
maximum solubility of sulfur in the inner core is much higher than the
estimations from cosmochemical constraints (2.9–3.9 at.%) (e.g.,
Allègre et al., 1995; Dreibus and Palme, 1996). Therefore, if the
inner core contains sulfur as a light element, then all of this sulfur can
be dissolved in !-Fe, and it is likely that there is no Fe3S in the inner
core.

3.2. Melting relationship of the Fe–Fe3S system and the temperature of
the outer core

To provide a constraint to the core temperature, it is important to
investigate themelting relationships of the Fe–Fe3S system under core
conditions. Although evidence for any melting of Fe3S was not
observed at pressures above the core pressure range in this study
based on the in situ X-ray diffraction data, we determined the melting
temperature up to 80 GPa using both the X-ray diffraction data and
the quench textures. We observed a change in the diffraction spots
due to melting of Fe3S. In Fig. 1b, A–E show an example of melting in
the 2D diffraction pattern images taken around 27 GPa at different
temperatures. In Fig. 1b, A and B show the diffraction patterns at
temperatures below 1300 K and after quenching from b1300 K,
respectively. There is no difference between these two patterns.
When this sample was reheated to 1380 K (Fig. 1b, C), !-Fe and Fe3S
were observed. However, the X-ray diffraction spots derived from the
!-Fe and Fe3S decreased in number when the sample was heated at
1410 K, as shown in Fig. 1b (D). After quenching, the number of Fe3S
spots increased, but the number of !-Fe spots did not change,
suggesting that Fe3S begins to melt at 1410 K and 26.4 GPa. However,
the decrease in the number of spots from !-Fe at high temperature can
be explained by due to crystal growth, because the number of spots
from !-Fe did not change on quenching.

We also observed the texture of the recovered samples. The phases
present in the sample recovered from 81.9 GPa and 1600 K (Run
F92S06) were Fe and Fe3S. There was no evidence of melting in the
recovered sample. Fig. 4a and b show the texture of a sample
recovered from 27.4 GPa and 1600 K (Run FS10-17), and a sample
recovered from 85.6 GPa and 2200 K (Run F92S19), respectively. A
dendritic texture was observed with solid iron in both samples.
Therefore, these textures indicate that the samples had melted under
the experimental conditions used. Since we do not have enough data
to express the melting curve by Simon's equation or Kraut–Kennedy
equation, we assumed a linear relationship between pressure and
melting temperature and the present melting temperature at high
pressure was expressed tentatively as Tm=1030(40)+13.4(0.7)P,
where Tm is the eutectic temperature of the Fe–FeS system and P is
pressure in GPa. The phase relationships observed in this study are
consistent with those of Campbell et al. (2007) and Morard et al.
(2008), as shown in Fig. 2. However, the melting temperature
suggested by Chudinovskikh and Boehler (2007) seems to be lower

Fig. 2. The phase relationship of iron and the Fe–FeS system up to the conditions in the
outer core. Solid circles show the melting detected by the change in the X-ray
diffraction patterns (see Fig. 1b) at 26.4 GPa and 1410 K (Sample F92S21_024), and
melting detected by the dendritic texture at 85.6 GPa and 2200 K (Sample F92S19) for
Fe-13.2 at.% S. The open circles show the coexistence of Fe and Fe3S detected by powder
X-ray diffraction for the same starting material (F92S series). The solid diamond shows
melting detected by the quench texture from 27.4 GPa and 1600 K (Sample FS10-17)
for Fe-10 at.% S, and the open diamond shows the coexistence of Fe and Fe3S based on
textural observation at 43.1 GPa and 1350 K. The black solid line shows the phase
relationship of iron (Ma et al., 2004). The black dotted line shows the eutectic
temperature after Fei et al. (1997), Fei et al. (2000), and Li et al. (2001). The solid
symbols show the existence of a melt, and the open symbols show the subsolidus
phases. The circles represent the F92S series and the squares represent the F84S series.
The diamonds represent the FS10 series. The downward triangles are data from Stewart
et al. (2007). C&B07 (dashed line), C07 (broken line), and M08 (dotted–dashed line)
represent the eutectic temperatures of the Fe–FeS system of Chudinovskikh and
Boehler (2007), Campbell et al. (2007), and Morard et al. (2008), respectively. These
eutectic temperature relationships were extrapolated to the core conditions as a linear
function of pressure. The thick solid line shows the melting relationship of the Fe–FeS
system from this study, and the thick dotted line shows the expected melting
relationship of the Fe–FeS system from this study. The !-Fe scale was adopted in this
phase diagram for the in situ experiments.

Table 3
Results of the chemical analysis.

Run number P
(GPa)

T
(K)

Ssolid
(at.%)

Sliquid
(at.%)

F92S06 81.9 1600 1.1(0.1) –

F92S19 85.6 2200 7.6(0.8) 19.6(1.9)
F92S20 125.7 2370 7.5(1.8) –

Numbers in parentheses are one standard deviation of multiple analyses.
– = no liquid, but Fe coexisted with Fe3S.
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A	  Wild	  Card:	  
Hydrogen-‐-‐-‐Has	  
Issues	  (and	  Long	  
Extrapola-ons),	  But	  a	  
Li[le	  Bit	  (Mass-‐wise)	  
Could	  Go	  A	  Long	  
Way…	  
	  

Sakamaki,	  Irifune	  et	  al.,	  PEPI,	  2009	  

200 K. Sakamaki et al. / Physics of the Earth and Planetary Interiors 174 (2009) 192–201

Fig. 7. Phase diagram of FeH extrapolated to the CMB condition. Phase diagram for
Fe is also shown for comparison. Thin solid lines are from previous studies (Fukai
et al., 2003; Antonov et al., 1980; Yagi and Hishinuma, 1995). The phase boundary
of !!- and "-FeH in Fig. 4 was linearly extrapolated. Beyond the !!–"-melt triple
point, as an attempt to construct the melting curve of !!-FeH was unsuccessful, it
is approximated by the extrapolation of that of "-FeH using Lindemann’s law (see
the text for details). Small dotted lines represent the phase diagrams of pure Fe
determined by Shen et al. (1998) and Anderson and Isaak (2000).

the Eq. (5) (Fig. 7). This extrapolated melting curve of "-FeH repre-
sents lower limit of that of !!-FeH. The dT/dP slope of the melting
curve for FeH is smaller than that of pure Fe at all pressures, yield-
ing the melting temperature of FeH "2600 K at 135 GPa (CMB). This
melting temperature is approximately 1300 K lower than that of
!-Fe estimated by Anderson and Isaak (2000).

Fig. 8. Melting curves of Fe and some iron compounds. The melting curves of FeO
and FeS were determined by Shen et al. (1993) and Boehler (1992), respectively.
The melting curve of Fe was determined up to 80 GPa by Shen et al. (1998) with
DAC experiments and extrapolated by Anderson and Isaak (2000) using the Linde-
mann’s melting law. The melting curve of FeH is the same as in Fig. 7. The melting
temperature of FeH is "1300 K lower than pure Fe at CMB. See the text for more
explanation.

4.2. Implications for the temperature of the Earth’s outer core

Melting temperatures of some iron-light element compounds
are compared in Fig. 8, where the melting curve of FeS is due to
Boehler (1992) and that of FeO to Shen et al. (1993). The melt-
ing curve of pure iron was experimentally determined by Shen
et al. (1998) below 80 GPa and calculated by Anderson and Isaak
(2000) at higher pressures. Estimated melting curves for both iron
hydrides ("-FeH and !!-FeH) are much lower in temperature and
show smaller dT/dP slopes than those of Fe, FeO and FeS.

Boehler (1996) estimated the temperature of the Earth’s outer
core at the CMB from the melting temperature of iron at the pres-
sure equivalent to the inner-core and outer-core boundary (Boehler,
1993) assuming adiabatic temperature gradient throughout the
outer core. To constrain temperature of the outer core, Boehler
(1996) also used melting temperatures of Fe, FeO and FeS assuming
that these are the major constituents of the Earth’s core. According
to these assumptions, the temperature of the Earth’s outer core was
estimated to be about 4150 ± 250 K at CMB. In the present study, we
have demonstrated that hydrogen has a profound effect in lower-
ing the melting temperature of the outer core. If a large amount of
hydrogen is dissolved in the Earth’s core (Fukai, 1984), temperature
of the outer core at CMB could be much lower than the Boehler’s
estimation.

Acknowledgments

We thank Yoshinori Tange, Geodynamics Research Center,
Ehime University, for many supports in our in situ X-ray exper-
iments at beam line BL04B1 in SPring-8 synchrotron facility
(2006B1503). This study was supported by the grant in aid no.
18204050 by MEXT.

Appendix A. Attempt to construct the melting curve of
!!-FeH

In order to construct the melting curve of !!-FeH, we start by
estimating the Mie–Grüneisen–Debye EOS of !!-FeH based on pre-
vious studies both of !-Fe at high-temperature and !!-FeH at room
temperature (Uchida et al., 2001; Lübbers et al., 2000; Hirao et al.,
2004). The Mie–Grüneisen–Debye EOS is written as;

P(V, T) = P(V, T0) + !Pth (6)

"Pth =
!

#
V

"
[E(T, $D) # E(T0, $D)] (7)

E = 9nRT
!

T
$D

"3
# $D/T

0

t3

et # 1
dt (8)

where E is the internal thermal energy, $D the Debye temperature,
# the Grüneisen parameter, n the number of atoms per chemical
formula, and R the gas constant. In this equation, P(V, T0) repre-
sents the third-order Birch–Murnaghan EOS at room temperature,
T0 = 300 K. The variation of $D and # with volume is given by

$D = $0 exp
!

#0 # #
q

"
(9)

# = #0

!
V
V0

"q

(10)

Assuming that the volume ratio between !-Fe and !!-FeH is con-
stant regardless of temperature, we calculated the P–V–T data for
!!-FeH under high-pressures using the Mie–Grüneisen–Debye EOS
of !-Fe recalculated based on the experimental data of Uchida et
al. (2001) and Lübbers et al. (2000). By fitting the calculated data
up to 50 GPa and 1473 K with the Eq. (6) to Eq. (10), we obtained
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A	  Ball-‐Park	  List	  of	  
Depression(s)	  

From:	  Fischer,	  AGU	  Deep	  Earth	  Volume,	  2016	  

Table 1

System Melting point depression Melting T at ICB
Fe 0 K 6200 ± 500 K
Fe–Si 0–400 K 6000 ± 500 K
Fe–O 700–1100 K 5300 ± 500 K
Fe–S 900–1200 K 5150 ± 500 K
Fe–C 600–800 K 5500 ± 500 K

  Fe-H          1700-2700 K                3900 (+/-?)               

How	  different	  are	  Mul--‐Component	  Systems?	  Unclear,	  but	  Perhaps	  Not	  Too	  Different…	  



One	  Set	  of	  Two	  Light	  
Alloying	  Component	  
Models	  of	  Core	  
Composi-on	  (Hot	  
Core	  Model…with	  
Associated	  Lower	  
Alloying	  Amounts)	  
	  

Badro,	  Cote,	  Brodholt,	  PNAS,	  2015	  

Fig. 2 [the other three ternaries, (Fe–Ni)–Si–S, (Fe–Ni)–Si–C, and
(Fe–Ni)–S–C, have no solution]. From all those acceptable com-
positions, we have calculated the best numerical solution: it is a core
that contains 3.7%O, 1.9% Si, and no sulfur or carbon (SI Appendix,
Table S2), a composition indicated by a white circle in Fig. 2.
We can further constrain our compositional model by using

inner-core compositional models and experimental metal–silicate
partitioning data. Recent studies have proposed that the inner
core is a Fe–Ni–Si alloy containing between 1 and 2% silicon (8,

30). Because the inner core is growing from the outer core, and
these are in chemical equilibrium, then the outer core should
also contain silicon, between 1.2 and 3.6% [assuming a liquid/
solid partition coefficient (7) of 1.5 ± 0.3 for silicon]. Moreover,
core formation experiments place a tight constraint (12, 31–35)
on oxygen solubility in molten iron: incorporating large amounts
of oxygen in a core-forming metal in equilibrium with a molten
silicate requires very high temperatures. In those conditions, silicon
will always be incorporated in the metal as well (31, 34, 35).
With oxygen being required from outer-core seismology and

silicon being required from inner-core seismology as well as
metal–silicate partitioning, our model leaves little room for other
light elements such as sulfur and carbon. This is in agreement
with recent results obtained by first principles’ simulations of
metal–silicate equilibrium (36). These suggest that the main core
components are Si and O, whereas volatile element contents such as
C and H lie well below the 1% and 1,000 ppm threshold, re-
spectively. We therefore focused our attention on the (Fe–Ni)–O–Si
system and evaluated the influence of varying S and C contents on
the final Si and O content. We plotted the (Fe–Ni)–O–Si solu-
tion space calculated when incorporating carbon (0, 0.2, and 1%)
and/or sulfur (0, 1, and 2%) in Fig. 3. As expected, adding S and/or
C in the core reduces the range of acceptable O–Si concen-
trations as major elements and has a more pronounced effect on
oxygen rather than silicon. However, the picture remains quali-
tatively the same, and oxygen is always required in the core.
All these results are based on a core–mantle boundary tem-

perature of 4,300 K, a condition that was chosen so that the inner-
core boundary temperature (calculated along the isentrope) falls
on the melting temperature of iron (6, 29). To verify that our
solution is robust, we checked the sensitivity to temperature. We
performed the same calculations for a range of CMB temper-
atures from 3,800 to 4,700 K, with ICB temperatures ranging from
5,500 to 6,900 K, respectively. The calculations are reported in
the SI Appendix, sections 5 and 6. Higher temperatures make
for less light elements, and conversely, a core at lower temper-
ature requires more light elements. The solution spaces shift to
higher or lower concentrations with T, but the general topology
of the solution, and our conclusions, remains unchanged.
This study shows that oxygen is present, and likely in high

concentrations, in the outer core. Because the solubility of oxygen
in iron requires high temperatures and high FeO concentration
(oxygen fugacity) in coexisting silicate melts, our observation
strongly favors models of core formation in a deep magma ocean

Fig. 2. Range of core compositions compatible with seismic observations.
Each shaded area represents the ternary solution space that satisfies the
seismic density and bulk sound velocity at the top and bottom of the outer
core (Fe94Ni6–O–Si, blue; Fe94Ni6–O–C, red; and Fe94Ni6–O–S, yellow). There is
no solution for the other ternaries (Fe94Ni6–Si–S, Fe94Ni6–Si–C, and Fe94Ni6–S–C).
This shows that oxygen is always required to match the seismic data. The best
numerical fit is shown by the white circle corresponding to 3.7% O, 1.9% Si,
0% S, and 0% C.

Fig. 3. Range of O and Si compositions compatible with seismic observations, calculated for varying S and C concentrations. Each panel corresponds to a fixed
carbon content: (Left) 0% C; (Center) 0.2% C; (Right) 1% C. In each panel, we calculate three sulfur concentrations: dark (0% S), light (1% S), and lighter (2% S).
For each of the nine S–C combinations plotted, we calculate the best numerical fit represented by a white circle. The horizontal gray band represents the outer-
core silicon concentration range required by inner-core models (7, 8, 30).

7544 | www.pnas.org/cgi/doi/10.1073/pnas.1316708111 Badro et al.

And	  What	  is	  That	  Composi-on	  Anyway?	  	  
Not	  All	  That	  Well-‐Determined…	  
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Figure 4. Data for thermodynamic GrQneisen parameter 
compared with a fit using the assumption of 7 oc p-n. 

the experimental initial state to the phase on the Hugoniot, 
followed by isentropic compression to the shocked state 
volume V/• and isochoric heating to the Hugoniot pressure. 
Assuming that the initial pressure is negligible, this is ex- 
pressed as 

•PH( -- VH) = Es + Err + VH -- dP (14) • Voo 
s 7 

where the subscripts H and S refer to states on the Hugoniot 
and reference isentrope at volume V H, respectively. 

Unfortunately, the fit is relatively insensitive to 7, since a 
number of other parameters are also being fit. Also, 7 only 
enters the fit as an integral quantity, so any one experiment 
gives only a weighted average of 7 over a range of condi- 
tions. Although data from initially porous samples (i.e., with 
a larger V00) are sometimes used to get results which are 
more sensitive to 7, this approach still yields only an integral 
quantity. In addition, the general quality of data from porous 
samples makes the fitting process rather subjective, as 
illustrated by the results for 7 obtained by McQueen et al. 
[1970] and Jeanloz [1979], who used the same data set to 
arrive at rather different conclusions concerning the behav- 
ior of 7. Finally, the phase on the porous Hugoniot is not 
well known, so there is a danger of including solid state 
results. Given these problems, we have chosen to exclude 
SWEOS data from our fit for 7 and rely on the other types of 
data already discussed. 

Fitting of •/. Often the assumption is made that 7 o• p-n. 
However, a number of authors (see, for example, Mulargia 
[1977], Stacey [1981], Falzone and Stacey [1981]) have been 
critical of this assumption. Examination of Figure 4 shows 

that this assumption, which does not allow the sign of d7/dp 
to change, does not accurately describe the available data. 

We have chosen to evaluate several different functional 
forms for 7 with a maximum of three adjustable parameters 
and using p, E, and P as independent variables. Data used 
for the fit (Table 3) are values of 7 calculated from (12) for p 
= 5500, 6000, and 6500 kg/m3 to represent the data of Hixson 
et al. [1990], along with the values of 7 obtained from the 
reference state properties and the reevaluated data of Brown 
and McQueen [1986]. 

Table 4 gives the functional forms evaluated and the 
results of the fitting process. In most cases the forms are 
simple parametric expressions not chosen because of any 
special physical significance. The expressions which allow 
explicit dependence on only one variable are less satisfac- 
tory than the majority of the two-variable fits. A dependence 
on P alone is not studied, since the data of Hixson et al. 
[1990] showed a definite variation in 7 at constant pressure. 
Most of the two-variable fits give values of X 2 in the range 
0.5 to 0.6. One form, namely 

7 = 70 + 7'(P/po)n( E - Eo) (15) 

where 70 = 1.732 _ 0.111, 7' = -0.136 - 0.082 kg/MJ, and 
n - -1.642 - 0.917, gives a significantly better fit (X 2 = 
0.13) than any other form. 

The last form presented in Table 4 derives from the 
equation of state proposed by Tillotson [1962] for metals in 
the high-pressure and high-temperature regime associated 
with hypervelocity impact. Aside from (15), this expression 
gives the best fit to the data. While it might be argued that the 
equation of state proposed by Tillotson [1962] should be 
adopted here, it still gives a worse fit than the expression in 
(15), which we will retain as the preferred form for 7. 

There is also a question of whether it is appropriate to use 
a single expression for 7 in both the compressed and 
expanded states represented by the data, especially since the 
liquidus solid phase at high pressure is different from that at 
low pressure. However, phase changes in the solid arise 
because of the detailed energetics of atomic spacings in 
different periodic lattice configurations with a given inter- 
atomic potential. A solid phase change occurs because the 
average interatomic distance has changed enough that a 
different lattice is more energetically favorable. The absence 
of periodicity in the structure of liquids precludes such 
sudden changes of state. Liquid state structural changes do 
occur and are reflected in our calculations (see Appendix A), 
but the change is smooth and continuous, justifying the use 
of a single functional form for 7 and also for the specific heat. 

Equation (15) implies a temperature dependence for 7. 

Table 3. Experimentally Constrained Values of the Thermodynamic GrQneisen Parameter 

P, GPa p, kg/m 3 E- E 0, MJ/kg 7 
10 -4 7019 - 2 0 1.723 - O. 116 
0.2 5500 1.8116 - 0.0634 1.344 +-- 0.269 
0.2 6000 1.1876 +- 0.0511 1.547 +- 0.309 
0.2 6500 0.5631 - 0.0391 1.751 +- 0.350 

277.4 +- 18.4 12643 - 353 5.419 - 0.333 1.419 +-- 0.272 
331.5 - 9.4 13015 - 81 7.071 - 0.070 1.401 - 0.265 
397.1 - 10.2 13417 - 84 9.184 -0.084 1.303 -0.269 

this work 
Hixson et al. [1990] 
Hixson et al. [1990] 
Hixson et al. [1990] 
Brown and McQueen [1986] 
Brown and McQueen [1986] 
Brown and McQueen [1986] 

Alfe	  et	  al.,	  
PRB,	  2002	  

The	  Gruneisen	  Parameter	  Situa-on:	  	  
Not	  Op-mal,	  But	  All-‐in-‐all	  Not	  So	  Bad	  
for	  Liquid	  Iron	  at	  Core	  Condi-ons…	  

Do	  recall:	  dT/dP)s	  =	  γT/Ks	  
And,	  Composi-onal	  Effects	  are	  likely	  2nd	  Order	  

And,	  Porous	  
Hugoniot	  Data	  
Yield	  ~1.3	  Over	  
Core	  Pressures	  



OK—So	  What	  Families	  of	  Curves	  Can	  
Be	  Drawn	  for	  the	  OC	  Geotherm?	  

•  We	  are	  a	  *bit*	  
be[er	  off	  than	  in	  
the	  way	  back…	  

•  But,	  s-ll	  hard
(because	  of	  
composi-onal	  
uncertainty)	  to	  
preclude	  extreme	  
solu-ons.	  

Williams,	  CMB	  Volume,	  1998	  

X?	  



1) What	  is	  the	  mel-ng	  temperature	  of	  end-‐
member	  iron?	  (+/-‐500-‐1000	  K	  (?))	  

2) What	  is	  the	  outer	  core’s	  light	  alloying	  
cocktail?	  

3) What	  is	  the	  inner	  core’s	  light	  alloying	  
cocktail	  (O~0.3%	  mass	  of	  core)?	  	  

4) What	  is	  the	  mel-ng	  point	  (IC)/amount	  of	  
freezing	  point	  depression	  (OC)	  associated	  
with	  these	  cocktails?	  (+/-‐200-‐2000	  K)	  

5) What	  is	  the	  Gruneisen	  parameter	  (and	  q)	  
of	  these	  cocktails	  (for	  geotherm,	  far	  more	  
important	  for	  OC	  than	  IC….)?	  (+/-‐	  ~250	  K)	  

6) What	  is	  the	  precise	  chemical	  density	  
deficit	  of	  the	  outer	  core	  (depends	  on	  T)?	  

7)  Composi-onal	  Stra-fica-on	  in	  Core?	  
(O~100	  K?)	  

	  

Is	  a	  probabilis-c	  approach	  to	  core	  geotherms	  ul-mately	  warranted?	  

The	  Core	  and	  
the	  Geotherm:	  
S-ll	  More	  
Uncertain	  than	  
One	  Might	  
Like….	  


