
Available online at www.sciencedirect.com
www.elsevier.com/locate/gca

Geochimica et Cosmochimica Acta 72 (2008) 4627–4641
Carbon solubility in core melts in a shallow magma
ocean environment and distribution of carbon between the

Earth’s core and the mantle

Rajdeep Dasgupta *, David Walker

Lamont-Doherty Earth Observatory, Columbia University, P.O. Box 1000, 61 Route 9W, Palisades, NY 10964-8000, USA

Received 28 March 2008; accepted in revised form 24 June 2008; available online 8 July 2008
Abstract

The solubility of carbon in Fe and Fe–5.2 wt.% Ni melts, saturated with graphite, determined by electron microprobe anal-
ysis of quenched metal melts was 5.8 ± 0.1 wt.% at 2000 �C, 6.7 ± 0.2 wt.% at 2200 �C, and 7.4 ± 0.2 wt.% at 2410 �C at
2 GPa, conditions relevant for core/mantle differentiation in a shallow magma ocean. These solubilities are slightly lower than
low-pressure literature values and significantly beneath calculated values for even higher pressures [e.g., Wood B. J. (1993)
Carbon in the core. Earth Planet. Sci. Lett. 117, 593–607]. The trend of C solubility versus temperature for Fe–5.2 wt.%
Ni melt, within analytical uncertainties, is similar to or slightly lower (�0.2–0.4 wt.%) than that of pure Fe. Carbon content
of core melts and residual mantle silicates derived from equilibrium batch or fractional segregation of core liquids and their
comparison with our solubility data and carbon content estimate of the present day mantle, respectively, constrain the par-
tition coefficient of carbon between silicate and metallic melts, Dsilicate=metal

C in a magma ocean. For the entire range of possible
bulk Earth carbon content from chondritic to subchondritic values, Dsilicate=metal

C of 10�4 to 1 is derived. But for �1000 ppm
bulk Earth carbon, Dsilicate=metal

C is between 10�2 and 1. Using the complete range of possible Dsilicate=metal
C for a magma ocean

at �2200 �C, we predict maximum carbon content of the Earth’s core to be �6–7 wt.% and a preferred value of
0.25 ± 0.15 wt.% for a bulk Earth carbon concentration of �1000 ppm.
� 2008 Elsevier Ltd. All rights reserved.
1. INTRODUCTION

The exchange of carbon between different terrestrial res-
ervoirs is an important step in the global carbon cycle, and
has a key influence on the habitability of our planet. Though
the term ‘carbon cycle’ mostly refers to exchange of the vol-
atile species between the near-surface reservoirs such as
atmosphere and biosphere, oceans, and soils that operates
on human time scales (Berner, 1999), the Earth’s interior
is thought to be the largest reservoir for terrestrial carbon
(Javoy et al., 1982; Javoy, 1997). The knowledge of carbon
content of various deep Earth reservoirs is important as car-
0016-7037/$ - see front matter � 2008 Elsevier Ltd. All rights reserved.
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bon affects the melting phase relations of mantle rocks (Wyl-
lie and Huang, 1975; Dasgupta and Hirschmann, 2006) and
core metal (Wood, 1993), influences the physical properties
such as densities and viscosities of molten silicates (Lange,
1994; Bourgue and Richet, 2001) and metals (Poirier,
1994), acts as an agent of mass transfer in the form of very
mobile carbonate-rich melts (Hunter and McKenzie, 1989;
Minarik and Watson, 1995), and also has significant impact
on partitioning of other key elements between minerals and
melts or two immiscible melts in both silicate–carbonate
(Blundy and Dalton, 2000) and in metal systems (Jana and
Walker, 1997; Chabot et al., 2006). But the carbon budget
of the Earth and concentrations of carbon in various deep
Earth reservoirs are poorly constrained.

Although there is little doubt that the total estimated
mass of carbon in the Earth’s interior is by far the largest
reservoir (Javoy et al., 1982; Marty and Jambon, 1987;
Zhang and Zindler, 1993; Sleep and Zahnle, 2001), its
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relative distribution between the metallic core and the sili-
cate mantle is uncertain. On one hand, models of the whole
Earth carbon cycle estimate mantle carbon mass of �0.8–
40 � 1023 g and do not include the core as a potential car-
bon reservoir (Sleep and Zahnle, 2001; Coltice et al.,
2004), on the other, carbon is proposed to be one of the
light alloying elements in the Earth’s core (Wood, 1993;
Poirier, 1994; Li and Fei, 2003; Huang et al., 2005), with
proposed concentration as high as �4 wt.% (Hillgren et
al., 2000)—i.e., �7.8 � 1025 g of C or as much as 2–3 orders
of magnitude higher than that of the Earth’s mantle. Fur-
thermore, the lowest estimated concentration in the core
is as low as 0.2 wt.% (McDonough, 2003). If carbon is
the dominant light element in the core, then the core would
have orders of magnitude higher carbon budget than the
mantle, but if it is a minor light element component, then
the core’s contribution to the total terrestrial carbon budget
can be comparable or smaller than that of the mantle.

The uncertainty in the relative distribution of carbon be-
tween metal and silicate Earth arises due to lack of con-
straints on the solubility limit of carbon in metallic melts
and on partitioning behavior of carbon between the metal
and the silicate during core formation. To date many high
pressure, high temperature experiments on trace element par-
titioning between metallic melt and silicate melt have been
performed in graphite capsules (Thibault and Walter, 1995;
Walter and Thibault, 1995; Jana and Walker, 1997; Righter
et al., 1997; Jana and Walker, 1999; Righter and Drake,
2000; Li and Agee, 2001b; Li and Agee, 2001a; Chabot and
Agee, 2003; Righter and Shearer, 2003; Chabot et al.,
2005). Thus one may expect that there should not be dearth
of experimental data on equilibrium partitioning of carbon
between metallic and silicate melts. However, perhaps owing
to analytical difficulty, none of these studies made attempts to
actually measure carbon content in both of the immiscible
melts, and hence no experimental data on carbon partition-
ing between metal and silicate melts in a magma ocean envi-
ronment can be constrained from these studies. Based on
thermodynamic models of gas solubilities in silicate and
metallic melts, Kuramoto and Matsui (1996) and Kuramoto
(1997) predict effectively zero partitioning of carbon to sili-
cate melt during metal–silicate equilibration in a magma
ocean, i.e., complete partitioning of protoearth carbon to
the core. If this is true then the carbon in the mantle source
regions of mid-ocean ridge and ocean island basalts, which
ranges from�50 to 1000 ppm (Javoy and Pineau, 1991; Dix-
on et al., 1997; Marty and Tolstikhin, 1998; Saal et al., 2002;
Pineau et al., 2004), cannot be explained by a mantle that
crystallizes largely from the silicate melt residual to core sep-
aration and needs to come entirely from ‘late veneer’.

While experimental metal–silicate carbon partitioning
data are completely lacking, some constraints on high pres-
sure carbon solubility limit in metallic melt exist in the lit-
erature. Current opinion about carbon dissolution into
molten Fe at high pressures comes from the experiments
and thermodynamic calculation of Wood (1993), which
build on one-atmosphere steel industry data on the Fe–C–
S system summarized in Shunk (1969), Chipman (1972),
and after Wang et al. (1991). Although the synthesis of
Wood (1993) provides the baseline for our understanding
regarding carbon in metallic Fe-rich molten alloy, the ac-
tual measurements (gravimetric analysis: Wang et al.,
1991; electron probe analysis: Wood, 1993) of carbon solu-
bility in molten Fe to support the constructed high pressure
Fe–C phase diagram, particularly the graphite saturated
liquidus, do not go beyond 1600 �C. The higher tempera-
ture one atmosphere carbon solubility data reported in
Shunk (1969) and Chipman (1972) largely come from the
work of Cahil et al. (1964), which reports graphite saturated
experiments to 2875 �C but only measured the Fe and re-
ported the C by difference. In addition to the Fe–C ± S
phase equilibria synthesis of Wood (1993), Righter et al.
(1997) and Righter and Drake (2000) attempted micro-
probe analysis of carbon for their immiscible metallic melts
in graphite saturated runs, using carbon coated samples
and standards. At 7 GPa and 1650–1750 �C, Righter et al.
(1997) reports a carbon solubility of 4.2–4.7 wt.% for their
molten Fe-rich alloy with 7.5–10.0 wt.% Ni. Similarly,
Righter and Drake (2000) reported carbon content of
2.9 wt.% at the same pressure and at 1750 �C for a molten
alloy with 51.5 wt.% Fe, 26.2 wt.% Ni, and 16.3 wt.% Co.
These estimates are distinctly lower than the carbon solubil-
ity prediction of Wood (1993) at similar pressures (at 5 GPa
and 1750 �C that the carbon content of graphite saturated
molten Fe is �6.5 wt.%). If the measurements of Righter
et al. (1997) and Righter and Drake (2000) are appropriate
then the calculated phase diagram of Wood (1993) might be
in error or there might be a strong negative dependence of
carbon solubility on Ni and Co content of the molten alloy.
Holzheid and Grove (2005) also estimated carbon content
of quenched Fe–Ni–C melt, in equilibrium with olivine
and saturated in graphite/diamond, for some of their exper-
imental charges. They estimated carbon solubility of 2.8–
3.5 wt.% for an Fe-rich molten alloy with 8–10 wt.% Ni at
�2.2 GPa and 1500 �C. Their (Holzheid and Grove, 2005)
measurements also indicate distinctly lower carbon solubil-
ity (0.91 wt.% lower) in molten Fe with respect to the avail-
able one-atmosphere data. Therefore, significant
uncertainty remains on high pressure solubility limit of car-
bon for core-like metallic melt, especially at temperatures
relevant for a magma ocean environment (T > 1700 �C).
Thus a systematic study at high pressure and especially to
high temperature is needed to constrain the carbon solubil-
ity in Fe and Fe–Ni core melt.

To determine the storage capacity of carbon in the
core and to constrain the partitioning of carbon between
metal and silicate, in this study we have measured the
solubility of carbon in molten Fe and Fe–5.2 wt.% Ni al-
loy at pressure–temperature conditions relevant for a
shallow magma ocean. Experiments were performed at
2 GPa and to temperatures up to 2500 �C. Comparison
of our solubility data and the observed concentration of
carbon in the mantle with the model carbon concentra-
tion in silicate and metal, assuming the core to be equi-
librium batch or fractional melt of the protoearth,
constrain the plausible values for carbon partition coeffi-
cient between silicate and metallic melts. From the range
of plausible carbon partition coefficients between metal
and silicate, we put constraints on the carbon content
of the Earth’s core.
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2. EXPERIMENTAL APPROACH

2.1. Methods

Experiments were performed at 2 GPa using an end-
loaded piston cylinder apparatus. To cover the experimen-
tal temperature range from 1200 to 2500 �C, four different
half-inch assemblies with BaCO3 pressure cell were used
(Fig. 1). Experiments between 1200 and 1600 �C were con-
ducted using BaCO3 pressure cell of 1/200 outer diameter
(OD) and 5/1600 inner diameter (ID), MgO spacers, and
Al2O3 sleeve to separate the capsule and thermocouple
from the rest of the assembly (Fig. 1a). The runs above
1600 �C typically employed a Ca2+ doped LaCrO3 insulator
sleeve (3/800 OD, 1/500 ID) to separate the graphite heater
(1/500 OD, 1/800 ID) from the BaCO3 pressure cell (1/200

OD, 3/800 ID) (Fig. 1b and c). Experiments above 1800 �C
were conducted following the assembly of Cottrell and
Walker (2006), with graphite furnace cut short in length
to 100 to reduce heat loss to the piston and base plug: 1/800

long MgO end plugs wrapped in 0.00100 thick Mo foil were
used to complete the heater circuit (Fig. 1c). All the spacers,
the 4-bore thermocouple sleeve, and the sleeve around the
capsule were made of crushable MgO in this assembly.
Intermediate temperature runs between 1600 and 1800 �C
were conducted by slightly modifying the assembly design
of Cottrell and Walker (2006). In these runs, the graphite
heater was cut short to 1.12500 and 1/800 thick graphite disk
completes the circuit at the bottom end of the heater (Fig. 1b).
All the spacers, the sleeve to separate the capsule from the
heater, and the 4-bore thermocouple sleeve for this assem-
bly were made of Al2O3 (Fig. 1b). To achieve faster quench
and thus to avoid any quench modifications of metallic melt
compositions, additional experiments above 2000 �C were
carried out using an MgO insulator sleeve (5/1600 OD,
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Fig. 1. Piston cylinder assemblies used in this study to cov
11/6400 ID) to separate the graphite heater (11/6400 OD, 1/
800 ID) from the BaCO3 pressure cell (1/200 OD, 5/1600 ID,
1.31200 long) (Fig. 1d). All four assemblies were wrapped
with Pb foil, in order to lubricate the pressure vessel bore
and to contain the friable BaCO3 cell.

Two different starting materials were investigated—(1)
pure Fe (99.995% Fe wire from Alfa-Aesar) and (2)
Fe–5.2 wt.% Ni mix (99.9% Fe powder from Alfa-Aesar
and 99.9% pure Ni powder from Fisher Scientific). Samples
were contained in graphite capsules to achieve carbon satu-
ration and temperature during the experiments was moni-
tored by type-D (W97Re3/W75Re25) thermocouples. All
the assemblies were compressed to the run pressure of
2 GPa using the cold piston-in technique. In order to reduce
porosity in the graphite capsules before the formation of
metallic melts, experiments were held at 900–1000 �C for
12–24 h. After sintering, the experiments were heated typi-
cally at an average rate of 50 �C/min. The high-temperature
runs (>1600 �C) with thin-walled BaCO3 cell were held at
1400 �C for 15 min before quickly ramping to the run tem-
perature. The duration at nominal run temperature varied
between 72 h and 10 s (Table 1). All runs were quenched
by turning off the heater power. Pressure calibrations for
thick and thin walled BaCO3 assemblies were based on
Fram and Longhi (1992), and temperature correction to ac-
count for the difference in location between the thermocou-
ple junctions and the sample hotspot was after Longhi
(2005).

At the end of each experiment, the entire assembly was
embedded in epoxy and ground longitudinally to expose
the medial section of the sample. Coarse sample grinding
was done using a silicon carbide strip grinder and fine pol-
ishing with 0.3 lm Al2O3 powder on a lapidary wheel using
water as lubricant. After a desirable polished surface was
achieved, samples were cleaned in an ultrasonic bath and
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Fig. 2. Time series experiments performed at 2 GPa and 2000 �C
for carbon incorporation into metallic Fe liquid. No discernible
difference in the carbon content of the metallic Fe liquid with time
indicates that the saturation value of carbon in liquid Fe metal is
reached in less than 10 s. The error bars are standard error of the
mean based on replicate analyses and the absence of an error bar
indicates that it is smaller than the size of the symbol.

Table 1
Run conditions and melt compositions from 2 GPa graphite saturated experiments of Fe–C binary and Fe–5.2% Ni–C pseudo binary

Run# T (�C) Durationa Phaseb nc Fe Ni C Sum

Fe–C binary

RD 3.6 1250 72 h Cementite 20 93.77(0.05)d 6.5 100.26
RD 3.11 1275 24 h Cementite 17 93.73(0.05) 6.9 100.64

Melt 20 94.68(0.09) 5.7 100.38
RD 3.2 1300 69 h Melt 9 94.13(0.23) 5.5(0.2) 99.62
RD 3.8 1400 26 h Melt 10 94.20(0.09) 5.4(0.1) 99.61
RD 3.9 1500 90 min Melt 12 94.19(0.29) 5.6(0.2) 99.75
RD 3.10 1600 60 min Melt 14 94.22(0.26) 5.5(0.3) 99.69
RD 3.12 1700 100 min Melt 15 94.67(0.18) 5.6(0.1) 100.28
RD 3.13a 2000 10 s Melt 10 94.42(0.10) 5.8(0.2) 100.21
RD 3.13b 2000 0.5 min Melt 16 94.13(0.07) 5.9(0.1) 100.04
RD 3.13c 2000 1 min Melt 14 94.47(0.16) 5.8(0.1) 100.23
RD 3.13 2000 5 min Melt 13 93.97(0.07) 5.8(0.1) 99.79
GG995e 2200 4 min Melt 10 93.47(0.13) 6.7(0.2) 100.12
RD 3.19 2250 10 min Melt 18 93.20(0.15) 6.5(0.2) 99.70
GG994 2350 10 s Melt 11 93.19(0.12) 7.1(0.2) 100.31
GG996 2410 10 min Melt 6 92.76(0.13) 7.4(0.2) 100.20
RD 3.17 2500 5 min Melt 12 92.70(0.25) 7.5(0.4) 100.20

Fe–5.2 wt.% Ni–C pseudo binary

RD 3.15 1600 2 h Melt 11 89.68(0.05) 5.13(0.08) 5.4(0.1) 100.21
RD 3.16 1800 30 min Melt 14 89.49(0.16) 4.78(0.08) 5.6(0.2) 99.87
RD 3.18 2000 15 min Melt 18 89.44(0.14) 4.68(0.15) 5.7(0.3) 99.77
RD 3.20 2200 4 min Melt 12 88.89(0.29) 5.00(0.18) 6.2(0.5) 100.12
RD 3.21 2400 10 min Melt 10 88.16(0.31) 4.87(0.04) 7.0(0.3) 100.03

a All the runs were kept at 900–1000 �C for 12–24 h before subjecting them to the run temperature.
b All the runs are graphite saturated.
c Number of analyses averaged.
d Numbers in parentheses indicate standard error of the mean based on replicate analyses (rM = r/

p
n). The errors in the carbon

concentrations do not include the uncertainties owing to the instrumental blank value of carbon, which is �0.5 wt.%.
e Run numbers with prefix GG are performed in the assembly with MgO insulating sleeve (Fig. 1d), which is likely to provide a more rapid

quench in the high temperature solid media piston cylinder device. The temperature in the run GG995 was very unstable thus the reported
nominal temperature should be taken as an estimate.
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coated with Al along with standards for characterization
using electron microprobe.

2.2. Attainment of equilibrium

The maximum durations of our experiments varied in-
versely with nominal run temperatures, with experiments
P2000 �C lasting 10 s–15 min. The run durations of our
high temperature (P2000 �C) experiments are similar to
the previous metal melt-silicate melt partitioning experi-
ments performed at similar temperatures (Li and Agee,
1996, 2001a,b; Chabot and Agee, 2003; Chabot et al.,
2005). Although our experiments were not reversed, attain-
ment of equilibrium can be argued based on the following
set of reasons. (a) A time series at 2000 �C and 2 GPa, for
the graphite saturated Fe–C binary produced no discernible
difference in the carbon content of the quenched melt for
runs varying from 10 s to 5 min in duration (Fig. 2 and Ta-
ble 1). This is consistent with the time series and chemical
reversal experiments by Thibault and Walter (1995), which
demonstrated that liquid state metal–silicate experiments at
5 GPa and �2000 �C takes no more than 5 s to reach equi-
librium, thus lending confidence to the choice of our run
durations. More specifically, diffusion of C in Fe3C liquid
is known to be extremely fast and at �2000 �C and 8 GPa
a completely flat diffusion profile is expected for runs last-
ing only a few seconds (Dobson and Wiedenbeck, 2002).
(b) X-ray intensity maps for Fe and C revealed no zonation
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in terms of population of various quenched crystals across
the capsule walls in our charges.

3. ANALYTICAL PROCEDURE

Run products were analyzed using a Cameca SX100
electron probe microanalyzer (EPMA) at the American
Museum of Natural History. For WDS analysis of carbon,
a Ni/C multilayer crystal (LPC2: large PC2 with
2d = 9.5 nm and elemental range of B Ka to O Ka) was
used. The samples and the standards were Al coated to-
gether for each run to keep X-ray absorptions uniform.
One of the major problems in carbon measurements by
EPMA is the sample surface contamination by carbon
due to deposition of residual organic molecules at the point
of electron beam impact. These organic molecules come
from the vacuum greases, the residual oil vapors of the dif-
fusion pump oil, and the contamination of the specimen it-
self (Robaut et al., 2006). Use of a cold finger and especially
a low-pressure air or oxygen jet onto the sample surface,
has been shown to be an effective way in minimizing carbon
contamination (Bastin and Heijligers, 1986; Robaut et al.,
2006), however, due to unavailability of either of those fea-
tures in our electron probe, no such attempt to minimize
carbon contamination could be made. For quantitative
WDS analysis of crystalline metal carbides and quenched
metallic melt, a fully focused and a 50–100 lm beam were
used, respectively. For X-ray maps, a fully focused beam
was used.

3.1. Choice of analytical standards

Cementite (Fe3C: 6.67 wt.% C) was used as the primary
standard for carbon, whereas Fe7C3 (8.43 wt.% C), glassy
carbon (100 wt.% C), moissanite (SiC: 29.96 wt.% C), and
a NIST standard 663 (0.57 wt.% C) served as secondary
standards (Table 2). Our choice of cementite as the primary
standard, over other commonly used carbon standards such
as diamond, graphite, glassy carbon, and various carbon
bearing steels, has the following advantages. (1) Difference
in the chemical bonding between standards and unknowns
Table 2
Primary and secondary standards used for C analysis by electron probe

Standard Synthesis condition/source

Run#a P (GPa) T (�C) Du

Fe (99.995%) Alfa-Aesar
Low-C steel NIST 663c

Fe3Cd RD 3.7 2 1200 67
Fe3Cd RD 3.5 2 1200 51
Fe7C3 BB893 7 1350 7
SiC AMNH mineral collectio
Glassy C Alfa-Aesar

a Runs RD 3.7 and RD 3.5 are performed in an end-loaded piston cy
experimental details).

b Carbon concentration source—either manufacturer provided value or
XRD.

c NIST 663 contains 94.4 wt.% Fe, 0.32 wt.% Ni, 1.31 wt.% Cr, 1.50 w
d Primary standards used for CKa calibration.
are known to cause significant wavelength shifts or peak
shape alteration for X-ray intensities of C Ka line (Bastin
and Heijligers, 1986). But, the use of cementite as the pri-
mary standard made the requirement of area-peak-factor
(APF) corrections unnecessary, as our unknown samples
were either crystalline iron carbide or quenched aggregate
of Fe ± Ni–C phases (see Section 4 for details). (2) The
expected count rate for carbon is more or less comparable
to that expected for the run products, which is mostly Fe/
Fe–Ni carbide or their quenched aggregate. Thus, the un-
wanted interference of higher order Fe and Ni lines could
easily be minimized by choosing a narrow window for the
pulse-height-analyzer (PHA), without running the risk of
pulse-shifts (a phenomenon observed when there is a large
difference in count rates between the standard and the sam-
ple). (3) Use of Fe3C as a standard also helped to avoid the
interference of higher order metal lines such as Cr and Mn
that are commonly present in commercial steel standards
for carbon.

The standard cementite (Fe3C) was synthesized in a pis-
ton cylinder apparatus at 2 GPa and 1200 �C using a 1/200

assembly with BaCO3 pressure cell, crushable MgO spacers,
and graphite furnace. Two different synthesis approaches
were used (Table 2)—(a) Fe and diamond powder mixed
in stoichiometric proportion (6.67 wt.% C) under ethanol
and run in a crushable MgO capsule for 67 h and (b) a pure
Fe wire run in presence of excess carbon, i.e., loaded in a
graphite capsule (Fig. 1a), following the suggested method
of Tsuzuki et al. (1984) for 51 h. Fe7C3 was synthesized in
a Walker-style multi anvil device at 7 GPa and 1350 �C
using 8 mm truncation edge length WC cubes and a cast-
able MgO octahedral assembly with LaCrO3 heater and
MgO spacers. A pure Fe wire run in presence of excess car-
bon, i.e., loaded in a graphite capsule, was used as the start-
ing material. For the 7-h multi anvil run, temperature was
monitored with a type-D thermocouple. To check the struc-
ture (and by implication the stoichiometry) of the targeted
Fe3C and Fe7C3, XRD spectra were collected from polished
surfaces of the run products using Rigaku DMAX/RAPID
Micro X-ray diffraction system at the American Museum of
Natural History. The obtained spectra for the experimental
C (wt.%) Commentsb

ration (h) Capsule

0.00 Manufacturer
0.57 Manufacturer

MgO 6.67 Stoichiometry
Graphite 6.67 Stoichiometry
Graphite 8.43 Stoichiometry

n 29.96 Stoichiometry
100.00 Manufacturer

linder and BB893 in a Walker-style multianvil (see text for further

by stoichiometry, based on crystal structure confirmation by micro-

t.% Mn, 0.31 wt.% V, 0.74 wt.% Si, and 0.24 wt.% Al.
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products from both the carbide standards were in agree-
ment with previously published spectra. C Ka maps of
the standards also showed no signs of heterogeneity except
for small proportions of dispersed grains of ferropericlase
for the Fe3C standard synthesized in MgO capsule. Fe
and Ni metal were used as standards for Fe and Ni, respec-
tively. The Fe standard also served the purpose for measur-
ing the blank for carbon at the peak position of C Ka.

3.2. Operating conditions

To achieve the optimum signal to noise ratio for carbon
measurement, we varied the accelerating voltage, emission
current of the electron beam, and the C Ka counting time.
All the tests were performed with a defocused beam of
50 lm diameter and on our cementite standard.

3.2.1. Voltage and current optimization

We noticed that voltage of 9–13 kV and emission cur-
rent of 70–100 nA produced the most stable and high
peak:background ratio for C Ka (Fig. 3a). Higher acceler-
ating voltage caused the peak:background ratio to decrease,
possibly in part due to higher noise and due to production
of C Ka X-rays too deep within the sample to escape with-
out being absorbed. A slight but observable improvement
of the peak:background ratio for C Ka emission is observed
with increasing current from 20 nA to 70 nA, but above ca.
70–100 nA current no improvement in signal is observed. A
similar observation for optimum current and voltage condi-
tions for C Ka measurement was made recently by Stewart
(2006) for uncoated carbon-bearing metal standards in a
JEOL JXA 8200 microprobe. A typical peak:background
ratio for our C Ka measurement was between 13 and 15,
which is about twofold improvement from the observation
of Stewart (2006). Accelerating voltage of 10–13 kV was
also sufficient to excite Fe and Ni Ka radiation.
Fig. 3. Carbon analysis in metals by electron microprobe. (a)
Voltage and current optimization for maximum signal to back-
ground ratio for C Ka count using Ni/C multi layer crystal in
Cameca SX100 electron microprobe. The test was conducted in the
synthesized Fe3C standard and with an electron beam of 50 lm
diameter. (b) A typical trend of C Ka count rates as a function of
peak counting time for a 50 lm diameter electron beam with
accelerating voltage of 11 kV and a beam current of 70 nA,
measured on the Fe3C standard. A steady increase of carbon count
rates is observed after �60 s, indicating build-up of secondary
carbon in the form of hydrocarbon deposition at the point of
electron beam impact on the sample surface. An apparent drop in
count rates is also observed between �20 and 40 s, which might be
due to diffusion of carbon away from the electron beam, similar to
as observed for electron probe measurement of sodium in silicate
glasses (Nielsen and Sigurdsson, 1981). Peak counting time of 10 s
was chosen from this observed trend, in order to avoid any possible
loss or gain of carbon during the measurement. The inset shows the
carbon contamination trend for up to 30 min of counting. (c)
Background and blank corrected C Ka peak count rates versus
known carbon concentrations in weight percents for various Fe–C
standards used in this study. Count rates (counts per second) for
each standard are average of more than ten measurements made on
different spots on each standard using an electron beam with 11 kV
accelerating voltage, 90 nA current, and a diameter of 50 lm.

"

3.2.2. C Ka counting time

In absence of a decontamination procedure during our
probe measurement, the counting time for carbon becomes
critical, as secondary carbon deposition onto the sample by
prolonged beam impact may contribute to the observed sig-
nal. In order to determine the appropriate counting time for
C Ka, we ran a series of tests, where we analyzed the same
location of the cementite standard every 4 s up to 30 min,
with repetitive peak and background counting. The peak
carbon count remains more or less constant over the first
10–15 s but drops to a lower value in the next 10–20 s
(Fig. 3b). After �60 s, the count rate systematically rises
(Fig. 3b). A visible mark on the surface of the standard
at the point of analysis is observed at the end of the
30 min analysis cycle, clearly indicating the steady rise of
count rate for C Ka after the first minute owing to progres-
sive buildup of hydrocarbon on the surface of the standard.
The background carbon count showed no variation with
time. We believe that the initial reduction in peak count
5700

5900

6100

6300

6500

1 10 100 1000

5000

5500

6000

6500

0 10 20 30

Time (minutes)

Peak Counting Time (seconds)

C
 K

α 
pe

ak
 c

ou
nt

s 
pe

r s
ec

on
d

Contamination Tre

Diffusion 

Trend

Chosen Counting Time

y = 737.07x
R2= 0.9998

0

2000

4000

6000

8000

10000

0 2 4 6 8 10
Carbon Concentration in the Standards (wt.%)

C
 K

α 
co

un
t r

at
es

 (c
ps

)

Fe3C

Fe7C3

NIST 663

Fe



Carbon solubility in metallic core melts 4633
rates is perhaps a result of carbon diffusion away from the
beam as has been observed for sodium in glasses (Nielsen
and Sigurdsson, 1981). To avoid diffusional loss of primary
carbon and contamination-induced gain of secondary car-
bon, a short counting time of 10 s for the peak and 5 s
for each background is chosen.

3.2.3. Analytical routine

Even after the choice of short counting time, measure-
ment of the Fe standard for carbon always yielded
�0.5 wt.% carbon, which was taken as the blank value
for carbon in our instrument. The C Ka count rates corre-
sponding to this blank value were measured repeatedly for
every session and were subtracted from the measured count
rates for every secondary standard and unknown sample.
The WDS scans on both the primary cementite standard
and the pure Fe standard were performed to determine
the required spectral range of background scans on each
side of the C Ka peak. Matrix corrections were made using
the PAP /qz model (Pouchou and Pichoir, 1986). The
blank and background corrected count rates for C Ka
showed linear relationship with concentrations of carbons
in the metal standards (Fig. 3c).

4. RESULTS

4.1. Phase assemblage and texture of the run products

All the runs are saturated with graphite. For pure Fe–C
systems, runs at 1200 and 1250 �C produce crystalline
cementite (Fe3C), whereas at 1275 �C, it is joined by a
quenched Fe–C melt. From 1300 �C, crystalline cementite
phase disappears and quenched Fe–C melt coexists with
graphite from 1300 to 2500 �C. For Fe–5.2 wt.% Ni bearing
runs, a single carbon-bearing Fe–Ni quenched melt exists
between 1600 and 2200 �C in the presence of graphite.

Quenched Fe–C and Fe–Ni–C melts produce a dendritic
network, composed of blades of cementite and interstitial
kamacite or taenite at temperatures at or below 1800 �C
(Fig. 4). At higher temperatures, a small proportion of
graphite blades join the quench assemblage (Fig. 5). To esti-
mate the carbon content of the metallic liquid at pre-
quench run conditions, broad beam analysis of the
quenched melt always included the finely dispersed graphite
blades throughout the charge.

4.2. Composition of the run products and melting of Fe and

Fe–Ni alloy at graphite saturation

Along the 2 GPa Fe–C join, in the presence of graphite,
the stable intermediate crystalline phase below 1275 �C is
cementite (Fe3C: �6.7 wt.% C; Fig. 6). The crystalline car-
bide, upon melting, produces a relatively carbon-poor melt
starting at 1275 �C. This indicates that the melting relation
of cementite at 2 GPa is peritectic, i.e., it melts to produce a
carbon-poor melt and precipitates graphite. The
carbon content of the molten Fe at 1275–1300 �C is
5.6 ± 0.1 wt.% (Fig. 6 and Table 2). Between 1300 and
1700 �C, the solubility limit of carbon in molten Fe remains
nearly constant. Above 1700 �C, the carbon solubility grad-
ually increases from 5.82 ± 0.10 wt.% at 2000 �C to
7.4 ± 0.2 wt.% at 2410 �C.

The solubility limit of carbon for molten Fe–5.2 wt.% Ni
alloy, over the temperature range of our experiments and
within the analytical uncertainty, is similar to that of
pure-Fe (Fig. 6). However, a slightly lower solubility
(�0.2–0.4 wt.%) for Fe–5.2 wt.% Ni cannot be ruled out
for experimental temperature range 2000–2500 �C (Table
2 and Fig. 6), which is consistent with the observed effect
of Ni on carbon solubility in molten Fe at one atmosphere
(Tsymbulov and Tsmekhman, 2001) and from the measure-
ments of carbon concentration in graphite saturated
Fe–10 wt.% Ni melt by Righter et al. (1997) and Holzheid
and Grove (2005). Comparison of our solubility data with
those from Holzheid and Grove (2005) indicates that the
trend of decreasing carbon solubility with increasing Ni
content of the metallic melt, as previously noted at one
atmosphere (Tsymbulov and Tsmekhman, 2001), continues
at higher pressures. The storage capacity of carbon in mol-
ten Fe–5.2 wt.% Ni increases from 5.4 ± 0.1 wt.% at
1600 �C to 7.0 ± 0.3 wt.% at 2400 �C.

5. DISCUSSION

5.1. High pressure phase relation of Fe–C

binary—comparison with the previous studies

Our observation of a peritectic melting relation of the
cementite phase at 2 GPa (Fig. 6) is broadly consistent with
the topology of 5 GPa Fe–C phase diagram calculated by
Wood (1993). However, in detail, the position and the
shape of the graphite saturated liquidus in the Fe–C binary
presented by Wood (1993) is different from our measured
carbon concentration in the graphite-saturated molten Fe.
For the 5 GPa phase diagram, Wood (1993) plots a higher
solubility of carbon in molten Fe at temperatures above
�1650 �C (Fig. 6). At a temperature of �2400 �C, the calcu-
lated phase diagram of Wood (1993) at 5 GPa, predicts car-
bon solubility of 8.75 wt.%, whereas our experiment at
2 GPa shows that it is �7.4 ± 0.2 wt.%. One atmosphere
carbon solubility estimates (by difference) of Cahil et al.
(1964) (7.75 wt.% and 7.95 wt.% at 2302 and 2327 �C,
respectively) and the data compiled by Shunk (1969) (7,
7.1, 7.5, and 8.2 wt.% at 2050, 2180, 2250, and 2380 �C)
and Chipman (1972) are also somewhat higher than our
mean carbon solubility data (Table 1). Our data are broadly
in agreement with the measurements of Holzheid and
Grove (2005), which estimated lower solubility of carbon
in metallic Fe–Ni melt as compared to the previous one
atmosphere data and those summarized by Wood (1993).

The key feature of our measured solubility of carbon in
molten Fe and Fe–Ni alloy is the small temperature depen-
dence over a wide temperature interval in the order of
�700 �C. This indicates that the population of sites avail-
able for carbon in molten Fe or Fe–5.2 wt.% Ni does not
change appreciably as a function of temperature until the
graphite melting point is more closely approached. Thus
the structure of the liquid itself likely controls the incorpo-
ration of carbon in the metallic Fe-rich liquid. This conclu-
sion is reminiscent of the one of Jones and Malvin (1990)



Fig. 4. (a) Backscattered electron image and (b) Fe Ka and (c) C Ka X-ray maps of a typical carbon bearing quenched Fe-melt (Run# RD
3.2: 2 GPa, 1300 �C, 69 h). The carbon bearing quenched iron melt at temperatures below 1700 �C is composed of blades of cementite (qcem)
and interstitial kamacite (qkam).

Fig. 5. Backscattered electron image of a quenched Fe–Ni–C melt
from the experiment RD 3.18 (2 GPa, 2000 �C, 15 min). The
quench phases comprise taenite (qtaen), a fine mixture of quenched
cemenite and kamacite, and graphite (qgraph).
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that liquid chemistry is more important as a determinant of
partitioning behavior than temperature in Fe–Ni–S and
Fe–Ni–P. The insight on which the Jones and Malvin
(1990) formulation is based is that Fe-based liquids have
a simple structure whose most important parameter is the
population of sites available for occupation by non-metals
and other ingredients. If there are no thermal speciation
reactions in play to change site availability with tempera-
ture over this long temperature interval, then carbon solu-
bility is expected to be temperature insensitive at the low
temperature end, i.e., between 1300 and 2000 �C. Tempera-
ture-dependent solution models as applied by Wood (1993)
may not entirely capture the interaction of carbon and Fe in
the Fe-rich liquid at graphite saturation.

The difference in the shape of our solubility curve with
respect to the 1 atmosphere determinations (Shunk, 1969;
Chipman, 1972) may lead one to speculate that our temper-
ature-independent results might be an artifact of quenching.
If the Fe–C liquid in our experiments was unable to retain
C in solution until some closure temperature were reached
during the temperature–time trajectory of quenching, then
quenching from a series of temperature above the closure
temperature might give the appearance of uniform compo-
sition results over that temperature range. This uniformity
then would only reflect the saturation value for carbon in
the neighborhood of the closure temperature, not the solu-
bility as a function of temperature. If this is the case then
the closure temperature must be inferred to be 1300 �C or
below for our results. But then it becomes difficult to under-
stand why our compositions show significant variation with
quenching temperature above 2000 �C. Work on the solu-
tion of oxygen in Fe provides an example of the expected
results of experiments that may have had quenching effects
over the temperature range of our Fe–C study. O’Neill et al.
(1998) reconstructed metal solution composition for liquids
saturated with magnesiowustite quenched from very high
temperature and pressure, largely in the system Fe–Mg–O.
They (O’Neill et al., 1998) recognized that exsolution of
oxide blebs compromised the direct measurement of
quenched metal compositions, and so they integrated mea-
sured blebs back into the metal compositions to determine
the liquid composition at the pressure and temperature of
interest. Fig. 7 shows the reconstructed oxide-saturated
weight % oxygen in solution as a function of temperature
for liquids quenched from 5 to 9 GPa reported by O’Neill
et al. (1998). Oxygen content increases rapidly from 1800



Fe3C
+

Graphite

Graphite 
+ 

Liquid

Fe + Fe3C

Fess

Fess + 
           Liquid

0 2 4 6 8 10
Carbon (wt.%)

2 GPa

1000

1400

1800

2200

2600

3000
Te

m
pe

ra
tu

re
 (K

)

Fe or Fe+Ni
0

C

Fe3C 
+ Liquid

Liquid

5 GPa

1 atm

1000

1400

1800

2200

2600

Tem
perature ( oC

)

Fe-C
Fe-5.2 wt.% Ni-C

.
. .

.

Fig. 6. Iron-rich side of the 2 GPa Fe–C binary and Fe–5.2 wt.%
Ni–C pseudo binary constructed based on the graphite-saturated
mineral and melt compositions from this study and previous
experimental studies (Hirayama et al., 1993; Wood, 1993) and
thermodynamic calculation (Wood, 1993) on the Fe–C system. The
data from this study are in black squares (crystals), white squares
(melts in Fe–C system), and gray squares (melts in Fe–5.2 wt.% Ni–C
system) (Table 1). The smaller white squares, with black dots at the
center, represent runs performed in high-temperature piston
cylinder assembly with MgO insulator sleeve (Fig. 1d) and likely
provide a better estimate of carbon solubility in molten Fe, due to
more rapid quench in this assembly. The crystal data point at
1200 �C was a synthesis run and included in Table 2. The 2 GPa
graphite saturated liquidus in black dashed line is hand drawn and
not rigorously fitted. The error bars in carbon concentration for
each run is the standard error of the mean based on replicate
analysis (rM = r/

p
n) and do not reflect the error owing to a finite

blank value of carbon (�0.5 wt.%) in the electron probe measure-
ments. The location of Fe–Fe3C eutectic is based on the extrap-
olation from the 4–12 GPa data of the same from Hirayama et al.
(1993). Also shown for comparison, are the predicted 5 GPa phase
relations (in light gray) from Wood (1993) and 1 atmosphere
graphite saturated liquidus (in dark gray) from Chipman (1972).
Carbon solubility (2 GPa) in molten Fe or Fe–Ni alloy of core
composition, at temperatures between 2000 and 2500 �C, is �2–
2.5 wt.% lower than that predicted by Wood (1993) at similar
pressures.
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to 2200 �C, but increases no further in the 2400 �C quenched
liquid. This pattern suggests the closure temperature for oxy-
gen in Fe liquid solutions is in the neighborhood of 2200 �C
for solid media quenching trajectories. The characteristic
pattern indicating this interpretation is that the solubility in-
creases with quenching temperature and then appears to go
no higher with increasing quenching temperature. This is
the reverse of the pattern we see in the present experiments
also shown in Fig. 7. Carbon solubility remains almost con-
stant for quenching T up to �2000 �C and then begins to in-
crease. The topology is not consistent with one expected for
artifacts of quenching to a closure temperature. Further-
more, the experiments run in the assembly shown in Fig.
1d giving a quicker quench are not measurably different from
those run with LaCrO3 insulation that provides a slower
quench but better equipment service life at the highest tem-
peratures. This also suggests that quenching artifacts are
not a major feature of this data set.
The solubility of carbon only reaches on the order of
10–12% at 3100 K (Cahil et al., 1964). The melting point
of graphite is poorly known but is only a few hundred de-
grees higher. The shape of the graphite saturated liquidus
over the large stretches of composition space from
5–10 wt.% C to pure C is unexplored. But it is difficult to
see how it could possibly resemble one governed by freezing
point depression. Phase relations involving a solvus, meta-
stable or otherwise, are more plausible. Thus, we believe the
solubility of C in liquid Fe is more readily understood
through exsolution than through solution models. The
low temperature limbs of a solvus can be quite temperature
insensitive. The solvus in Fe–O provides an example of this
behavior that may apply to Fe–C, more at high pressure
than conventional values of C solubility at 1 bar would sug-
gest (Cahil et al., 1964; Shunk, 1969; Chipman, 1972).
5.2. Carbon solubility in core melts—the effects of pressure,

temperature, and composition

In the following section we use our measured carbon sol-
ubility data to comment on the possible partitioning behav-
ior of C between molten silicate and metal. We have used
the carbon solubility limit of 6.5 wt.% for further modeling
purpose. This value corresponds to our measured C solubil-
ity at 2250 �C and 2 GPa. Higher equilibration tempera-
ture, of course will lower the lower limit of Dsilicate=metal

C for
any given bulk Earth carbon (Fig. 7b), but it is also neces-
sary to evaluate whether other intensive variables can exert
strong control on carbon solubility in molten metals. Here
we argue that temperature is likely to be the dominant
determinant of carbon solubility in Fe-rich metal melt
and not pressure. The effect of pressure on carbon solubility
of metal is poorly constrained. But the prediction of Wood
(1993) indicates only a modest increase of carbon solubility
from 7.75 wt.% at one atmosphere to �9 wt.% to 15 GPa,
through �8.5 wt.% at 5 GPa at 2250 �C. Moreover, Wood
(1993) also showed that the partial molar volume of carbon
in liquid Fe–C is closer to that of diamond than graphite.
Thus, the solubility of carbon in liquid Fe should remain
approximately constant once the diamond field is reached.
No definite pressure dependence to carbon solubility in
molten metallic alloy is apparent from the study of Righter
and Drake (2000), as their measured carbon concentrations
at 1700 �C are 2 wt.% at 1 GPa, 1.7 wt.% at 2 and 4 GPa,
and 2.3 wt.% at 6 GPa. Similarly, Holzheid and Grove
(2005) also did not notice any observable pressure effect
on the carbon solubility in metallic Fe–Ni melt and con-
cluded that chemistry has more leverage in controlling the
solubility of carbon in metallic liquid than pressure.
Although more systematic study on the effect of pressure
on carbon solubility is required, the existing studies indicate
that pressure may not provide the strongest control on car-
bon solubility in Fe-rich molten metal. We have demon-
strated that the estimated core concentration of Ni has
limited effect on the solubility of carbon in molten Fe,
but the presence of other possible light elements in the core
melts also may influence the carbon solubility. One atmo-
sphere data on the effect of sulfur on carbon solubility in
molten Fe (Wang et al., 1991) shows �0.5 wt.% lower
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carbon content for molten iron with ca. 2 wt.% sulfur. If the
trend of decreasing C solubility with increasing S remains
similar at higher pressures, carbon solubility in core melts
with �2 wt.% S (McDonough, 2003) may be �0.5 wt.%
lower than that in pure Fe or Fe95Ni5 as determined in this
study. Thus the presence of sulfur likely offsets any positive
pressure dependence of metal melt carbon solubility
(Wood, 1993), lending confidence to our choice of
6–7 wt.% C as the solubility value in molten core metal.

5.3. Relative distribution of carbon between the mantle and

the core

Based on the abundance of carbon in CI carbonaceous
chondrite (3.2–3.5 wt.%: Anders and Grevesse, 1989; Palme
and Jones, 2003) and the expected loss owing to its volatil-
ity, Earth’s magma ocean was likely to be undersaturated in
carbon, as at high P–T molten metal can dissolve more car-
bon than the concentration in the bulk protoearth (Wang et
al., 1991; Wood, 1993; Righter et al., 1997; Righter and
Drake, 2000; this study). Thus our experiments only pro-
vide a maximum limit of the carbon concentration in plan-
etary metallic core that inherits its chemical signature from
a shallow, carbon-undersaturated magma ocean. The actual
carbon budget of the Earth’s core and the residual mantle
was likely set by equilibrium partitioning between the sili-
cate and metallic melts, Dsilicate=metal

C . Experimental determi-
nation of a carbon partition coefficient between
immiscible silicate melt and metallic melt is lacking. But
the carbon solubility data in core melts and the knowledge
of the observed concentration of carbon in the present day
Earth’s mantle can provide us constraints on the likely par-
titioning behavior of carbon between the silicate mantle and
the metallic core, assuming that the carbon presently in the
mantle was set through equilibrium with the core.
5.3.1. Constraints on carbon partitioning from the carbon

solubility in core melts

Assuming the core of Earth to be a �1/3 equilibrium
melt derived from the protoearth (the mass of the Earth’s
core is 32.3% of the planet) and assuming all C dissolves
in either the metallic core or the silicate Earth, we calcu-
lated the concentration of carbon in the metallic core melts,
Cmetal

C , for a range of plausible Dsilicate=metal
C and for a range of

initial carbon content, C0
C, from chondritic (3.2–3.5 wt.%:

Anders and Grevesse, 1989; Palme and Jones, 2003) to
sub-chondritic values (Fig. 8a), following the equation—

Cmetal
C ¼ C0

C

Dsilicate=metal
C þ 0:323ð1� Dsilicate=metal

C Þ
ð1Þ

Comparison of the solubility limit of C derived from our
experiments with that of our model curves for Cmetal

C con-
strains the lower limit of Dsilicate=metal

C for chondritic or
near-chondritic carbon concentrations (Fig. 8b). However,
for carbon content of the source <�2 wt.%, the model car-
bon content in the metallic melts fall below our solubility
limit for any values of Dsilicate=metal

C (Fig. 8a). Thus the lower
limit of Dsilicate=metal

C cannot be constrained solely from our
carbon solubility data for low bulk Earth carbon content
(Fig. 8b).

5.3.2. Constraints on carbon partitioning from the

concentration of carbon in the silicate Earth

The immiscible silicate melt left behind after the segrega-
tion of the core largely forms the Earth’s mantle. Thus the
observed carbon concentration of the present day mantle
should indicate the concentration of the carbon in the sili-
cate residual to core separation if no further process alters
its carbon content. We recognize two main processes that
may influence the carbon content of the residual silicate—
the first is the addition of carbon by late veneer, Cveneer

C
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and the second an internal differentiation of bulk silicate
Earth carbon, Csilicate

C between the mantle, Cmantle
C and the

crust, Ccrust
C . We estimated the bulk silicate Earth carbon,

that is residual to core separation, Csilicate
C by the expression

Csilicate
C ¼ ðCmantle

C �Mmantle þ Ccrust
C �M crust � Cveneer

C �MveneerÞ=
M silicate, where C and M represent concentration and mass,
respectively. Assuming an average Cmantle

C , Ccrust
C , and Cveneer

C

in the order �225 ppm [assuming that the mantle comprises
�40% by mass of DMM-like reservoir (Workman and
Hart, 2005) with an average C content of �30 ppm (Marty
and Tolstikhin, 1998) and the rest is an enriched reservoir
with an average C content of �350 ppm (Dixon et al.,
1997)], 7000 ppm (Javoy et al., 1982; Hayes and Wald-
bauer, 2006), and 35,000 ppm (veneer of CI carbonaceous
chondrite: Anders and Grevesse, 1989) and mass of the ‘late
veneer’ being 0.5% of that of the mantle (e.g., Wood et al.,
2006), we get Csilicate

C of �100 ppm. This estimate of residual
silicate carbon, by taking into account a possible late addi-
tion of carbon by a late chondritic veneer, is consistent with
the model proposed by Javoy (1997) and is well within the
range of estimates for the present day mantle (30–
1100 ppm) as derived from the observed CO2 content of
the mid-ocean ridge and ocean island basalts (Javoy and
Pineau, 1991; Dixon et al., 1997; Marty and Tolstikhin,
1998; Saal et al., 2002; Pineau et al., 2004). Thus, hereafter,
we use the range of carbon content of the mantle for our
reference value of Csilicate

C ðCsilicate
C � Cmantle

C Þ. We indepen-
dently calculated the carbon concentration in the silicate
melt residue resulting from core segregation, Csilicate

C for a
range of plausible Dsilicate=metal

C and for a range of initial car-
bon contents, C0

C, from chondritic (3.2–3.5 wt.%: (Anders
and Grevesse, 1989; Palme and Jones, 2003) to sub-chon-
dritic values based on equilibrium (Eq. (2), Fig. 9a) and
fractional segregation of core melts (Eq. (3), Fig. 9c).
Csilicate
C ¼ C0

C � Dsilicate=metal
C

Dsilicate=metal
C þ 0:323ð1� Dsilicate=metal

C Þ
ð2Þ

Csilicate
C ¼ C0

Cð1� 0:323Þ
1

D
silicate=metal
C

�1

� �
ð3Þ

Comparison of the model curves with the observed mantle
carbon content and translation of the limits of Dsilicate=metal

C

derived from our solubility data shows that the carbon con-
centration of the residual silicate cannot be matched by the
process of shallow magma ocean fractionation of carbon
between metal and silicate in a chondritic or near-chon-
dritic protoearth (Fig. 9a and c). This may indicate the pres-
ence of a hidden carbon-rich mantle reservoir untapped by
oceanic volcanism, which may not be totally implausible as
recent findings indicate the existence of deep Earth reservoir
with higher than background carbon content (Brenker et
al., 2007) indicating heterogeneous distribution of carbon
in the Earth’s mantle. Perhaps a more likely scenario, how-
ever, is volatility-driven loss of carbon during accretion to
bring the bulk Earth concentration down to sub-chondritic
value (Wood, 1993). Indeed the bulk Earth carbon concen-
tration estimate is at least an order of magnitude lower than
that of chondrite (730–1000 ppm: Marty and Jambon,
1987; McDonough, 2003), barring the uncertainty in the
behavior of carbon during Earth’s accretion (Wood,
1993). For bulk Earth carbon <1–2 wt.% and for carbon
solubility in core melts in the order of 6–7 wt.%, the entire
range of mantle carbon concentration from enriched to de-
pleted reservoir can be matched for both equilibrium and
fractional segregation of core melts (Fig. 9a and c).

We also constrained the partition coefficient of carbon
between the silicate and the metal, Dsilicate=metal

C indepen-
dently from the knowledge of carbon content of the bulk
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Batch Core Segregation

Fractional Core Segregation

Fig. 9. Left panels: concentrations of carbon in the mantle, based on equilibrium batch segregation (a) and fractional segregation (c) of core
melts as a function of partition coefficient of carbon between silicate melts and metallic core melts, Dsilicate=metal

C . Model carbon contents for the
silicate residue are shown for bulk Earth carbon contents, C0

C varying from chondritic (�3.5 wt.%) to subchondritic values. Superimposed on
the model curves are the mantle carbon estimates based on the concentration of carbon in the oceanic basalts. The lower limit of the gray band
indicates carbon content of a depleted mantle reservoir whereas the upper limit marks the estimate for an enriched mantle reservoir. The
intersection between the model curves with that of an estimated mantle carbon value constrains the partition coefficient of carbon between
silicate melt and metallic core melt, Dsilicate=metal

C . Because of the uncertainty in the average mantle carbon content, we prefer to note an upper
(assuming whole mantle carbon content of �1100 ppm) and lower bound (assuming whole mantle carbon content of �50 ppm) of Dsilicate=metal

C

for any C0
C value of interest. Also shown for each curve is the lower limit of Dsilicate=metal

C as derived from the carbon solubility data in core melts
(black dots), which indicates that the observed concentration of carbon in the mantle cannot be matched by partitioning of carbon for a
chondritic protoearth. The absence of constraints on minimum Dsilicate=metal

C for any curve indicates that the minimum Dsilicate=metal
C is not

constrained for those particular bulk compositions from the carbon solubility in the metallic melts. Right panels: constraints on Dsilicate=metal
C

based on equilibrium batch segregation (b) and fractional segregation (d) of core melts and observed carbon concentration in the present day
mantle in the C0

C versus Dsilicate=metal
C space. The white fields delimit the plausible values of Dsilicate=metal

C . Also superimposed is the region of
Dsilicate=metal

C versus C0
C that is not permitted by the carbon solubility in core melts assuming a magma ocean temperature of �2500 K (hatched

field).

4638 R. Dasgupta, D. Walker / Geochimica et Cosmochimica Acta 72 (2008) 4627–4641
silicate Earth or the mantle, Csilicate
C and by calculating

Csilicate
C that results from removal of 32.3% metallic core melt

by batch or fractional process (Fig. 9b and d). In fact, by
this procedure we can constrain, for any given bulk Earth
carbon, both the lower bound as well as the upper bound
of Dsilicate=metal

C from the most depleted and enriched mantle
end-members for carbon, respectively (Fig. 9b and d). If
the depleted mantle carbon concentration (�30 ppm) is ap-
plied to the whole mantle and segregation of core melts was
by an equilibrium or batch process then the Dsilicate=metal

C

varies between 0.01 and 0.0002 for bulk Earth carbon vary-
ing between <0.1 wt.% to 3.5 wt.%; whereas if we apply the
enriched mantle carbon content (�1000 ppm) to the entire
mass of the mantle then the Dsilicate=metal

C varies between val-
ues >1 and �0.01 (Fig. 9b). A similar calculation for core
separation by purely fractional melt segregation process
produces Dsilicate=metal

C between 0.1–0.05 and 1.0–0.09 for de-
pleted and enriched mantle carbon, respectively, and for
bulk Earth carbon varying between �0.1 and 3.5 wt.%
(Fig. 9d).
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The most complete constraints of Dsilicate=metal
C come from

combining the constraints derived from our solubility data
and that derived from the estimate of the present day man-
tle concentration. Fig. 9b and d shows the feasible solution
for the C0

C versus Dsilicate=metal
C space for core segregation by

equilibrium and fractional process. The plausible values
of Dsilicate=metal

C varies between �0.0004–0.01 and 0.01–1.0
for equilibrium core melt extraction and between 0.05–0.1
and 0.1–1.0 for fractional extraction of core melts.

5.4. Carbon in the core?

The trend of carbon solubility versus temperature from
our experiments indicates that concentration approaching
the solubility limit and a magma ocean temperature in ex-
cess of 3000 K are required for carbon to be the sole light
element in the Earth’s outer core. Although the expected
magma ocean adiabat may allow temperature approaching
or even in excess of 3000 K (Wood et al., 2006), our esti-
mated range of possible Dsilicate=metal

C indicates that metallic
liquid will achieve carbon concentration of �10 wt.% only
if chondritic value carbon content applies for bulk Earth
(Fig. 10). However, satisfying both the observed carbon
content of the bulk silicate Earth and the core melt solubil-
ity corresponding to magma ocean temperature of
�2200 �C precludes bulk Earth carbon content greater than
2 wt.%, unless there is free carbide or graphite in the core.
We estimate the carbon content of the bulk metallic core
at a maximum of �6 wt.% for bulk Earth carbon of
�2 wt.% and as low as 0.1–0.4 wt.% for bulk Earth carbon
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Fig. 10. Concentration of carbon in the core as a function of bulk
Earth carbon content with constraints for Dsilicate=metal

C derived from
our carbon solubility data and the concentration of carbon in the
mantle. Maximum average possible values for core carbon content
(6–7 wt.%), which satisfies both the carbon content of the present
day mantle and the carbon solubility in core melts at �2500 K, for
batch and fractional core segregation models are marked by light
gray and dark gray arrows, respectively. However, a more realistic
value for carbon content in the core is 0.1–0.4 wt.%, a value
corresponding to a bulk Earth carbon content of �0.1 wt.%.
of �0.1 wt.% (Fig. 10). We note that this estimate of carbon
content pertains to the bulk core melt that segregates from
the silicate and does not apply strictly to the carbon content
for the Earth’s liquid outer core. Crystallization of the inner
core likely influences the light element budget of the outer
core, but its effect on the carbon content of the outer core
is likely to be minimal. If the Fe–Fe3C eutectic composi-
tion, which is �4 wt.% carbon at 1 atmosphere, is insensi-
tive to pressure (Hirayama et al., 1993; Fei et al., 2007), a
metallic core melt with 0.1–0.4 wt.% carbon likely crystal-
lizes a nominally carbon-free Fe(–Ni) metal. However, if
the Fe–Fe3C eutectic composition shifts to lower carbon
content with increasing pressure (Wood, 1993) then a
metallic core melt with only 0.1–0.4 wt.% carbon may also
crystallize an iron carbide phase. In the former case, crystal-
lization of 5% by mass of pure Fe(–Ni) inner core would
only raise the carbon budget of the outer core by 5%, i.e.,
0.11–0.42 wt.% for bulk Earth carbon of �0.1 wt.%. If
the latter case is more appropriate, crystallization of 5%
Fe3C or perhaps Fe7C3 inner core would lower the carbon
content of the outer core by a negligible amount. Our esti-
mate of carbon concentration in the core is in agreement
with the recent mass balance argument for 0.2 wt.% carbon
in the core (McDonough, 2003).

Based on our estimate, the core is likely one of the most
enriched terrestrial reservoirs of carbon with concentration
as high as 4000 ppm, which likely is at least an order of
magnitude higher than that of the average mantle. Also in
terms of the total mass, Earth’s core likely stores
�(48 ± 29) � 1023 g C, which is higher than the current esti-
mate of carbon in the mantle.
6. CONCLUDING REMARKS

Our experimental carbon solubility data for molten iron
at 2 GPa and to 2500 �C is lower than the summary of
Wood (1993) at similar pressures. We also find that up to
5.2 wt.% Ni has limited influence on carbon solubility in
core melts. Carbon solubility in molten Fe–Ni alloy with
�5 wt.% Ni is 0.2–0.3 wt.% lower than that in pure Fe melt.
Comparison of our carbon solubility data in core melts and
present day estimate of mantle carbon with the core-mantle
equilibration models between segregating metallic liquid
and silicate melt constrain the partition coefficient for car-
bon between core and the mantle. We infer that if a chon-
dritic concentration for carbon of �3.5 wt.% is assumed for
bulk Earth, then Earth’s mantle likely has a carbon rich res-
ervoir untapped by oceanic volcanism. However, if accre-
tionary loss of carbon brings down the bulk Earth carbon
to only �1000 ppm then the present day mantle carbon
concentration can be explained by equilibrium between me-
tal and silicate in a hot magma ocean with carbon concen-
tration of 0.25 ± 0.15 wt.% in the core. This indicates that
carbon is unlikely to account for the observed 5–10% den-
sity deficit of Earth’s outer core with respect to molten
Fe–Ni alloy (Birch, 1964; Anderson and Isaak, 2002).

Future studies on direct measurement of carbon parti-
tion coefficient at magma ocean conditions would be
required to further the understanding of carbon distribu-
tion between planetary mantle and core. The equilibrium



4640 R. Dasgupta, D. Walker / Geochimica et Cosmochimica Acta 72 (2008) 4627–4641
partition coefficient for carbon is likely to be a function of
pressure, temperature, and oxygen fugacity as these inten-
sive variables influence the speciation of carbon in silicate
melt (Nowak et al., 2003; Kadik et al., 2004). The balance
of carbon bearing volatile species of interest in magma
ocean silicate melt is largely unknown based on our present
state of the knowledge. But our mass balance approach
provides the most complete range of possibilities for carbon
partitioning—this range actually puts constraints on possi-
ble conditions of metal–silicate equilibration and speciation
of volatiles in melts. Comparison of experimentally deter-
mined carbon partition coefficients under various P–T–fO2

conditions in the future with the framework for range of
Dsilicate=metal

C presented here will help constrain the conditions
of metal–silicate equilibration in a magma ocean. But in
any case, the core is likely to be the most enriched reservoir
of carbon in the Earth’s interior and likely stores the largest
mass of terrestrial carbon.
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