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AbstractAbstract

DataData fromfrom experimentsexperiments performedperformed onon ironiron--sulfursulfur
andand ironiron--nickelnickel--sulfursulfur systemssystems indicateindicate thatthat
–– martianmartian corecore isis presentlypresently completelycompletely liquidliquid //before //before uptoupto

25 GPa Y. 25 GPa Y. FeiFei, C. , C. BertkaBertka, Science 308, 1120 (2005)., Science 308, 1120 (2005).

PPlanetarylanetary coolingcooling willwill leadlead toto corecore crystallizationcrystallization::
–– ironiron--richrich solidssolids nucleatenucleate inin thethe outerouter portionsportions ofof thethe corecore

andand sinksink towardtoward thethe centercenter,,
–– oror anan ironiron--sulfidesulfide phasephase crystallizescrystallizes toto formform a a solidsolid innerinner

corecore



The terrestrial planetsThe terrestrial planets

Mercury            Venus                               Earth    Mercury            Venus                               Earth    MarsMars



BBackgroundackground
Mars has a Mars has a metallic coremetallic core and a and a silicate mantle silicate mantle 
–– from density and the bulk chemistry of terrestrial planetsfrom density and the bulk chemistry of terrestrial planets

CCoreore composition:composition: FeFe ++ NiNi (8wt%)(8wt%) ++ SS(10.6(10.6--
16.2wt%)16.2wt%)
–– from from martianmartian meteoritemeteorite geochemistrygeochemistry..

Core radius:Core radius: 1,5201,520--1,840 km 1,840 km (Earth(Earth’’s: 3,488km)s: 3,488km)
–– from moment inertia and solar tidal deformationfrom moment inertia and solar tidal deformation

Planetary radius:Planetary radius: 3,390 km 3,390 km (Earth(Earth’’s: 6,378 km)s: 6,378 km)
CrustCrust thickness: thickness: 3030--80 km 80 km (Earth(Earth’’s: 5s: 5--70 km)70 km)
–– from Topography and gravity data collected by Mars from Topography and gravity data collected by Mars 

Global SurveyorGlobal Surveyor



MMartianartian corecore hashas beenbeen liquidliquid
throughoutthroughout itsits historyhistory

1.1. EvidenceEvidence forfor a a subsequentsubsequent shortshort--livedlived (<0.4 (<0.4 billionbillion yearsyears) ) martianmartian corecore
dynamodynamo aroundaround 3.75 3.75 billionbillion yearsyears agoago wouldwould furtherfurther strengthenstrengthen thethe
casecase forfor a a liquidliquid corecore, , becausebecause itit isis difficultdifficult toto produceproduce a a shortshort--livedlived
dynamodynamo withwith multiplemultiple episodesepisodes ifif thethe corecore startsstarts toto solidifysolidify..
–– Dynamo theory describes the process through which motion of a Dynamo theory describes the process through which motion of a 

conductive body in the presence of a magnetic field acts to regeconductive body in the presence of a magnetic field acts to regenerate nerate 
that magnetic field. This theory is used to explain the presencethat magnetic field. This theory is used to explain the presence of of 
anomalously longanomalously long--lived magnetic fields in astrophysical bodies. In such lived magnetic fields in astrophysical bodies. In such 
bodies, dynamo action depends on the presence of highly conductibodies, dynamo action depends on the presence of highly conducting ng 
fluids such as the Earth's liquid iron, outer core or the ionizefluids such as the Earth's liquid iron, outer core or the ionized gas of the d gas of the 
sunsun

2.2. MMeasurementseasurements ofof thethe solarsolar tidaltidal deformationdeformation ofof MarsMars,, obtainedobtained byby
analyzinganalyzing MarsMars GlobalGlobal SurveyorSurveyor radioradio trackingtracking datadata..

3.3. Comparison of Comparison of melting curves of melting curves of martianmartian corecore ((Fei, Bertka, Science, 
2005)// with the estimated with the estimated temperature profile (temperature profile (areothermareotherm) ) (Williams, (Williams, 
NimmoNimmo, Geolog, Geology, y, 2004).2004).



TheThe martianmartian mantlemantle isis solidsolid,,
–– becausebecause itsits temperaturetemperature isis lowerlower thanthan thethe mantlemantle solidus. solidus. TheThe

minimumminimum
The core is liquidThe core is liquid
–– becausebecause itsits temperaturetemperature isis higher than higher than meltingmelting temperaturetemperature inin thethe

FeFe--NiNi--SS systemsystem..

Y. Fei, C. Bertka, Science 308, 1120 (2005).

Core/mantle:
~23 GPa
1800 K

Center:
40 GPa
2200 K



Experimental procedureExperimental procedure
quench experimentsquench experiments

WalkerWalker--typetype, WC, 10/3.5 assembly, 23 GPa, WC, 10/3.5 assembly, 23 GPa

Split sphere oil bath, SD, 7/2, 40 GPa (500 Split sphere oil bath, SD, 7/2, 40 GPa (500 
bar oil pressure).bar oil pressure).

–– CrCr22OO33--doped doped MgOMgO pressure medium;pressure medium;
–– LaCrOLaCrO33 heater;heater;
–– WReWRe thermocouple through heater;thermocouple through heater;
–– RT pressure calibration RT pressure calibration ZnSZnS, , GaPGaP, , ZrZr



CalibrationCalibration



Starting materialsStarting materials

Fe + 6 wt% SFe + 6 wt% S
FeFe6464NiNi3636 (invar) + 6 wt% S(invar) + 6 wt% S

MgOMgO capsulecapsule



EEutecticutectic behaviorbehavior upup toto 40 GPa40 GPa..
AtAt 40 GPa 40 GPa eutecticeutectic atat 1520 K,1520 K,
–– whichwhich isis 800 K800 K lowerlower thanthan FeFe
–– 200 K200 K higherhigher thanthan atat 23 GPa23 GPa. . 

TheThe eutecticeutectic shiftedshifted fromfrom 16wt %S16wt %S atat 23 GPa23 GPa toto 12 12 wtwt %% atat 40 GPa40 GPa..

Results /Eutectic FeResults /Eutectic Fe--SS



Ni effect on eutecticNi effect on eutectic
NiNi loweredlowered thethe eutecticeutectic temperaturestemperatures atat bothboth 23 23 
andand 40 GPa 40 GPa byby ~125 K~125 K,,
–– WhichWhich widenswidens thethe liquidusliquidus looploop slightlyslightly byby increasingincreasing thethe

S S contentcontent ofof thethe eutecticeutectic meltmelt byby 1 1 wtwt %.%.



Ni effect on phase diagramNi effect on phase diagram
NiNi hahass nono effecteffect onon thethe phasesphases observedobserved oror
thethe eutecticeutectic naturenature ofof thethe systemsystem
NiNi appearsappears toto substitutesubstitute forfor FeFe inin allall phasesphases..



Sulfur Sulfur 
AssumingAssuming thatthat eutecticeutectic temperaturestemperatures varyvary linearlylinearly withwith NiNi contentcontent, a , a 
cosmochemicalcosmochemical abundanceabundance ofof NiNi (~8 (~8 wtwt %)%) willwill lowerlower thethe eutecticeutectic
temperaturetemperature byby ~30 K~30 K, , whichwhich thusthus hashas onlyonly a a minorminor effecteffect onon thethe S S 
contentcontent ofof thethe eutecticeutectic compositioncomposition..
TheThe solubilitysolubility ofof S S inin thethe solidsolid FeFe metalmetal phasephase increasesincreases withwith pressurepressure
toto 25 GPa25 GPa ((FeiFei et al., et al., EEPSL, PSL, 2001)2001). . HoweverHowever, , solubilitiessolubilities atat 23 23 andand 40 40 
GPa GPa inin ourour NiNi--bearingbearing samplessamples werewere similarsimilar (1.6 (1.6 andand 1.8 1.8 wtwt % S, % S, 
respectivelyrespectively).).



Discussion /state of coreDiscussion /state of core

Data indicate Data indicate a a completecomplete absenceabsence ofof
crystallizationcrystallization inin mostmost, , ifif notnot allall, , ofof thethe
presentpresent--dayday martianmartian corecore..



SubsequentSubsequent evolution of core evolution of core 
MarsMars continuescontinues toto coolcool, , andand thethe corecore willwill undoubtedlyundoubtedly
solidifysolidify inin thethe geologicalgeological futurefuture. . 

TheThe mechanismsmechanisms ofof corecore crystallizationcrystallization willwill dependdepend onon
–– thethe effecteffect ofof pressurepressure onon crystallizationcrystallization temperaturestemperatures inin thethe ((Fe,NiFe,Ni))--

S S systemsystem, , thethe correspondingcorresponding phasephase compositionscompositions,,
–– andand particularlyparticularly onon thethe bulkbulk S S concentrationconcentration ofof thethe martianmartian corecore. . 

EstimatesEstimates ofof SS contentscontents, , obtainedobtained byby comparingcomparing thethe
chemicalchemical compositionscompositions ofof martianmartian meteoritesmeteorites withwith thosethose ofof
otherother primitiveprimitive meteoritesmeteorites, , rangerange fromfrom 10.6 10.6 toto 16.2 16.2 wtwt %.%.





If S<14wt% (If S<14wt% (snowingsnowing--corecore
hypothesishypothesis ))

TThehe slopeslope ofof thethe liquidusliquidus temperaturetemperature asas a a functionfunction ofof pressurepressure isis negativenegative..
AAdiabaticdiabatic areothermareotherm mustmust havehave a a positivepositive temperaturetemperature--pressurepressure ((dTdT//dPdP) ) slopeslope
CCrystallizationrystallization ofof corecore meltsmelts atat thethe corecore//mantlemantle boundaryboundary..
γγ--FeFe isis denserdenser thanthan thethe coexistingcoexisting liquidliquid

–– 9.4 9.4 toto 10.5 g/cm10.5 g/cm33 acrossacross corecore PP atat T = T = 2050 K,2050 K,
–– FeFe--SS liquidliquid 6.9 6.9 toto 7.7 g/cm7.7 g/cm33 acrossacross corecore PP and T = and T = 1773 1773 toto 2123 K.2123 K.

ThusThus, , anyany solidsolid FeFe--richrich phasephase crystallizingcrystallizing fromfrom thethe SS--bearingbearing liquidliquid shouldshould sinksink
withinwithin thatthat liquidliquid,, leadingleading toto thethe snowingsnowing--corecore hypothesishypothesis ((FigFig. 3A).. 3A).



If S<14wt% (If S<14wt% (snowingsnowing--corecore
hypothesishypothesis ))

As As corecore temperaturestemperatures decreasedecrease withwith timetime,, itit isis possiblepossible thatthat anan innerinner
FeFe--NiNi corecore willwill formform asas a a metastablemetastable sedimentarysedimentary agglomerateagglomerate ofof
sinkingsinking FeFe--richrich solidssolids..
TheThe liquidliquid portionportion ofof thethe corecore willwill thenthen becomebecome progressivelyprogressively enrichedenriched
inin S, S, untiluntil finallyfinally thethe corecore willwill completecomplete itsits crystallizationcrystallization fromfrom a a eutecticeutectic
liquidliquid crystallizingcrystallizing bothboth ((Fe,NiFe,Ni) ) andand ((Fe,NiFe,Ni))33S.S.



If S>14wt% If S>14wt% 
CCrystallizationrystallization willwill firstfirst occuroccur atat highhigh pressurespressures. . martianmartian
corecore meltsmelts wouldwould havehave compositionscompositions onon thethe SS--richrich sideside ofof
thethe eutecticeutectic andand thusthus firstfirst crystallizecrystallize anan innerinner corecore ofof
((Fe,NiFe,Ni))33S.S.
((Fe,NiFe,Ni)3S )3S wouldwould remainremain atat thethe centercenter ofof thethe corecore becausebecause
–– FeFe33S S densitydensity is is 7.77.7--8.2 g/8.2 g/cmcm 33 overover thethe martianmartian corecore pressurepressure rangerange, , 

betweenbetween 1600 1600 andand 2100 K2100 K
–– FeFe--SS liquidliquid withwith 10 10 wtwt % S % S has density has density 6.56.5--7.7 g/cm7.7 g/cm33..



If S>14wt%If S>14wt%
RemovingRemoving ((Fe,NiFe,Ni))33S S fromfrom thethe liquidliquid corecore willwill causecause thethe residualresidual liquidliquid
compositionscompositions toto evolveevolve towardtoward thethe highhigh--pressurepressure eutecticeutectic, , finallyfinally
formingforming a a crystallizingcrystallizing outerouter martianmartian corecore comcom--posedposed ofof ((Fe,NiFe,Ni))andand
((Fe,NiFe,Ni)3S, )3S, withwith anan innerinner corecore composedcomposed ofof ((Fe,NiFe,Ni))33 S.S.
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