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ABSTRACT
We performed melting experiments on Fe-O alloys up to 204 GPa and 3500 K in a diamond-
anvil cell (DAC) and determined the liquidus phase relations in the Fe-FeO system based on
textural and chemical characterizations of recovered samples. Liquid-liquid immiscibility was
observed up to 29 GPa. Oxygen concentration in eutectic liquid increased from >8 wt% O at 44
GPa to 13 wt% at 204 GPa, and is extrapolated to be about 15 wt% at the inner core boundary

(ICB) conditions. These results support O-rich liquid core, although oxygen cannot be a single
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core light element. We estimated the range of possible liquid core compositions in Fe-O-Si-C-S

and found that the upper bounds for silicon and carbon concentrations are constrained by the

crystallization of dense inner core at the ICB.

INTRODUCTION

Oxygen is one of the likely candidates for light elements in the Earth’s core (Hirose et al. 2013;
Morard et al. 2017). This hypothesis is supported by recent first-principles calculations showing
that both the density and sound velocity observed in the liquid core are compatible with the
presence of oxygen (Badro et al. 2014). The earlier calculations by Alfé et al. (2002) also stated
that oxygen is an important alloying element in the core; it is mostly partitioned into liquid iron
and can thus account for the large density contrast observed across the ICB.

Liquidus phase relations, in particular eutectic composition, provide another clue to constrain
the outer core composition. Even if oxygen is likely to be an abundant core light element, the liquid
core should not crystallize as FeO at the ICB; FeO is indeed lighter and thus cannot form the denser
solid inner core. Previous experiments clearly demonstrated that oxygen concentration in the Fe-
FeO eutectic liquid increases with increasing pressure (Ohtani et al. 1984; Ringwood and
Hibberson 1990; Seagle et al. 2008). Komabayashi (2014) developed a thermodynamic model that
predicts ~12 wt% O in the eutectic liquid composition at 330 GPa corresponding to the pressure
at the ICB. The most recent study by Morard et al. (2017) carried out melting experiments on Fe-
FeO to 102 GPa. They reported a sharp and large increase in oxygen concentration in the eutectic
liquid around 80 GPa, which contradicts earlier experimental results and the thermodynamic model
(Seagle et al. 2008; Komabayashi 2014).

Previous experiments showed immiscible Fe-rich metallic liquid and FeO-rich ionic liquid
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below 25 GPa (Ringwood and Hibberson 1990; Tsuno et al. 2007). Frost et al. (2010) found a
small immiscible two-liquid region at 25 GPa and 2473 K, and the immiscibility is no longer
observed at 50 GPa (Seagle et al. 2008). The disappearance of the two-liquid region from the Fe-
FeO liquidus diagram should change the eutectic liquid composition as illustrated in Figure 1.

Here we report melting experiments on Fe-O alloys up to pressures of 204 GPa, which extends
the pressure range examined in earlier studies by a factor 2. On the basis of the eutectic liquid

composition determined in the core pressure range, we discuss the presence of oxygen and other

light elements in the outer core.

EXPERIMENTAL METHODS

High-pressure and -temperature (P-T) conditions were generated in a laser-heated DAC using
diamonds with culet size of 120, 150, or 300 um (Table 1). We employed homogeneous Fe-
4.1wt%0 and Fe-13.0wt%O starting materials, prepared by magnetron sputtering of Fe in a
inductively coupled RF (radio-frequency) reactive oxygen-rich argon plasma (Morard et al. 2017).
A sample flake was loaded with an Al2O3 pressure medium, into a 40—-140 um hole at the center
of a pre-indented rhenium gasket. After loading the sample, the whole DAC was dried in a vacuum
oven at 423 K for at least 12 hrs to eliminate moisture from the sample. It was then compressed in
an argon atmosphere.

At each pressure of interest, we heated the sample from both sides with a couple of 100 W
single-mode Yb fiber lasers (YLR-100, IPG Photonics) with flat-top beam-shaping optics. A
visible laser-heated spot was approximately 20 pm in diameter. The heating duration was limited
to less than 3 sec, in order to avoid temperature fluctuation that leads to a complex melting texture.

It is long enough for oxygen to diffuse over an entire melt pocket (Helffrich 2014) (Figs. 2a, b),
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which assures chemical equilibrium between liquid and solid since melting/crystallization occurs
almost instantaneously. Indeed, the time-series experiments performed by Mori et al. (2017)
demonstrated that the compositions of coexisting liquid and solid in the Fe-S system did not change
after 1 sec in a DAC. Note that the diffusivity of oxygen is slightly higher than that of sulfur in
liquid Fe (Helffrich 2014). The temperature profile was obtained using a spectro-radiometric
method (Mori et al. 2017) (Fig. 2¢). Following Mori et al. (2017) and Tateno et al. (2018), we
determined the temperature at the liquid/solid boundary by combining the temperature profile with
a sample cross section. Pressure was measured at 300 K after heating based on a Raman shift of
diamond (anvil) (Akahama and Kawamura 2004) and then corrected for thermal pressure based
on Andrault et al. (1998). We considered 60% of theoretical thermal pressure for purely isochoric
heating AP = aKt X (T —300), aKt =4 MPa/K below 100 GPa, and adopted 90% of that with
aKt =9 MPa/K for runs at higher pressures (Hirose et al. 2017). These estimates differ from the
empirical one (5% pressure increase per temperature increase for every 1000 K) (Fiquet et al.
2010) by less than 7 GPa in all runs. The uncertainties in both P and 7 should therefore be less
than £5-10 % (Table 1).

Textural and chemical characterizations were carried out on recovered DAC samples. A cross
section of the laser-heated portion of a sample was obtained parallel to the compression axis by
milling with a focused Ga ion beam (FIB, FEI Versa™ 3D DualBeam™). It was then examined
by a field-emission (FE)-type scanning electron microscope (SEM) and energy dispersive X-ray
spectrometry (EDS) for elemental mapping (Fig. 2a). We also used an FE-type electron probe
micro-analyzer (FE-EPMA, JEOL JXA-8530F) with wavelength dispersive spectrometry (WDS)
for quantitative chemical analyses; an accelerating voltage of 12 kV, a current of 15 nA, and the

X-ray counting time of 20s/10s for peak/background. Fe, Fe3C, and corundum were used as
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standards. LDEI (O), LIF (Fe), LDE2H (C), and TAP (Al) were analyzing crystals. The FE-EPMA
analyses of quenched liquid iron sometimes included a small amount of Al, which is likely a signal
from the surrounding pressure medium or Al2O3 grains that mechanically intruded into the liquid
during the experiment (Figs. 2a, b). Al was therefore subtracted as Al2O3 from raw data. Carbon
was detected not only in the quenched liquid, but also inside the rhenium gasket; the latter could
be due to contamination during FIB processing or FE-EPMA analysis. Thus, we subtracted 0.2—
0.4 wt% C from the raw analyses of liquids, which was found on the rhenium gasket in the same

cross section (or in an unheated portion of a sample when the gasket was not included). The liquids

should have included the remaining 0.8-3.5 wt% C (Table 1).

RESULTS

We performed eight separate runs in a pressure range from 23 to 204 GPa (Table 1). In sample
cross sections, except for runs performed below 44 GPa, we found a chemically homogeneous area
with non-stoichiometric Fe-O composition at the center of a laser-heated area (Figs. 2a, b), which
likely represents a quenched liquid pool. There are layers of single-phase Fe or FeO (or both) next
to the liquid, which indicates which side of the eutectic the liquid was. A subsolidus part is found
outside such a liquidus phase layer.

In run #1 performed at 23 GPa and 2760 K, two large liquid pools were observed (Fig. 2d);
each one exhibits heterogeneous textures, similar to the ones reported in previous multi-anvil
experiments (e.g., Ringwood and Hibberson 1990; Tsuno et al. 2007). The two-liquid
immiscibility was also found in run #2 at 29 GPa, but not at pressures above 44 GPa in this study.

In runs #3—#6, the composition of a liquid represents the lower and upper bounds for oxygen

concentration in the eutectic liquid when coexisting with Fe and FeO, respectively (Table 1, Fig.

5

Always consult and cite the final, published document. See http:/www.minsocam.org or GeoscienceWorld



117

118

119

120

121

122

123

124

125

126

127

128

129

130

131

132

133

134

135

136

137

138

139

This is a preprint, the final version is subject to change, of the American Mineralogist (MSA)

Cite as Authors (Year) Title. American Mineralogist, in press.
DOI: https://doi.org/10.2138/am-2019-7081
3). In runs #4 and #6, both Fe and FeO layers were found. As commonly observed in both multi-
anvil (e.g., Hirose and Fei 2002) and DAC experiments (e.g., Mori et al. 2017), a temperature
gradient in a sample induced phase segregation of each phase; in the present case, the layers of
liquid, FeO, and Fe were formed separately. Nevertheless, we estimate the difference in
temperature between the liquid/FeO boundary and the FeO/Fe boundary to be less than 50-60 K
considering the temperature gradient (Fig. 2c) (note that the FeO layer was about 1 um wide as
shown in Fig. 2a). Since 50-60 K is less than the uncertainty in the present experimental
temperature determination, we considered that liquid, FeO, and Fe coexisted practically at the
same temperature. The liquid composition may therefore be the eutectic liquid when both Fe and
FeO layers were observed. The liquids obtained in runs #7 and #8 included remarkably less oxygen
than in the other runs; alternatively, they were enriched in carbon (Table 1). Except for these two
runs, the carbon amount was limited to ~1 wt%, with probably a limited effect on the Fe-FeO
diagram.

The experiments with limited carbon contamination show a change in the Fe-FeO eutectic
liquid composition with increasing pressure (Fig. 3). Above 44+4 GPa, the eutectic liquid includes
>8 wt% O, which is a remarkably high amount compared to that found in previous multi-anvil
experiments below 16 GPa (Ringwood and Hibberson 1990; Tsuno et al. 2007), where liquid-
liquid immiscibility is observed. The oxygen concentration increases to about 13 wt% at the
maximum pressure of 204+20 GPa explored here.

Since the composition of liquid obtained in the present study is close (or identical) to the
eutectic liquid composition at each pressure, the liquidus temperature determined as temperature
at the liquid/solid boundary should be close to (or represent) the eutectic temperature. Note that

the compositions of the present Fe-O-(C) liquids with limited carbon contamination do not
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represent the Fe-O-C ternary eutectic compositions. Indeed iron carbides did not crystallize;
therefore their liquidus temperatures give the upper bounds for the ternary eutectic temperatures.

All data are in good agreement with the Fe-O eutectic melting curve reported by Morard et al.

(2017) on the basis of X-ray diffraction (XRD) observations (Fig. 4).

DISCUSSION

The present results show that the eutectic liquid composition in the Fe-FeO binary evolves
from Fe + >8 wt% O at 44+4 GPa to +13 wt% O at 204420 GPa (Fig. 3). This observation is in
reasonable agreement with the previous DAC experiments by Seagle et al. (2008) based on the
disappearance of Fe or FeO from the XRD pattern, and with the thermodynamic model proposed
by Komabayashi (2014) considering a non-ideal mixing based on Frost et al. (2010). Extrapolation
of our data to 330 GPa suggests that the Fe-FeO eutectic liquid contains about 15 wt% O at the
ICB.

We observed the liquid immiscibility to 29+3 GPa and 2900+£290 K, while Frost et al. (2010)
found a narrow Fe-FeO immiscible two-liquids region at 25 GPa and 2473 K. These two conditions
are similar when considering errors in P and 7 for both the experiments. In addition, since the
textures of quenched immiscible liquids are quite heterogeneous (see Fig. 9 in Frost et al. 2010
and Fig. 2d in this study), a precise determination of their chemical compositions is difficult.
Indeed, the compositions of the immiscible two liquids reported by Frost and others include large
uncertainties, suggesting that the immiscible two-liquids region may exist to P-7 conditions higher
than 25 GPa at 2473 K to a certain extent.

The vanishing of the liquid immiscibility changes the Fe-FeO liquidus curves. According to

previous experiments (Ohtani et al. 1984; Ringwood and Hibberson 1990), the Fe-FeO eutectic
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liquid includes minor amounts of oxygen at low pressures (~2 wt% at 16 GPa). The immiscible
two-liquids region is found around Fe+11wt%O to >25 GPa at 2473 K according to Frost et al.
(2010). Using the Fe-13.0wt%O starting material, we observed two immiscible liquids at 23 and
29 GPa (Fig. 2c). A single liquid was formed at 44 GPa, suggesting the disappearance of the
immiscible two-liquids region from the phase diagram. As illustrated in Fig. 1, a reduction in the
immiscible two-liquids region with increasing pressure causes the Fe-FeO eutectic point to shift
to a more O-rich region. It explains the high (>8 wt%) oxygen concentration in the eutectic liquid
at 44+4 GPa (Fig. 3).

The closure of immiscible two-liquids region also indicates that mixing between liquids Fe and
FeO is non-ideal at low pressures and becomes closer to ideal above 44 GPa. It is supported by the
eutectic melting curve shown in Fig. 4 that is in broad agreement with the thermodynamic
prediction by Komabayashi (2014) considering the ideal mixing. Furthermore, the pressure—
eutectic liquid composition relation observed in the present experiments is consistent with the
behavior shown by the non-ideal mixing model below ~50 GPa, while it could be explained by the
ideal solution model at higher pressures (Komabayashi 2014) (Fig. 3). The ideal solution model
by Komabayashi shows the lower oxygen concentration in the Fe-FeO eutectic liquid than the
present experimental results at >50 GPa, but his thermodynamic prediction depends on the
uncertain melting temperature of FeO, which can be much lower than he assumed.

While these results suggest that the oxygen content in the eutectic liquid increases with
increasing pressure to ~40 GPa, Morard et al. (2017) demonstrated it rises sharply around 80 GPa
(Fig. 3). The liquid coexisting with both Fe and FeO at 39 GPa in run #7 was contaminated by 3.1
wt% C and included only 0.4 wt% O, much less than that in the Fe-FeO eutectic liquid at equivalent

pressure. It is possible that the incorporation of carbon expands the immiscible two-liquid region
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to higher pressures, which could explain the difference between these two studies. Morard et al.
(2017) estimated 0.8-2.7 wt% C with +1.0 wt% uncertainty for liquids obtained below 80 GPa,
using Rietveld analyses of XRD patterns to find the amount of iron carbide formed in a quenched
liquid portion (after moderate re-heating after melting experiments). Since solid Fe can include 1
to 2 wt% C below 100 GPa (Walker et al. 2013; Fei and Brosh 2014), such estimates may be

underestimated. The observed low O content may be more relevant to the ternary Fe-O-C system

than for the binary Fe-FeO system.

IMPLICATIONS

In order to form the dense inner core, the liquid core should crystallize Fe that is depleted in
light elements compared to the outer core liquid. It was once suggested that the inner core is
composed mainly of Fe7C; (Chen et al. 2014; Prescher et al. 2015), but recent calculations
demonstrated that the density of Fe7Cs is too small for the inner core (Li et al. 2016). The present
experiments demonstrate that oxygen concentration in the Fe-FeO eutectic liquid increases (in
other words, the liquidus field of Fe expands) with increasing pressure (Fig. 3). It contrasts the
other binary iron alloy systems. The amounts of silicon, carbon, and sulfur in corresponding Fe-Si
(Ozawa et al. 2016), Fe-C (Lord et al. 2009; Mashino et al. 2019), and Fe-S binary eutectic liquids
(Kamada et al. 2012; Mori et al. 2017) decrease at higher pressures. At 330 GPa, these amounts
are less than those required to explain the outer core density deficit when assuming a single light
element. It indicates that none of silicon, carbon, and sulfur can be a predominant light component
in the core.

The present experiments allow us to determine the Fe-FeO eutectic liquid composition to 204

GPa, which is a much higher pressure compared to earlier experiments (Seagle et al. 2008; Morard
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et al. 2017). Our extrapolation to 330 GPa indicates ~15 wt% O in the eutectic liquid at the ICB
conditions. If oxygen is assumed to be the sole light element in the core, the calculations by Badro
et al. (2014) argued that 5.4 wt% O is required to account for both the density and bulk sound
velocity in the outer core. If this amount (Fe + 5.4 wt% O) is retained, such a system should sit on
the Fe-rich side of the eutectic and thus crystallize solid Fe at the ICB, which is consistent with a
dense inner core. However, oxygen is hardly soluble in solid Fe (<0.1 wt% at ICB conditions - see
Alfe et al. 2002; Ozawa et al. 2010). And the inner core is less dense than pure iron to some extent
(Antonangeli and Ohtani, 2015), thus suggesting that oxygen cannot be the sole light element in
the core.

Even if oxygen is not a predominant light element, the core should include (or should have
included) a certain amount of oxygen (Hirose et al. 2017), according to recent high-temperature
core formation models (e.g., Siebert et al. 2013). The present estimate of the Fe-FeO eutectic liquid
composition at 330 GPa is thus important for modeling the compositional evolution of the Earth’s
core and for constraining the present-day core composition from the phase diagrams of iron alloys.
Recently Tateno et al. (2018) examined the liquidus phase relations in the Fe-Si-S ternary system
and found that the liquidus field of solid Fe is approximated by a tie-line connecting the two
eutectic points in the Fe-Si and Fe-S binary systems. If this is also true in Fe alloy systems
containing more light elements, we can estimate the liquidus field of solid Fe in Fe-O-Si-C-S at
the ICB, considering each binary eutectic liquid composition that has been already reported in the
literature: 15 wt% O in Fe-O (this study), 1.5 wt% Si in Fe-Si (Ozawa et al. 2016), 3 wt% C in Fe-
C (Mashino et al. 2019), and 5 wt% S in Fe-S (Mori et al. 2017).

The present-day outer core composition should be within the liquidus field of solid Fe at 330

GPa. It provides an additional constraint to narrow down the possible range for the outer core
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composition (Fig. 5). The first-principles calculations by Badro et al. (2014) showed the range of
liquid Fe-O-Si-C-S compositions that explain both the density and sound velocity of the outer core.
That range is reduced when we consider such additional conditions required to form a dense inner
core. While Badro and others suggested that the silicon content could be as high as 4.5 wt%, the
amount of silicon in the possible liquid core composition is found to be small, and constrained by
the Fe-Si eutectic liquid composition. The estimate of sulfur concentration is similar. The minor
silicon content in the present-day outer core is consistent with the limited Si+O solubility in molten
iron under the core P-T conditions (Hirose et al. 2017). In addition, Badro et al. (2014)
demonstrated that the carbon content can be as high as 3.9 wt%, but our new constraint limits it to

less than 2.5 wt%.
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Figure captions

FIGURE 1. Schematic illustration of the change in liquidus curve and eutectic point with
changing interaction energy in liquid after Tanaka and Nagasaka (20006).

FIGURE 2. Sample cross sections and temperature profile. (a) X-ray maps combining oxygen
(red) and aluminum (cyan) for a sample recovered from run #6 performed at 204 GPa and 3500 K.
Back-scattered electron image shows the liquid/solid boundary. (b, ¢) SEM image and the
corresponding temperature profile for run #5 at 132 GPa. The boundary between quenched liquid
and solid Fe is found on the basis of the difference in microtexture and the presence of Al2O3 grains
(black) that mechanically intruded from surroundings into a liquid. The temperature at the liquid-
solid boundary is estimated to be 3050 K, considering that the boundary was isothermal (the same
temperature for both sides). (d) The SEM image from run #1 showing immiscible two liquids at
23 GPa.

FIGURE 3. Oxygen concentration in liquid (red symbols). Normal and reverse triangles
indicate liquids coexisting with either one of solid Fe or FeO, respectively, giving the lower and
upper bounds for eutectic liquid composition. Diamonds show liquids coexisting with both Fe and
FeO that may represent the eutectic liquids. Closed circles are carbon-contaminated samples (>3
wt% C). Black diamonds represent eutectic compositions at 3 GPa (Ohtani et al. 1984) and 16 GPa
(Ringwood and Hibberson 1990). Red, blue, and black curves show the change in the Fe-FeO
eutectic liquid composition from this study (only with ~1 wt% carbon contamination), Morard et
al. (2017), and Seagle et al. (2008), respectively. Green and cyan curves are the thermodynamic
models assuming non-ideal and ideal solutions, respectively, by Komabayashi (2014).

FIGURE 4. Fe-FeO eutectic melting curve. Diamonds represent eutectic temperature obtained
at 3 GPa (Ohtani et al. 1984), 16 GPa (Ringwood and Hibberson 1990), and 48 and 204 GPa (this
study). Reverse triangles indicate the upper bounds for the eutectic temperature. Red and black
lines are the Fe-FeO eutectic melting curves obtained in this study and by Morard et al. (2017),
respectively. Small circles and squares are the previous experimental data by Seagle et al. (2008)
and Morard et al. (2017), respectively, showing the upper (filled) and lower bounds (open symbols)
for eutectic temperatures.

FIGURE 5. The range of possible Fe-O-Si-C-S liquid core compositions that crystallize solid
Fe at the ICB and account for the density and velocity of the outer core (Badro et al. 2014).
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TABLE 1. Experimental conditions and results

Run # Starting material i ggg 212 P (GPa) T (K) gl(lj;tl(l)fg 51(1\1)2:/12 So(i?;(i;g:i

#1 Fe-13.0wt%0O 17 23(2) 2760(280) two liquids none

#2  Fe-13.0wt%O 23 29(3) 2900(290) two liquids FeO

#3  Fe-13.0wt%O 38 44(4) 2860(140) 8.8(4) 1.3(1) FeO

#4  Fe-13.0wt%0O 43 48(5) 2580(130) 10.3(6) 1.4(1) Fe + FeO
#5 Fe-4.1wt%0 110 132(13)  3050(150) 9.8(1) 0.8(0) Fe

#6  Fe-13.0wt%O 178 204(20)  3500(350) 13.3(0) 1.1(0) Fe + FeO
#7 Fe-4.1wt%0 34 39(4) 2260(110) 0.4(0) 3.1(1) Fe + FeO
#8 Fe-4.1wt%0O 74 79(8) 2310(120) 1.0(0) 3.5(1) FeO
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