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Abstract We have investigated phase relations and melting behavior of Fe3C and Fe7C3 using X-ray
diffraction in a laser-heated diamond cell up to 185GPa and 5200 K. Our results show that the starting
Fe3C sample decomposes into amixture of solid orthorhombic Fe7C3 and hcp-Fe at above 145GPa upon laser
heating and then transforms into Fe-C liquid and solid Fe7C3 at temperatures above 3400 K. Using the
intensity of the diffuse scattering as a primary criteria for detecting melting, the experimentally derived
liquidus for a bulk composition of Fe3C fitted with the Simon-Glatzel equation is Tm(K) = 1800 × [1
+ (Pm� 5.7)/15.10� 2.55]1/2.41� 0.17 at 24–185GPa, which is ~500 K higher than the melting curve of iron
reported by Anzellini et al. (2013) at Earth’s core pressures. The higher melting point and relative stability of
Fe7C3 in Fe-rich Fe-C system at Earth’s core conditions indicate that Fe7C3 could solidify out of the early
Earth’s molten core to become a constituent of the innermost inner core.

1. Introduction

The Earth’s core is primarily composed of Fe-Ni alloy with approximately 5–10wt % light element(s), such as
C, O, Si, and S (see Li and Fei [2014] for a recent review). Carbon has been commonly considered as a potential
major light element as it is the fourth most abundant element in the solar system and its abundance reaches
3.2wt% in the carbonaceous chondrites-Ivuna (CI). A number of iron carbide phases (e.g., Fe-rich Fe-C alloys,
Fe3C, Fe7C3, or Fe2C) have been proposed to be the carbon-bearing host phase in the core [e.g.,Wood, 1993;
Dasgupta et al., 2009; Lord et al., 2009; Nakajima et al., 2009; Tateno et al., 2010; Bazhanova et al., 2012; Fei and
Brosh, 2014; Liu et al., 2016a]. Studies of their high-pressure-temperature (P-T) properties including crystal
structures and melting curves are thus essential to understanding Earth’s accretion and early differentiation
as well as the deep-carbon cycle.

Based on previous high-pressure studies, intermediate Fe-C compounds such as Fe3C and Fe7C3 have been
considered as the most likely candidates for the carbon-bearing phase in the core, partly due to the limited
solubility of carbon in hcp-Fe [e.g., Wood, 1993; Gao et al., 2008; Lord et al., 2009; Nakajima et al., 2009; Chen
et al., 2014]. Using a thermodynamically calculated phase diagram of the Fe-C system up to core pressures,
Wood [1993] proposed that Fe3C could be a primary component in the inner core, which was experimentally
found to be stable up to 187GPa at 300 K and 73GPa at ~1500 K, respectively, in X-ray diffraction studies
[Scott et al., 2001; Li et al., 2002; Sata et al., 2010; Litasov et al., 2013]. Fe3C undergoes magnetic transitions
at high pressures that can further affect our understanding of its properties as a carbon host [Lin et al.,
2004; Duman et al., 2005; Gao et al., 2008; Prescher et al., 2012]. Fe3C was recently observed to melt incongru-
ently producing liquid Fe-C alloy and a more carbon-rich carbide, Fe7C3, in temperature quenching above
5–10GPa in the multianvil press experiments [Dasgupta et al., 2009; Nakajima et al., 2009; Fei and Brosh,
2014]. Most of recent experimental and theoretical studies on the Fe-C system thus indicated that Fe7C3
could become more stable than Fe3C as a carbon-bearing phase in the core [e.g., Lord et al., 2009;
Mookherjee et al., 2011; Nakajima et al., 2011; Chen et al., 2012]. The high Poisson’s ratio of Fe7C3 at high pres-
sures matches that of the preliminary reference Earth model (PREM) for the inner core, further supporting its
potential presence in the region [Chen et al., 2014; Prescher et al., 2015]. However, recent sound velocity
measurements of Fe-C system have showed that carbon can be ruled out as a major light element due to
its velocity mismatch with the outer core [Nakajima et al., 2015]. On the basis of melting temperatures of
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the Fe-C eutectic, Fe3C, and Fe7C3 at moderate pressures up to 70GPa, Lord et al. [2009] further argued that
Fe7C3 would replace Fe3C to form a eutectic relation with Fe approximately above 130GPa. The observation
of plateaus in the temperature-laser power profile was used as the principal melting criterion by Lord et al.
[2009]. In addition, the motion of the sample surface, the texture of quenched samples, and the plateau in
the temperature-emissivity profile have been used as the melting indicators in previous studies [e.g.,
Williams et al., 1987; Boehler et al., 1990; Boehler, 1993; Campbell, 2008; Lord et al., 2009]. The melting criteria
in these previous studies are secondary diagnostics for melting and have been highly debated [e.g., Shen
et al., 2004; Anzellini et al., 2013]. Furthermore, most of these previous works were limited to below
100GPa, which is substantially lower than the inner core P-T conditions. Therefore, in situ high P-T studies
on the Fe-rich portion of the Fe-C system at pressures above 135GPa, coupled with a reliable probe for
detecting melting, are critically needed to assess the presence of iron carbide in the core.

In this study, we have investigated the phase stability and melting behavior of Fe3C and Fe7C3 using synchro-
tron X-ray diffraction (XRD) techniques combined with the double-sided burst laser heating in a diamond
anvil cell (DAC). The integrated intensity of diffuse scattering signals from the liquid in the measured XRD pat-
terns was used as the primary diagnostic for melting and the amount of melt in the present work (Figure S1 in
the supporting information) [Shen et al., 2004; Anzellini et al., 2013]. Our results show that Fe3C incongruently
melts into liquid Fe-C alloy and solid Fe7C3 below 145GPa, while at higher pressures it decomposes into a
mixture of solid Fe7C3 and hcp-Fe prior to melting into Fe7C3 and Fe-C liquid. These results are integrated
with previous thermodynamically modeled results for the system and melting curves of hcp-Fe to better
understanding the phase relations of the Fe-rich portion of the Fe-C system under P-T conditions relevant
to the Earth’s core.

2. Experiments

Polycrystalline Fe3C sample was synthesized from a mixture of iron and graphite powder (>99.99% purity)
with an atomic ratio of 3:1. The Fe-C mixture was then packed in an MgO capsule and equilibrated at
1GPa and 1373 K for 18 h using the end-loaded piston cylinder apparatus at the Institute for Study of the
Earth’s Interior, Okayama University at Misasa. The synthesized sample pellet was recovered at ambient con-
ditions and analyzed using XRD and electronic microprobe analyses which confirmed the polycrystalline sin-
gle phase of Fe3C in the orthorhombic structure (space group: Pnma). Material with an average grain size less
than 1μm was then removed from the pellet and slightly compressed between two diamond anvils with a
culet of 600μm to make thin discs of 3–7μm thick. These sample discs of the polycrystalline Fe3C were
loaded into diamond anvil cells (DACs) with a pair of anvils with the culet size varying between 400μm flat
and 100–300μm beveled. Commercial KCl (>99.997%, Alfa Aesar) was used as the pressure-transmitting
medium and thermal insulation from the diamond surfaces and the rhenium gasket. KCl was dried at 800 K
in an oven prior to loading and was then compressed to make KCl discs of 3–8μm thick using a DAC. A Re
gasket of 250μm thick was preindented to 25GPa, and a hole varying between 60 and 250μm in diameter
was drilled in the center of the preindention to make a sample chamber. The KCl layers were prepared to be
as even and thick as possible so that the Fe3C sample could be well insulated for stable heating especially at
extremely high temperatures above 1Mbar for observation of the occurrence of the X-ray diffuse scattering
signals in the laser-heating experiments. Each DAC loaded with the Fe3C and KCl assemblage in the sample
chamber was vacuumed for 1 h before the sample chamber was sealed by closing the DAC using the high-
pressure gas loader in the Mineral Physics Laboratory of the University of Texas at Austin.

The XRD experiments in a laser-heated DAC were conducted at the GeoSoilEnviroConsortium for Advanced
Radiation Sources (GSECARS) of Advanced Photon Source (APS), Argonne National Laboratory using a burst-
heating technique [Prakapenka et al., 2008]. Laser-heating XRD experiments at each P-Twere completed in 1–
2 s, by synchronizing the operation of laser shutter, temperature measurements, and the collection of in situ
X-ray diffraction. Temperatures and temperature uncertainties were determined from ~10 thermal radiation
spectra from both sides of the laser-heating system, which were collected over the course of each heating
experiment (1–2 s). The thermal radiation spectra were fitted to the Planck radiation function assuming the
graybody approximation [Prakapenka et al., 2008]. The uncertainty in temperature is about 50–200 K esti-
mated from both heating sides. The advent of diffuse scattering ring in the XRD patterns provide robust evi-
dence for the presence of melting in the sample chamber [Shen et al., 2004; Anzellini et al., 2013; Liu et al.,
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2016b]. The burst-heating techni-
que minimizes the sample’s expo-
sure to the laser beam, which can
prevent chemical reactivity and dif-
fusion, therefore, enable accurate
measurement of melting curves
and phase changes and reach
higher temperatures compared to
laser-heating experiments with
long laser exposure. X-ray diffrac-
tion patterns of the sample were
collected by a MAR CCD detector
before, during, and after laser heat-
ing and were integrated and ana-
lyzed using DIOPTAS [Prescher and
Prakapenka, 2015] and GSAS soft-
ware packages [Larson and Dreele,
1994; Toby, 2001]. The tilting and
rotation of the detector relative to
the incident X-ray beam and the
sample-to-detector distance were
calibrated by diffraction of lantha-
num hexaboride (LaB6) powder at
ambient conditions. Because the
thermal equation of state (EoS) for
Fe7C3 in the orthorhombic struc-
ture has not been determined,
pressures were obtained from the
measured lattice parameters of
KCl using the EoS for the B2 struc-
ture at 300 K [Dewaele et al., 2012].
When possible, we obtained pres-
sures using the thermal EoS for
Fe3C [Nakajima et al., 2011] and
hcp-Fe [Fei et al., 2016], which were
found to be comparable to pres-
sures within �2–4GPa obtained
from the measured lattice para-
meters of B2-KCl using its EoS at
300 K. Because the transparent

pressure medium and thermal insulator do not act as a laser absorber, the 300 K EoS has been found to give
similar pressures to that of the hot sample in cases where the thermal equation of state of the sample was
known [Campbell et al., 2007]. The reported pressures from KCl thus represent a minimum estimate without
correction for thermal pressure and may underestimate the pressure by a few GPa [Anzellini et al., 2013].

3. Results and Discussion

X-ray diffraction patterns of the samples were collected at high pressures up to 185GPa between 300 K and
5200 K (Figures S1–S2 and Table S1). All diffraction peaks of the startingmaterials can be well indexed with an
orthorhombic structure of Fe3C (space group: Pnma) up to 133GPa and 3200 K (Figures 1a and S3). At
157GPa and 2422 K, several key diffraction peaks could not be indexed by the unit cell of Fe3C but match
the diffraction peaks of hcp-Fe, which were not observed in the diffraction pattern before heating at 157GPa
(Figure 1b). The remaining diffraction peaks at 157GPa can be better indexed with an orthorhombic structure
of Fe7C3 (space group: Pbca) using the reported structural model by Prescher et al. [2015] (Figure 1b). The

Figure 1. Representative LeBail fits of X-ray diffraction spectra with Fe3C as
the starting sample at high pressure and temperature. (a) LeBail fit revealed
phases of orthorhombic Fe3C and B2-KCl at 97 GPa and 2137 (�52) K. (b)
LeBail fit revealed phases of orthorhombic Fe7C3 (o-Fe7C3), hcp-Fe, and B2-
KCl at 157 GPa and 2422 (�65) K. Pluses: measured powder diffraction pat-
terns after background subtraction; black solid curves: refined profiles; gray
solid curves: residue between the observation and the refinement; vertical
ticks: B2-KCl (olive), hcp-Fe (blue), o-Fe7C3 (black), and Fe3C (gray). The
crystal structure of o-Fe7C3 used in the LeBail fit was based on the Pbca space
group model reported by Prescher et al. [2015]. The weighted R factor (wRp)
after background subtraction in the plot was taken from the refinement
using the GSAS software package. The wavelength of the incident X-ray
beam was 0.3100 Å and 0.3344 Å for 157 and 97 GPa, respectively.

Geophysical Research Letters 10.1002/2016GL071353
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results suggest that the Fe3C phase
decomposes into hcp-Fe and
orthorhombic Fe7C3 at pressures
above 145GPa upon laser heating
(Figure 2).

Upon increasing temperatures,
e.g., at 76GPa and above 2600 K,
diffuse scattering rings were
observed in the diffraction patterns
where the strongest intensities of
X-ray reflections from Fe3C started
to diminish (Figures 3 and S1). The
diffraction lines, coexisting with
the diffuse scattering rings, could
be well indexed with Fe7C3 at
76 GPa and ~2800 K, suggesting
that Fe3C melts incongruently at
this pressure. The observed melt-
ing relation is consistent with the
results of multianvil experiments
at pressures between 5 and 20
and thermodynamic calculations
[Nakajima et al., 2009; Fei and

Brosh, 2014]. After the laser was turned off, the sharp diffraction peaks from Fe7C3 and Fe replaced the diffuse
scattering rings. The validity of the diffuse scattering rings corresponding to the Fe-rich liquid was confirmed
by the first sharp peak position of the liquid which was close to that of Fe liquid at high pressures [Shen et al.,
2004]. The observation of the diffuse scattering ring during laser heating was then used as the primary indi-
cation for the presence of melt in the sample, in accordance with previous high-pressure melting studies on
Fe and Fe-Fe3C [e.g., Shen et al., 2004; Liu et al., 2016b]. Furthermore, the integrated diffuse scattering signals
from the liquid were calculated from their integrated intensity after subtraction of diffraction peaks from
solids as well as the background (Figure 3b). The integrated intensity was then normalized using the inte-
grated intensity at the highest temperatures of the heating experiments where the intensity appeared to
remain constant with increasing temperature (Figure 3c); such an observation was taken as the sample being
fully melted. The normalized intensity of the diffuse scattering signals from the liquid after proper back-
ground removal increases with increasing temperature before it flattens out altogether with the complete
disappearance of the reflections from Fe7C3 (Figure 3). The total intensity of the diffuse scattering signals thus
can be used as a reliable means to refer the ratio between the liquid and the relevant solid. At a given pres-
sure of 76 GPa, for example, the initial appearance of the integrated intensity at ~2600 K indicates the starting
occurrence of the liquid phase and can thus be used to indicate the solidus temperature (Tsolidus), while the
appearance of a plateau in the integrated diffuse signals from the liquid starting at ~3600 K indicates a com-
plete melting of the system above the liquidus (Tliquidus).

Assuming that the liquid structural factors vary minimally within the explored temperature range at a given
pressure in this study, the normalized intensity of diffuse scattering signals from the Fe-rich liquid could pri-
marily reflect the volume fraction of melt (Nmelt) in the laser-heated area, which can be fitted to an exponen-
tial function of the temperature

Nmelt ¼ 1= 1þ exp a0 þ a1 T � T solidusð Þ= T liquidus � T solidus
� �� �� �

(1)

where a0 and a1 are two pressure-dependent constants, and Tsolidus and Tliquidus are the solidus and liquidus
of the sample at a given pressure, respectively. The Tsolidus and Tliquidus of the incongruent melting system
thus can be distinctly determined by fitting to the normalized intensity of liquid diffuse signal for each heat-
ing series (Figure 3). The fitted Tsolidus of Fe3C at 24GPa was about 1950 K, agreeing well with Nakajima et al.
[2009] and Fei and Brosh [2014], but lower by 400 K than that reported by Lord et al. [2009]. This discrepancy
between our study and Lord et al. [2009] may be attributed to the use of melting criteria in these studies: the

Figure 2. Observed phases in the Fe-rich Fe-C system with Fe3C as the start-
ing sample at high pressure and temperature. Experimentally observed
phases are displayed as squares (Fe3C), blue diamonds (Fe7C3 + liquid), gray
diamonds (Fe7C3 + Fe), and circles (liquid). Dashed lines represent schematic
boundaries between these phases. Insert: a representative sample after
being laser heated at 117 GPa and 4938 (�53) K (A), 134 GPa and 4284
(�184) K (B), and 141 GPa and 5004 (�147) K (C), respectively. Re was the
gasket, and KCl was used as the pressure-transmitting medium in this study
(transparent area in the inset).

Geophysical Research Letters 10.1002/2016GL071353
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Tsolidus and Tliquidus of the incon-
gruent melting of Fe3C were not
separately recognized on the
observational basis of the plateaus
in the temperature-laser power
profile used by Lord et al. [2009].
The fitted Tliquidus of Fe3C at
24 GPa was about 2450 K, and
the temperature difference (ΔT)
between the Tsolidus and Tliquidus
of the sample was approximately
500 K, which was about 200–300 K
higher than those reported from
multianvil experiments using
quenched textures as a melting cri-
terion [Nakajima et al., 2009; Fei
and Brosh, 2014]. The difference in
the derived Tliquidus of Fe3C in
these studies indicates that these
melting criteria remain to be
further reconciled in high P-T
experiments.

The measured solidus and liquidus
of the samples as a function of
pressure are fitted to the Simon-
Glatzel equation, respectively
(Figure 4):

Tm ¼ T0 1þ Pm � P0ð Þ=a½ �1=c (2)

where Tm and Pm are the tempera-
ture and pressure of solidus and
liquidus, respectively, a and c are
two composition-dependent con-
stants, and T0 and P0 are the melt-
ing temperature-pressure at the
triple point [Simon and Glatzel,
1929]. The Kraut-Kennedy equa-
tion was not used in this study
due to its doubtful applicability to
an incongruently melting com-
pound [Lord et al., 2009]. For the
Tsolidus of Fe3C at 24–145GPa, the
fitted parameters are a= 43.05
(�8.56) GPa and c= 1.73 (�0.21)
with a fixed T0 and P0 at 1420 K
and 0.0001GPa for the ambient
melting temperature of Fe3C. For
the Tsolidus of Fe7C3-Fe at
145–185GPa, the fitted parameters
are a=27.99 (�0.39) GPa and
c=4.83 (�0.03), and the triple point
is estimated to be at T0 = 3400 K
and P0 = 145GPa. For the Tliquidus

Figure 3. Representative X-ray diffraction patterns at 76 GPa and high tem-
peratures with Fe3C as the starting sample. (a) Diffuse scattering signal
from the liquid phase. The olive region represents the diffuse signal of the
liquid at 4020 K. Diffraction peaks of B2-KCl were labeled as KCl. (b)
Integrated XRD signals after diffraction peaks from solids have been masked.
The elevation of the profiles at higher temperatures with respect to the
profile at 2479 K represents the presence of liquid in the sample at high
temperatures. Insert: diffuse signals after the background subtraction using a
reference profile at 1441 K where the XRD signals were only from the solid.
(c) Normalized liquid diffuse signal ratio as a function of temperature. The
flattening of the integrated diffuse signal from the liquid at above ~3600 K
was used as an evidence for the complete melting of the system. The diffuse
signals were normalized for the derived ratios in the vertical axis using the
average value of the plateau as the reference. Red line: polynomial fit to the
experimental data. The shadow region represents the solidus and liquidus at
ratios of 5% and 95%, respectively, by considering the temperature uncer-
tainty of approximately 5–10% on the experimental data.

Geophysical Research Letters 10.1002/2016GL071353
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of the sample at 24–185GPa, the fitted parameters are a=15.10 (�2.55) GPa and c=2.41 (�0.17), with the tri-
ple point approximately at T0 = 1800 K and P0 = 5.7GPa from diamond+ liquid to Fe7C3 + liquid by Nakajima
et al. [2009]. The present Tsolidus of Fe3C was well in line with the multianvil experiments by Nakajima et al.
[2009] and Fei and Brosh [2014]. The melting curve of Fe3C reported by Lord et al. [2009] was located between
the Tsolidus and Tliquidus above 30GPa from this study, while the melting curve of Fe7C3 with 8.4wt% carbon
was slightly higher than the present Tliquidus of the Fe-rich Fe-C systemwith 6.7wt% carbon [Lord et al., 2009].
Furthermore, the liquidus of the Fe-rich Fe-C system was extrapolated to inner core pressures using the
Simon-Glatzel equation and agreed well with thermodynamic calculations [Fei and Brosh, 2014].

The addition of carbon and other light elements into iron can significantly affect the melting curve of iron at
high pressures [Li and Fei, 2014]. The latest melting study of iron under static compression in a DAC up to
200GPa by Anzellini et al. [2013], which also used diffuse scattering as a melting criteria and reached compar-
able P-T conditions, is used as the reference for comparing the carbon alloying effects on melting behavior of
Fe-C system in this study. The solidus of Fe3C is approximately 500 K lower than the melting point of Fe at
20–24GPa [Nakajima et al., 2009; Fei and Brosh, 2014]. The ΔT between the solidus of Fe3C and the melting
temperature of Fe gradually increases to approximately 1000 K at 145GPa. On the other hand, iron carbide
Fe7C3 exhibits a relatively higher melting temperature (liquidus) than Fe by ~300 K at 10–50GPa [Lord
et al., 2009], different from other Fe-O, Fe-S, and Fe-Si alloys and compounds which largely depress the melt-
ing point of Fe [Campbell et al., 2007; Fischer and Campbell, 2010; Fischer et al., 2013]. The present Tliquidus of
the Fe-rich Fe-C system seems comparable to the melting curve of pure Fe below 90GPa but is higher than
that of pure Fe by ~500 K at 90–185GPa [Anzellini et al., 2013] (Figures 4 and S4).

Fe7C3 has been proposed to be a primary iron carbide phase in the inner core because of its phase stability,
distinct elastic anisotropy, and extremely low shear wave velocities at relevant P-T conditions of the region
[Mookherjee et al., 2011; Chen et al., 2014; Wang et al., 2015]. Furthermore, Fei and Brosh [2014] theoretically
predicted that Fe3C could decompose into Fe7C3 and Fe between 136 and 330GPa at core temperatures

Figure 4. Melting relations of Fe-rich Fe-C phases at high pressure and temperature. Solid squares and circles: solidus and
liquidus, respectively (this study); open squares and circles: solidus and liquidus calculated by Fei and Brosh [2014]; blue
and red solid lines: fits to our experimental data using the Simon-Glatzel equation (this study); red dashed line: extrapolated
to the Earth’s inner core (this study); gray dash-dotted line: phase boundary between solid Fe3C and a mixture of solid
Fe and Fe7C3 phases (this study); olive dashed line: phase boundary between solid Fe and Fe7C3 and liquid (this study
[Fei and Brosh, 2014]); gray solid and dashed lines: experimental and extrapolatedmelting curve of Fe, respectively [Anzellini
et al., 2013]; black and magenta dashed lines: solidus and liquidus of Fe3C, respectively [Nakajima et al., 2009]; black,
orange, and purple dash-dotted lines: the melting temperature of Fe3C, Fe-Fe3C, and Fe7C3, respectively [Lord et al., 2009].
Vertical ticks represent the standard deviation calculated using standard error propagations.
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based on thermodynamic calculations. This prediction determines themineralogy of inner core if iron carbide
is a stable phase in this region. Our experimental results here confirm the thermodynamic stability of Fe7C3 at
conditions close to the Earth’s inner core (Figure 1b). On the other hand, the presence of Fe7C3 in the inner
core is debated due to the large uncertainty in the estimation of the eutectic carbon content in the molten Fe
at core pressures and of the carbon concentration in the primitive liquid core [e.g., Wood, 1993; Lord et al.,
2009;Wood et al., 2013; Fei and Brosh, 2014; Nakajima et al., 2015; Liu et al., 2016b] (Figure S4). Based onmulti-
ple approaches using carbon isotopes, mineral physics, the carbon/sulfur ratio, and sulfur content in the core
[Wood et al., 2013; Nakajima et al., 2015], the carbon content of the Earth’s core has been estimated to be
1.1wt% as an upper bound. This upper bound value is much smaller than the calculated eutectic composi-
tion of the Fe-C system with 2.24wt% carbon at the inner core boundary conditions [Fei and Brosh, 2014].

The relatively high melting point of Fe7C3 observed here may have implications for our understanding of the
geophysics and geochemistry of the inner core. If the carbon content was on the carbon-rich side of the
eutectic composition at the time of the inner core formation, Fe7C3 could crystallize as the first solid phase
out of the molten core prior to hcp-Fe crystallizing in the region. Furthermore, iron carbide Fe7C3 has a com-
parable density to the present inner core [Chen et al., 2014], indicating that the early-formed Fe7C3 could des-
cend into the central part of the planet. Considering the density deficit of 3.6% at the inner-outer core
boundary [Fei et al., 2016], the Fe7C3 phase (containing ~8.4wt% C) would not be abundant enough to con-
stitute the whole inner core, indicating that the crystallizing process of Fe7C3 could have ended in the early
stage of the formation of the inner core and that the carbon content in the present molten outer core is less
than that of the eutectic composition of the Fe-rich Fe-C system at relevant Earth’s core conditions.
Consequently, Fe7C3 likely coexists with Fe in the inner part of the inner core, which may produce seismic
anisotropy features that are distinct from the outer part of the inner core [Ishii and Dziewoński, 2002; Wang
et al., 2015]. Moreover, the presence of Fe7C3 in the inner core has a minimal effect on the total carbon con-
tent of the core as the volume of the innermost inner core, which is about 300–600 km in radius, is much less
than 1% of the entire Earth’s core. We note that there are large uncertainties on the total carbon content in
the core and the eutectic composition of Fe-C system at Earth’s core conditions. Further high P-T studies are
thus needed in order to place tighter constraints on the stability of Fe7C3 and the eutectic composition of the
Fe-rich Fe-C system at conditions relevant to Earth’s core.

4. Conclusions

The phase relations and melting behavior of Fe3C and Fe7C3 Fe-rich Fe-C system have been studied up to
185GPa and 5200 K using X-ray diffraction measurements in a laser-heated DAC with the burst-heating tech-
nique. The diffuse scattering observed during laser heating was used as the primary indication for the pre-
sence of melt in the sample. The normalized intensity of diffuse signal from the liquid against temperature
was fitted to derive the solidus and liquidus temperatures for the incongruent melting of the Fe-rich Fe-C sys-
tem.We found that Fe3C decomposes into amixture of solid Fe7C3 and hcp-Fe above 145GPa prior tomelting
and that Fe7C3 exhibits a relatively higher melting point than pure iron throughout relevant P-T conditions of
the Earth’s core. Our results indicated that Fe7C3 could crystallize out themolten core in early Earth and sink to
the central part of the planet to be a constituent of the early solid inner core if the eutectic composition of the
Fe-rich Fe-C system is less than the bulk carbon content of the core. Further experimental work is needed to
assess the eutectic composition of the Fe-rich Fe-C system at P-T conditions of the inner core.

References
Anzellini, S., A. Dewaele, M. Mezouar, P. Loubeyre, and G. Morard (2013), Melting of iron at Earth’s inner core boundary based on fast X-ray

diffraction, Science, 340(6131), 464–466, doi:10.1126/science.1233514.
Bazhanova, Z. G., A. R. Oganov, and O. Gianola (2012), Fe–C and Fe–H systems at pressures of the Earth’s inner core, Phys. Usp., 55(5), 489–497,

doi:10.3367/UFNr.0182.201205c.0521.
Boehler, R. (1993), Temperatures in the Earth’s core from melting-point measurements of iron at high static pressures, Nature, 363(6429),

534–536, doi:10.1038/363534a0.
Boehler, R., N. von Bargen, and A. Chopelas (1990), Melting, thermal expansion, and phase transitions of iron at high pressures, J. Geophys.

Res., 95, 21,731–21,736, doi:10.1029/JB095iB13p21731.
Campbell, A. J. (2008), Measurement of temperature distributions across laser heated samples by multispectral imaging radiometry, Rev. Sci.

Instrum., 79(1), 015108, doi:10.1063/1.2827513.
Campbell, A. J., C. T. Seagle, D. L. Heinz, G. Shen, and V. B. Prakapenka (2007), Partial melting in the iron–sulfur system at high pressure: A

synchrotron X-ray diffraction study, Phys. Earth Planet. Inter., 162(1–2), 119–128, doi:10.1016/j.pepi.2007.04.001.

Geophysical Research Letters 10.1002/2016GL071353

LIU ET AL. FE-C PHASE RELATIONS 12,421

Acknowledgments
We acknowledge Y. Wu, X. Wu, and A.
Nayak for experimental assistance and
constructive discussions. J.F. Lin
acknowledges supports from the U.S.
National Science Foundation
Geophysics Program, Deep Carbon
Observatory of the Sloan Foundation,
the Carnegie/DOE Alliance Center
(CDAC), and the Center for High
Pressure Science and Technology
Advanced Research (HPSTAR). HPSTAR
is supported by NSAF (grant U1530402).
We acknowledge GeoSoilEnviroCARS
and HPCAT of the APS for the use of the
diffraction and ruby facilities.
GeoSoilEnviroCARS is supported by the
National Science Foundation-Earth
Sciences (EAR-1128799) and
Department of Energy-GeoSciences
(DE-FG02-94ER14466). This research
used resources of the Advanced Photon
Source, a U.S. Department of Energy
(DOE) Office of Science User Facility
operated for the DOE Office of Science
by Argonne National Laboratory under
contract DE-AC02-06CH11357. We
thank Steven Jacobsen, Yingwei Fei, and
Bin Chen for providing constructive
comments and suggestions that
improve the quality of our study. Data
used in this study are available upon
request to Jung-Fu Lin (Email: afu@jsg.
utexas.edu) and Jin Liu (Email: jinliu@u-
texas.edu).

http://doi.org/10.1126/science.1233514
http://doi.org/10.3367/UFNr.0182.201205c.0521
http://doi.org/10.1038/363534a0
http://doi.org/10.1029/JB095iB13p21731
http://doi.org/10.1063/1.2827513
http://doi.org/10.1016/j.pepi.2007.04.001
mailto:afu@jsg.utexas.edu
mailto:afu@jsg.utexas.edu
mailto:jinliu@utexas.edu
mailto:jinliu@utexas.edu


Chen, B., L. Gao, B. Lavina, P. Dera, E. E. Alp, J. Zhao, and J. Li (2012), Magneto-elastic coupling in compressed Fe7C3 supports carbon in Earth’s
inner core, Geophys. Res. Lett., 39, L18301, doi:10.1029/2012GL052875.

Chen, B., et al. (2014), Hidden carbon in Earth’s inner core revealed by shear softening in dense Fe7C3, Proc. Natl. Acad. Sci. U.S.A., 111(50),
17,755–17,758, doi:10.1073/pnas.1411154111.

Dasgupta, R., A. Buono, G. Whelan, and D. Walker (2009), High-pressure melting relations in Fe–C–S systems: Implications for formation,
evolution, and structure of metallic cores in planetary bodies, Geochim. Cosmochim. Acta, 73(21), 6678–6691, doi:10.1016/j.
gca.2009.08.001.

Dewaele, A., A. B. Belonoshko, G. Garbarino, F. Occelli, P. Bouvier, M. Hanfland, and M. Mezouar (2012), High-pressure–high-temperature
equation of state of KCl and KBr, Phys. Rev. B, 85(21), 214105, doi:10.1103/PhysRevB.85.214105.

Duman, E., M. Acet, E. F. Wassermann, J. P. Itié, F. Baudelet, O. Mathon, and S. Pascarelli (2005), Magnetic instabilities in Fe3C cementite
particles observed with Fe K-edge X-ray circular dichroism under pressure, Phys. Rev. Lett., 94(7), 075502, doi:10.1103/
PhysRevLett.94.075502.

Fei, Y., and E. Brosh (2014), Experimental study and thermodynamic calculations of phase relations in the Fe–C system at high pressure, Earth
Planet. Sci. Lett., 408, 155–162, doi:10.1016/j.epsl.2014.09.044.

Fei, Y., C. Murphy, Y. Shibazaki, A. Shahar, and H. Huang (2016), Thermal equation of state of hcp-iron: Constraint on the density deficit of
Earth’s solid inner core, Geophys. Res. Lett., 43, 6837–6843, doi:10.1002/2016GL069456.

Fischer, R. A., and A. J. Campbell (2010), High-pressure melting of wüstite, Am. Mineral., 95(10), 1473–1477, doi:10.2138/am.2010.3463.
Fischer, R. A., A. J. Campbell, D. M. Reaman, N. A. Miller, D. L. Heinz, P. Dera, and V. B. Prakapenka (2013), Phase relations in the Fe–FeSi system

at high pressures and temperatures, Earth Planet. Sci. Lett., 373, 54–64, doi:10.1016/j.epsl.2013.04.035.
Gao, L., et al. (2008), Pressure-induced magnetic transition and sound velocities of Fe3C: Implications for carbon in the Earth’s inner core,

Geophys. Res. Lett., 35, L17306, doi:10.1029/2008GL034817.
Ishii, M., and A. M. Dziewoński (2002), The innermost inner core of the earth: Evidence for a change in anisotropic behavior at the radius of

about 300 km, Proc. Natl. Acad. Sci. U.S.A., 99(22), 14,026–14,030, doi:10.1073/pnas.172508499.
Larson, A. C., and R. B. V. Dreele (1994), General Structure Analysis System (GSAS), Los Alamos National Laboratory Report LAUR 86–748.
Li, J., and Y. Fei (2014), Experimental constraints on core composition, in Treatise on Geochemistry (2nd Edition), edited by H. D. Holland and K.

K. Turekian, pp. 527–557, Elsevier, Oxford.
Li, J., H. K. Mao, Y. Fei, E. Gregoryanz, M. Eremets, and C. S. Zha (2002), Compression of Fe3C to 30 GPa at room temperature, Phys. Chem.

Miner., 29(3), 166–169, doi:10.1007/s00269-001-0224-4.
Lin, J.-F., V. V. Struzhkin, H.-k. Mao, R. J. Hemley, P. Chow, M. Y. Hu, and J. Li (2004), Magnetic transition in compressed Fe3C from X-ray

emission spectroscopy, Phys. Rev. B, 70(21), 212405, doi:10.1103/PhysRevB.70.212405.
Litasov, K. D., I. S. Sharygin, P. I. Dorogokupets, A. Shatskiy, P. N. Gavryushkin, T. S. Sokolova, E. Ohtani, J. Li, and K. Funakoshi (2013), Thermal

equation of state and thermodynamic properties of iron carbide Fe3C to 31 GPa and 1473 K, J. Geophys. Res. Solid Earth, 118, 5274–5284,
doi:10.1002/2013JB010270.

Liu, J., J. Li, and D. Ikuta (2016a), Elastic softening in Fe7C3 with implications for Earth’s deep carbon reservoirs, J. Geophys. Res. Solid Earth,
121, 1514–1524, doi:10.1002/2015JB012701.

Liu, J., J. Li, R. Hrubiak, and J. S. Smith (2016b), Origins of ultra-low velocity zones through slab-derived metallic melt, Proc. Natl. Acad. Sci.
U.S.A., 113(20), 5547–5551, doi:10.1073/pnas.1519540113.

Lord, O. T., M. J. Walter, R. Dasgupta, D. Walker, and S. M. Clark (2009), Melting in the Fe–C system to 70 GPa, Earth Planet. Sci. Lett., 284(1–2),
157–167, doi:10.1016/j.epsl.2009.04.017.

Mookherjee, M., Y. Nakajima, G. Steinle-Neumann, K. Glazyrin, X. Wu, L. Dubrovinsky, C. McCammon, and A. Chumakov (2011), High-pressure
behavior of iron carbide (Fe7C3) at inner core conditions, J. Geophys. Res., 116, B04201, doi:10.1029/2010JB007819.

Nakajima, Y., E. Takahashi, T. Suzuki, and K.-i. Funakoshi (2009), “Carbon in the core” revisited, Phys. Earth Planet. Inter., 174(1–4), 202–211,
doi:10.1016/j.pepi.2008.05.014.

Nakajima, Y., E. Takahashi, N. Sata, Y. Nishihara, K. Hirose, K.-i. Funakoshi, and Y. Ohishi (2011), Thermoelastic property and high-pressure
stability of Fe7C3: Implication for iron-carbide in the Earth’s core, Am. Mineral., 96(7), 1158–1165, doi:10.2138/am.2011.3703.

Nakajima, Y., S. Imada, K. Hirose, T. Komabayashi, H. Ozawa, S. Tateno, S. Tsutsui, Y. Kuwayama, and A. Q. R. Baron (2015), Carbon-depleted
outer core revealed by sound velocity measurements of liquid iron-carbon alloy, Nat. Commun., 6, 8942, doi:10.1038/ncomms9942.

Prakapenka, V. B., A. Kubo, A. Kuznetsov, A. Laskin, O. Shkurikhin, P. Dera, M. L. Rivers, and S. R. Sutton (2008), Advanced flat top laser heating
system for high pressure research at GSECARS: Application to the melting behavior of germanium, High Pressure Res., 28(3), 225–235,
doi:10.1080/08957950802050718.

Prescher, C., and V. B. Prakapenka (2015), DIOPTAS: A program for reduction of two-dimensional X-ray diffraction data and data exploration,
High Pressure Res., 35(3), 223–230, doi:10.1080/08957959.2015.1059835.

Prescher, C., L. Dubrovinsky, C. McCammon, K. Glazyrin, Y. Nakajima, A. Kantor, M. Merlini, and M. Hanfland (2012), Structurally hidden
magnetic transitions in Fe3C at high pressures, Phys. Rev. B, 85(14), 140402, doi:10.1103/PhysRevB.85.140402.

Prescher, C., et al. (2015), HighPoisson’s ratio of Earth’s inner core explainedby carbon alloying,Nat. Geosci.,8, 220–223, doi:10.1038/ngeo2370.
Sata, N., K. Hirose, G. Shen, Y. Nakajima, Y. Ohishi, and N. Hirao (2010), Compression of FeSi, Fe3C, Fe0.95O, and FeS under the core pressures

and implication for light element in the Earth’s core, J. Geophys. Res., 115, B09204, doi:10.1029/2009JB006975.
Scott, H. P., Q. Williams, and E. Knittle (2001), Stability and equation of state of Fe3C to 73 GPa: Implications for carbon in the Earth’s core,

Geophys. Res. Lett., 28, 1875–1878, doi:10.1029/2000GL012606.
Shen, G., V. B. Prakapenka, M. L. Rivers, and S. R. Sutton (2004), Structure of liquid iron at pressures up to 58 GPa, Phys. Rev. Lett., 92(18),

185701, doi:10.1103/PhysRevLett.92.185701.
Simon, F., and G. Glatzel (1929), Remarks on fusion pressure curve, Z. Anorg. Allg. Chem., 178(1), 309–316, doi:10.1002/zaac.19291780123.
Tateno, S., K. Hirose, Y. Ohishi, and Y. Tatsumi (2010), The structure of iron in Earth’s inner core, Science, 330(6002), 359–361, doi:10.1126/

science.1194662.
Toby, B. (2001), EXPGUI, a graphical user interface for GSAS, J. Appl. Cryst., 34(2), 210–213, doi:10.1107/S0021889801002242.
Wang, T., X. Song, and H. H. Xia (2015), Equatorial anisotropy in the inner part of Earth’s inner core from autocorrelation of earthquake coda,

Nat. Geosci., 8(3), 224–227, doi:10.1038/ngeo2354.
Williams, Q., R. Jeanloz, J. Bass, B. Svendsen, and T. J. Ahrens (1987), The melting curve of iron to 250 Gigapascals: A constraint on the

temperature at Earth’s center, Science, 236(4798), 181–182, doi:10.1126/science.236.4798.181.
Wood, B. J. (1993), Carbon in the core, Earth Planet. Sci. Lett., 117(3–4), 593–607, doi:10.1016/0012-821X(93)90105-I.
Wood, B. J., J. Li, and A. Shahar (2013), Carbon in the core: Its influence on the properties of core and mantle, Rev. Mineral. Geochem., 75(1),

231–250, doi:10.2138/rmg.2013.75.8.

Geophysical Research Letters 10.1002/2016GL071353

LIU ET AL. FE-C PHASE RELATIONS 12,422

http://doi.org/10.1029/2012GL052875
http://doi.org/10.1073/pnas.1411154111
http://doi.org/10.1016/j.gca.2009.08.001
http://doi.org/10.1016/j.gca.2009.08.001
http://doi.org/10.1103/PhysRevB.85.214105
http://doi.org/10.1103/PhysRevLett.94.075502
http://doi.org/10.1103/PhysRevLett.94.075502
http://doi.org/10.1016/j.epsl.2014.09.044
http://doi.org/10.1002/2016GL069456
http://doi.org/10.2138/am.2010.3463
http://doi.org/10.1016/j.epsl.2013.04.035
http://doi.org/10.1029/2008GL034817
http://doi.org/10.1073/pnas.172508499
http://doi.org/10.1007/s00269-001-0224-4
http://doi.org/10.1103/PhysRevB.70.212405
http://doi.org/10.1002/2013JB010270
http://doi.org/10.1002/2015JB012701
http://doi.org/10.1073/pnas.1519540113
http://doi.org/10.1016/j.epsl.2009.04.017
http://doi.org/10.1029/2010JB007819
http://doi.org/10.1016/j.pepi.2008.05.014
http://doi.org/10.2138/am.2011.3703
http://doi.org/10.1038/ncomms9942
http://doi.org/10.1080/08957950802050718
http://doi.org/10.1080/08957959.2015.1059835
http://doi.org/10.1103/PhysRevB.85.140402
http://doi.org/10.1038/ngeo2370
http://doi.org/10.1029/2009JB006975
http://doi.org/10.1029/2000GL012606
http://doi.org/10.1103/PhysRevLett.92.185701
http://doi.org/10.1002/zaac.19291780123
http://doi.org/10.1126/science.1194662
http://doi.org/10.1126/science.1194662
http://doi.org/10.1107/S0021889801002242
http://doi.org/10.1038/ngeo2354
http://doi.org/10.1126/science.236.4798.181
http://doi.org/10.1016/0012-821X(93)90105-I
http://doi.org/10.2138/rmg.2013.75.8


<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /All
  /Binding /Left
  /CalGrayProfile (None)
  /CalRGBProfile (ECI-RGB.icc)
  /CalCMYKProfile (Photoshop 5 Default CMYK)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.6
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages false
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends false
  /DetectCurves 0.1000
  /ColorConversionStrategy /sRGB
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 524288
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo false
  /PreserveFlatness false
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Preserve
  /UCRandBGInfo /Remove
  /UsePrologue false
  /ColorSettingsFile ()
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
    /Courier
    /Courier-Bold
    /Courier-BoldOblique
    /Courier-Oblique
    /Helvetica
    /Helvetica-Bold
    /Helvetica-BoldOblique
    /Helvetica-Oblique
    /Symbol
    /Times-Bold
    /Times-BoldItalic
    /Times-Italic
    /Times-Roman
    /ZapfDingbats
  ]
  /AntiAliasColorImages false
  /CropColorImages false
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages true
  /ColorImageDownsampleType /Bicubic
  /ColorImageResolution 300
  /ColorImageDepth -1
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.00000
  /EncodeColorImages true
  /ColorImageFilter /DCTEncode
  /AutoFilterColorImages true
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /ColorImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasGrayImages false
  /CropGrayImages false
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages true
  /GrayImageDownsampleType /Bicubic
  /GrayImageResolution 300
  /GrayImageDepth -1
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.00000
  /EncodeGrayImages true
  /GrayImageFilter /DCTEncode
  /AutoFilterGrayImages true
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /GrayImageDict <<
    /QFactor 0.76
    /HSamples [2 1 1 2] /VSamples [2 1 1 2]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 15
  >>
  /AntiAliasMonoImages false
  /CropMonoImages false
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages true
  /MonoImageDownsampleType /Bicubic
  /MonoImageResolution 400
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.00000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects true
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /ENU ()
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AllowImageBreaks true
      /AllowTableBreaks true
      /ExpandPage false
      /HonorBaseURL true
      /HonorRolloverEffect false
      /IgnoreHTMLPageBreaks false
      /IncludeHeaderFooter false
      /MarginOffset [
        0
        0
        0
        0
      ]
      /MetadataAuthor ()
      /MetadataKeywords ()
      /MetadataSubject ()
      /MetadataTitle ()
      /MetricPageSize [
        0
        0
      ]
      /MetricUnit /inch
      /MobileCompatible 0
      /Namespace [
        (Adobe)
        (GoLive)
        (8.0)
      ]
      /OpenZoomToHTMLFontSize false
      /PageOrientation /Portrait
      /RemoveBackground false
      /ShrinkContent true
      /TreatColorsAs /MainMonitorColors
      /UseEmbeddedProfiles false
      /UseHTMLTitleAsMetadata true
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /BleedOffset [
        0
        0
        0
        0
      ]
      /ConvertColors /ConvertToRGB
      /DestinationProfileName (sRGB IEC61966-2.1)
      /DestinationProfileSelector /UseName
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements true
      /GenerateStructure false
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MarksOffset 6
      /MarksWeight 0.250000
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /DocumentCMYK
      /PageMarksFile /RomanDefault
      /PreserveEditing true
      /UntaggedCMYKHandling /UseDocumentProfile
      /UntaggedRGBHandling /UseDocumentProfile
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [600 600]
  /PageSize [612.000 792.000]
>> setpagedevice




