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Constraints on the core of the Moon
• has liquid part (libration from LLR) 

Williams 2001


• cooled fast enough to generate an early magnetic field


• radius 278-440 km and mean density 3900-6750 kg/m3 (seismic data, LLR, tides, induction) 
… Garcia 2011; Williams 2014; Khan 2014; Matsumoto 2015, Matsuyama 2016 
 

⇒ iron (ρl-Fe=7400kg/m3) -rich alloy with a significant amount of light elements


• non candidate light elements: Si (unfavorable redox conditions), O and H (p too low during core-mantle 
differentiation)


• candidate light elements (formation conditions, bulk composition assumptions, chemical element partitioning 
between liquid metal and silicates): 
S≲0.5wt% and C≲5wt% 
… Dasgupta 2009; Chi 2014; Steenstra 2016,2017; Righter 2017  
 
At 5GPa: 
ρFe0.5wt%S~7300kg/m3 and Tliquidus~1950K 
 
ρFe5wt%C~ 7100kg/m3 and Tliquidus~1600K 
 
 
⇒ need larger amounts of light elements 

→ too dense to agree with core density inferences



Core modeling

• iron-rich core can have a liquid and solid part


• radius of inner-core radius determined from liquidus temperature and 
core light element concentration


• need equations of state to compute relevant thermodynamic 
quantities for modeling interior structure and thermal evolution at 
relevant pressure and temperature conditions 
(e.g. density, thermal and chemical expansivity, heat capacity)


• equations of state and liquidus temperature of core alloys should be 
thermodynamically consistent



Fe liquidus

• liquidus deduced from high pressure data (p>10GPa, Morard et al 2018) is in good 
agreement with low pressure experimental data (Strong 1973, Liu 1975)


• uncertainty on melting temperature at 1bar ≾10K and at 5GPa ≿150K  


• temperature increase along Moon core adiabat ≾ 25K !

●

●

Strong 1973

Liu 1975

Morard 2018

Silber 2018
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l-Fe equation of state
l-Fe eos are not derived from experimental data acquired at Moon core conditions:


• Anderson et al 1994 (1bar thermoelastic  data and 1000GPa shock data)


• Komabayashi 2014 (eos of fcc and hcp Fe and Fe liquidus from Anzellini 2013)


• Dorogokupets et al. 2017 (1bar thermoelastic data, eos of fcc and hcp Fe and Fe liquidus from Anzellini 2013)


• Wagle and Steinle-Neumann 2019 (Ab-Initio) 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

• along isentropes density differences are below 1% and acoustic velocity differences are below 2%


• but for thermal expansivity, heat capacity, and Grüneisen parameter the differences between the eos’ can be quite larger 
⇒ effect on core temperature  


• all isentropes except that of Wagle et al. are less steep than the gradient along the Fe liquidus 
⇒ bottom-up inner core growing for pure Fe and top-down for Wagle et al.


• all relevant thermodynamic quantities of l-Fe for structure and thermal evolution can be calculated from the eos’

Anderson 1994

Komabayashi 2014

Dorogokupets 2017

Wagle 2019
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Anderson 1994

Komabayashi 2014

Dorogokupets 2017

Wagle 2019
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Anderson 1994

Komabayashi 2014

Dorogokupets 2017

Wagle 2019

Anzellini 2013
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Fe-S core model



Iron-rich liquidus
3GPa (Brett 1969)
6GPa (Buono 2011)
10GPa (Chen 2008)
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• can be described with an 
asymmetric Margules model that 
has interaction parameters linear 
in p and T (Buono & Walker 2011)

Gl(XFeS, p, T) =(1� XFeS)GlFe(p, T) + XFeS GlFeS(p, T)+

(1� XFeS) R T ln(1� XFeS) + XFeS R T ln(XFeS)+

XFeS(1� XFeS) [XFeS WFe(p, T) + (1� XFeS)WFeS(p, T)]



Elastic properties
Morard et al. 2018 Nishida et al. 2016

• densities of liquid Fe-S alloys at 5GPa in agreement with expected average Moon core density (3900-6750 kg/m3)


• Buono & Walker model induces a concentration dependent but (p,T) independent excessive mixing volume that 
can explain the high pressure density data


• but not the acoustic velocity data
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Thermodynamic model
• end-members l-Fe (Komabayashi 2014) and l-FeS


• asymmetric Margules model with pressure dependent excessive volume 
 
 
 
 
 

• EoS parameters for FeS (except ρref and γ=1.3) (4) and interaction parameters (8) are 
estimated from liquidus, density, and acoustic velocity data


• ambient pressure density FeS from Kress 2007


• use pseudospinodal eos 
(Baonza 1995) for Vex  
→Vex decreases with increasing  pressure 

p=1GPa

p=20GPa
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Gl
ex(XFeS, p, T) = XFeS(1� XFeS) [XFeS WFe(p, T) + (1� XFeS)WFeS(p, T)]

WFe(p, T) = WFe,H � WFe,ST + WFe,V

� p

0
Vex(p�) dp�

WFeS(p, T) = WFeS,H � WFeS,ST + WFeS,V

� p

0
Vex(p�) dp�

Molar fraction of FeS



Data-Fit

3GPa (Brett 1969)
6GPa (Buono 2011)
10GPa (Chen 2008)

� � �� �� �� ��

����

����

����

����

����

������ ������������� [��%]

��
�
��
��
��
��

[�
]

●●●●
●

●●●● ●
●

●

●
●

at%
0

10

17

23

29

38

50

� � � � �

����

����

����

����

�������� [���]

�
��
��
��

[�
�/
�
� ]

●

●

●

●

●

●
●

●

●

●

●

at%
0

16

20

43

50

� � � � �
����

����

����

����

����

����

�������� [���]

��
��
��
��
��
��
��
��

[�
/�
]



Comparison with liquid Fe-10wt%S 
data used in several Moon core models

• uncertainty on elastic data induces errors on predicted densities of l-Fe-S alloys that are below 5% 
(taking into account correlations between eos parameters)


• predicted density of Fe-10wt%S is significantly larger than values reported by Sanloup et al. 2000 
⇒new elastic data and thermodynamic model requires more sulfur to explain average core density

● ● ● ● ●

Sanloup 2000
this model
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Caveats
• estimated model parameters depend on l-Fe eos


• results depend on reference density of FeS (Kaiura 1979, Kress 2007)


• cannot fit Grüneisen parameter from the data


• cannot assess model predictions for liquidus for compositions above 
the eutectic because of lack of experimental data


• thermodynamic Fe-S model very much dependent on used elastic data 
set



Acoustic velocity liquid Fe(Ni)-S

• Jing et al. 2014 
Fe(16,30,39)at%S


• Nishida et al. 2016 
Fe(20,43,50)at%S


• Terasaki et al. 201x 
Fe10at%Ni(17,30)at%S


• weak dependence on 
temperature (curves are 
on isotherms 1900K) 

⇒ Inconsistency between different studies
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Effect of elastic data on thermodynamic model 
 (5GPa, 2000K)

Morard-Nishida

Morard-Jing

Terasaki+FeS (M&N)
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Morard-Nishida

Morard-Jing

Terasaki+FeS (M&N)
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• density of liquid solution based on Morard 2018 density data depends 
weakly on acoustic velocity data


• but predicted acoustic velocities are quite different …



Preliminary Fe-C core model

• at ~5GPa C saturation in l-Fe ≲7wt%C


• assume ideal mixture of l-Fe (Komabayashi 2014) 
and l-Fe3.5wt%C (Shimoyama 2016) 

158 Y. Fei, E. Brosh / Earth and Planetary Science Letters 408 (2014) 155–162

Fig. 2. Phase relations in the Fe–C system at (a) 5 GPa, (b) 10 GPa, and (c) 20 GPa. The solid lines represent the calculated results. The experimental data are plotted using 
different symbols. Solid circles (blue) represent compositions of solid iron coexisting with either melt or Fe3C. Open circles (blue) represent compositions of melt coexisting 
with solid iron. Solid squares (blue) represent compositions of iron carbides (Fe3C or Fe7C3). Open squares (blue) represent compositions of melt coexisting with iron carbides. 
Open diamonds (blue) indicate only melt observed. The melt compositions (open red squares with cross) coexisting with either graphite or diamond from Nakajima et al.
(2009) and experimental data (green: solid circle – solid iron, solid square – carbide, and open symbols – coexisting liquid) at 5 GPa from Chabot et al. (2008) are also 
plotted for comparison. (For interpretation of the references to color in this figure legend, the reader is referred to the web version of this article.)

3.1. Phase relations at 5 GPa

At 5 GPa, we observed the onset of melting at a temperature 
between 1473 K and 1523 K. The eutectic temperature must be 
very close to 1513 K because experiments PL234 and PR445 at this 
temperature showed melt and solid, respectively. Such an observa-
tion only occurs near the melting temperature due to the small 
temperature uncertainty (±10 K) for each run. The result is con-
sistent with that of Chabot et al. (2008) who found the eutectic 
temperature at 5 GPa between 1473 K and 1523 K. Our result on 
eutectic temperature (1513 ± 10 K) is about 100 K lower than that 
of Strong and Chrenko (1971) and about 50 K higher than that of 
Hirayama et al. (1993).

In the Fe-rich region, solid metallic C-bearing face-centered cu-
bic (FCC) iron coexists with Fe–C melt above the eutectic temper-
ature (Fig. 2a). Carbon solubility in the solid iron coexisting with 
liquid or iron carbide is a function of temperature, decreasing with 
increasing temperature above the eutectic temperature. The exper-
iments at 1543 K (PR404), 1673 K (PR599), and 1823 K (PR617) 
define the Fe + melt two-phase loop as a function of temperature 
(Fig. 2a). On the Fe3C side of the eutectic point, we observed Fe3C 
coexisting with Fe–C melt, but the coexisting field occurs only in a 
small temperature interval (< 150 K). At temperatures higher than 
1650 K, the melt coexists with graphite (Nakajima et al., 2009), in-
dicating that Fe3C melts incongruently.

By determining the compositions of Fe–C melts coexisting with 
either solid iron or Fe3C, we determined a eutectic composition of 
4.0 ± 0.3 wt.% C at 5 GPa, which is slightly lower than the value 
at 1 atm (4.3 wt.% C). The eutectic point was further confirmed 

by experiment PL234, which indicated complete melting at 1513 K 
using a starting material with 4 wt.% C.

We used synthetic Fe3C as the standard for carbon concentra-
tion analyses (Chabot et al., 2008; Deng et al., 2013). However, the 
measured composition of the iron carbide phase, coexisting with 
either solid iron or Fe–C melt, generally has lower carbon content 
than that of Fe3C, indicating that the Fe3C phase is nonstoichio-
metric, i.e., it may contain carbon defects. This is in a general 
agreement with the work of Walker et al. (2013) on the nonsto-
ichiometry of iron carbides at high pressure. At the eutectic tem-
perature, the carbon solubility in solid iron is the highest, about 
1.5 wt.% C. The carbon atoms are likely entering the octahedral in-
terstitial sites of FCC iron, as is seen in the austenite phase under 
ambient pressure conditions (Laneri et al., 2002).

3.2. Phase relations at 10, 20, and 25 GPa

At 10 GPa, we accurately determined the eutectic point at 
1618 K and 3.7 ± 0.3 wt.% C (Table 1). The quenched Fe3C phase 
also shows evidence for C defects compared to the stoichiometric 
Fe3C phase. Phase relations of the iron carbide side are signifi-
cantly different from those at 5 GPa because of the formation of 
a new iron carbide compound, Fe7C3. At 1743 K, the Fe–C melt 
coexists with Fe7C3, instead of Fe3C, indicating a melting reaction 
Fe3C = Fe7C3 + melt (Fig. 2b). The formation of Fe7C3 at 10 GPa 
is consistent with the previous observation of Fe7C3 at pressures 
above 6 GPa in the excess carbon system (Tsuzuki et al., 1984), 
and a recent study of Nakajima et al. (2009) in the Fe–C system 
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Fei and Brosh 2014 l-Fe3.5wt%C: Shimoyama et al. 2016

5 GPa, T=2000K

⇒ Density of liquid Fe-C significantly larger than 3900-6750 kg/m3
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Moon models

• for illustration use the mantle density model of Weber et al. (2011) 


• agree with the latest estimate of average shell moment of inertia 
(MOIs = 0.393112 ± 0.000012, Williams et al., 2014)


• core thermal evolution model based on Davies et al. 2015 and 
mantle evolution model based on Morschhauser et al. 2011 



Fe-S (M&N)
Fe-S (M&J)
Fe-S (Terasaki 2019)
Fe-C
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Structure functions: 
Fe-S and Fe-C

• the required amount of S to match the expected core density of the Moon is 
significantly larger than what is deduced form core formation models


• the weight fraction of C in liquid Fe-C is below 7wt% and the density of such an 
alloy is significantly above what is expected for the core of the Moon

Core-mantle boundary Temperature: 1920K
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Structure functions Fe-S (Morard-Nishida)

• models with the Weber et al. mantle cannot have an inner core (at 1σ)


• inner core possible if rcmb≲295km and xS≲5wt%


• bottom-up inner core growing requires xS≲4.2wt%


• to avoid present-day lower mantle melting Tcmb≲1920K (Hirschmann et al. 2012)

Fe-snow down

 to ricb or r=0

1920K

1825K
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Thermal evolution with bottom-up  
inner core formation

3.36 wt% S
1.63 wt% S
0.09 wt% S
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• all required thermodynamic quantities for core thermal evolution are computed from core model of this study 
(density, heat capacity, latent heat of crystallization, thermal- and chemical expansivity)


• main power and entropy source is latent heat


• timing of dynamo agrees with expected period of occurrence but predicted surface magnetic field is 
significantly below the 20-110μT that are expected to explain the lunar magnetic records (Tikoo et al 2017)

Fe-snow

at ricb



Conclusions
• melting data and new elastic data about Fe-S alloys can be described with a 

non-ideal mixing model that has a pressure dependent excess volume 


• Fe-S models with an inner core and without a whole snowing liquid core cannot 
be much colder than ~1825K and those models have less than ~4.3wt% of 
sulfur 


• models with an inner-core agree with the timing of occurrence of the lunar 
dynamo but not with the expected field strength


• but the amount of S required to match the expected core density is too large to 
allow for bottom-up inner core formation and significantly above what is 
expected from core formation models 


• C cannot be the only light element in the core because even at saturation 
concentration such a Fe-C alloy is denser than the expected Moon core density





Thermodynamic quantities
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Thermal evolution

Total

Secular

Gravitational

Latent

Adiabatic
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Core composition
• Steenstra 2016 

depletion of siderophiles elements in the core can be explained if S>8wt% 
but S abundance in  mantle implies S poor core 
but V and Cr abundances require either a S poor core with a differentiation temperature 
>3100K but core mass~2.5wt% (my models<1.3wt%) or S~8.5wt% with Tdiff~2200K 
difficult to explain anything with mCore<2.3wt%


• Steenstra 2017 
to explain observed S,Se,Te in silicate Moon requires fully molten Moon at core-mantle 
equilibration


• Steenstra 2017 
metal-silicate partitioning of C,S,Ni and BSM (are they reliable?) abundances of S and C 
S<0.16wt%, main light element carbon up to ~4.8wt%


• Righter 2017 



Structure functions: 
Fe-S and Fe-C

• models based on elastic data of Terasaki et al 2019 require less sulfur at a given core radius to explain 
the  density of the core


• C weight fraction in liquid Fe-C is below 7wt% and 


• core densities of Fe-C models are significantly larger than the expected core density of the Moon

Core-mantle boundary Temperature: 1920K

Fe-S
Fe-S (Terasaki 2019)
Fe-C
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