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~ = Data- from expeﬂmems—performed on iron-sulfur
* and iron-nickel-sulfur systems indicate that

//before upto
25 GPa Y. Fel, C. Bertka, Science 308, 1120 (2005).
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= Planetary cooling will lead to core crystallization:
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« = from density and the bulk chemistry of terrestrial planets
- composition: + +
— from martian meteorite geochemistry. -
- (Earth’s: 3,488km)

— from moment inertia and solar tidal deformation q
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‘opography and gravity data collected by Mars

Global Surveyor
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1% Ev"la'ence for a sﬁbsequent_ (<0.4 billion years) —
— years ago would further strengthen the
sone case for a liquid core, because it is difficult to produce a short-lived
dynamo with multiple episodes if the core starts to solidify.

— Dynamo theory describes the process through which motion of a
conductive body in the presence of a magnetic field acts to regenerate
that magnetic field. This theory is used to explain the presence of .
anomalously long-lived magnetic fields in astrophysical bodies. Inisuch
bodies, dynamo action depends on the presence: ofi highly conducting
fluids such as the Earth's liquid iron, outer core or the ionized gas of the

sun |
%u rements of the -1y obtainedibys
1alyzing MarsiGlelaliSur e tracking data. -

Comparison of (Fei, Bertka, Science,
2005)// with the estimated (Williams,
Nimmo, Geology, 2004).



Y. Fei, C. Bertka, Science 308, 1120 (2005).
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= The martian mantieisisolid, —
= because ts'témperature is lower than the mantle solidus. The
minimum

= The core is liquid

— because its temperature is higher than melting temperature in the
Fe-Ni-S system.
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— quench sxperiments
. Walker-type—WC 10/3.5 assemBI_y 23GPa
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= Split sphere oil bath, SD, 7/2, 40 GPa (500
bar oil pressure).

— Cr,0,-doped MgO pressure medlum
= aCrO3 heater;
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Fig. S1 Sample pressure as a function of hydraulic oil pressure derived from phase
transitions in ZnS (87), GaP (S8) and Zr (59). The pressure calibration is not

expected to change significantly at high temperature (54).
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Fig. 1. Fe-S and (Fe,Ni)-S phase diagrams at 23 (left) and 40 (right) GPa. Fe-S results, squares; (Fe,Ni)-S
results, triangles; liquid phases, black symbols; solids, white symbols. The resulting phase boundaries for
Fe-S (solid blue lines) and (Fe,Ni)-S (dashed red lines) are shown. Thick black vertical lines indicate the
composition of stable sulfide phases, as indicated along the x axis. Temperatures for melting of pure Fe are
from Boehler (20). Pure Fe-Ni melting temperatures at both pressures are based on the melting depression
from pure Fe of roughly 80 K observed at 1 atm for FegyNiss. The gray shaded region represents the
estimated bulk martian core composition (I—3). Error bars (1c) represent analytical variation and are
indicated when larger than the symbol.
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and40 GPa by ,

~— \Which:widens the liguidus loop slightly by increasing the
S content of the eutectic melt by 1 wt %.
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Fig. 1. Fe-S and (Fe,Ni}-S phase diagrams at 23 (left) and 40 (right) GPa. Fe-S results, squares; (Fe,Ni)-S
results, triangles; liquid phases, black symbols; solids, white symbols. The resulting phase boundaries for
Fe-S (solid blue lines) and (Fe,Ni)-S (dashed red lines) are shown. Thick black vertical lines indicate the
composition of stable sulfide phases, as indicated along the x axis. Temperatures for melting of pure Fe are
from Boehler (20). Pure Fe-Ni melting temperatures at both pressures are based on the melting depression
from pure Fe of roughly 80 K observed at 1 atm for Feg4Nizs. The gray shaded region represents the
estimated bulk martian core composition (1—3). Error bars (1c) represent analytical variation and are
indicated when larger than the symbol.
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= Ni*has no effect on the pﬁases observed or
the eutectic nature of the system

= NI appears to substitute for Fe in all phases.
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Fig. 1. Fe-S and (Fe,Ni)-S phase diagrams at 23 (left) and 40 (right) GPa. Fe-S results, squares; (Fe,Ni)-S
results, triangles; liquid phases, black symbols; solids, white symbols. The resulting phase boundaries for
Fe-S (solid blue lines) and (Fe,Ni)-S (dashed red lines) are shown. Thick black vertical lines indicate the
composition of stable sulfide phases, as indicated along the x axis. Temperatures for melting of pure Fe are
from Boehler (20). Pure Fe-Ni melting temperatures at both pressures are based on the melting depression
from pure Fe of roughly 80 K observed at 1 atm for FegyNiss. The gray shaded region represents the
estimated bulk martian core composition (I—3). Error bars (1c) represent analytical variation and are
indicated when larger than the symbol.




= The solubility of

(Fei et al., EPSL, 2001). However, solubilities at 23 and 40

cosmochemlcal aplundance of Will® r the eutectic

, Which thus has only a

Fe metal phase

GPa in our Ni-bearing samples were similar (1.6 and 1.8 wt % S,

respectively).
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Fig. 1. Fe-S and (Fe,Ni)-S phase diagrams at 23 (left) and 40 (right) GPa. Fe-S results, squares; (Fe,Ni)-S
results, triangles; liquid phases, black symbols; solids, white symbols. The resulting phase boundaries for
Fe-S (solid blue lines) and (Fe,Ni)}-S (dashed red lines) are shown. Thick black vertical lines indicate the
composition of stable sulfide phases, as indicated along the x axis. Temperatures for melting of pure Fe are
from Boehler (20). Pure Fe-Ni melting temperatures at both pressures are based on the melting depression
from pure Fe of roughly 80 K observed at 1 atm for Feg4Niss. The gray shaded region represents the

estimated bulk martian core composition (1—3). Error bars (1c) represent analytical variation and are
indicated when larger than the symbol.
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: = Datalindicate’a’complete absence of
crystallization in most, It not all, of the
present-day martian core.



sacllert evolltorn of core

SO|IdIfy in the geologlcal fiuture.
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= The mechanisms of core crystallization will depend on

— the in the (Fe,Ni)-
S system, the corresponding phase compositions;
— and particularly on the bulk of'the martian core.

Cstimates of S , obtained;b comparlngi ;He !-d
|cal Comp oJ o i Wi



indicated when larger than the symbol.
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Fig. 1. Fe-S and (Fe,Ni)-S phase diagrams at 23 (left) and 40 (right) GPa. Fe-S results, squares; (Fe,Ni)-S
results, triangles; liquid phases, black symbols; solids, white symbols. The resulting phase boundaries for
Fe-S (solid blue lines) and (Fe,Ni)-S (dashed red lines) are shown. Thick black vertical lines indicate the
composition of stable sulfide phases, as indicated along the x axis. Temperatures for melting of pure Fe are
from Boehler (20). Pure Fe-Ni melting temperatures at both pressures are based on the melting depression
from pure Fe of roughly 80 K observed at 1 atm for Feg4Niss. The gray shaded region represents the
estimated bulk martian core composition (I—3). Error bars (1o) represent analytical variation and are
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Fig. 1. Fe-S and (Fe,Ni)-S phase diagrams at 23 (left) and 40 (right) GPa. Fe-5 results, squares; (Fe,Ni)-S
results, triangles; liquid phases, black symbols; solids, white symbols. The resulting phase boundaries for
Fe-S (solid blue lines) and (Fe,Ni)-S (dashed red lines) are shown. Thick black vertical lines indicate the
composition of stable sulfide phases, as indicated along the x axis. Temperatures for melting of pure Fe are
from Boehler (20). Pure Fe-Ni melting temperatures at both pressures are based on the melting depression
from pure Fe of roughly 80 K observed at 1 atm for FegyNise. The gray shaded region represents the

estimated bulk martian core composition (I—3). Error bars (1c) represent analytical variation and are Pressure (GF'a}
indicated when larger than the symbol.

= The slope of the liguidus temperature as a function of pressure is negative.

= Adiabatic areotherm must have a positive temperature-pressure (dT/dP) slope
R

o w Crystallization of core melts at the core/mantlelseundany. —

= V-Eelis denserthaninelcoexistng liguid .
— - 1S 2aeross core P at T = 2050 K,

— Fe-S liquid across core Pand T = 1773 to 2123 K.

= Thus, any solid Fe-rich phase crystallizing from the S-bearing liquid should sink
within that liquid, leading to the snowing-core hypothesis (Fig. 3A).
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As core temperatures decrease: Wlth time, 1t 1S possuble that-aninner
Fe-Ni"core will form as, a metastable sed|mentary agglomerate of
sinking Fe-rich solids.

The liquid portion of the core will then become progressively enriched
in' S, until finally the core will complete its crystallization from a eutectic
liquid crystallizing both (Fe,Ni) and (Fe,Ni),S.

A (10-14 wt% S)
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Fig. 3. Cross section through Mars, illustrating two possible crystallization regimes for the martian
core. Solid (Fe,Ni), yellow; solid FesS, orange; liquid sulfide, red; mantle, blue; crust, black (not drawn
to scale). (A) Snowing-core hypothesis. (B) Sulfide inner-core hypothesis.



| core melts would have composmons on the S rich side of
the eutectic and' thus first crystallize an inner core of
(Fe,Ni);S
= (Fe,Ni)3S would remain at the center of the core because

— Fe,S density is 7.7-8.2 g/cm ° over the martian core pressure range,
between 1600 and 2100 K

— Fe-S I|qU|d with 10 wt % S has density 6.5-7.7 g/lcm®>
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= Removing (Fe,Ni),Sifrom the:liquid core willl'cause the residual liguid
compositions to evolve toward the high-pressure eutectic, finally
forming' a crystallizing outer martian core com-posed of (Fe,Ni)and
(Fe,N1)3S, with an inner core composed of (Fe,Ni); S.

A (10-14 wt% S)
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Fig. 3. Cross section through Mars, illustrating two possible crystallization regimes for the martian
core. Solid (Fe,Ni), yellow; solid FesS, orange; liquid sulfide, red; mantle, blue; crust, black (not drawn
to scale). (A) Snowing-core hypothesis. (B) Sulfide inner-core hypothesis.
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