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Summary

Il nformation on the structure and ther mal r
pl anets is crucial for understanding their
processes. This can only be achinedvega®,o-howe
chemical observations using experi ment al S
evant conditions. I n this thesis constrain
tions within planetary i nt erproeasssnudhet @mgh t |
perature experimental approaches.

The first pexamionfe st hti hse;Osgomlkd 2irIriotpyerofcl Als e,
found as an -liintchlousspihoenr iicn dsiuabmonds, and expl
relationship can be used to interpret the
monds form. pAressuvuavwvoddilemght s were conduc
Mg &Fe@pOz3system at pressures between 15 and
2623 K. The refOuslotlsubridvietayl itnhapterAlcl ase i s
dependent , decreases with increasing press
is only minimally afTheaotmod yimya nH @i nmogdcedl ai tonagr, ¢
from this studiyndadindatéere tthaterAxobleéeéehesr op

cannot be greater than 0.5 mol. % under pre
wi || also go through a minimum at mantl e t
exclude a -miuenlbefremfo@éri cl ase i ndkd ufsrioms f
being formed in the transiti on -azdoinaeb atuincl.e s
This subset of inclusions |ikely formed ei!
of the | ower mantl e, but must havjeorfiotrymed ¢

of ferroperi cl a»©ec oint eelnd ssi otnhsath awoeu |l Al be co
mation in the transition zone at near sl ab

at higher t g0ggeetriavtiutrieess ivierAd | ow.

Chapier a®d experi mental investigation perfo



|l nSight mission on Mars in terms of the <co

Martian core. Understanding the influence
l iquid iron under high pressur e taenrdi ztiemgper ;
the composition of planetary cores, which
formed. I n this waberoeglkocti,tyn apdiesnsiftpP r

and-SFéiquids were conducted at puesswres u
2273 K, wusing ultras-bambernhtmef Bodmetang, at |
of angul adi apdrreaygg¥ fraction techniques.
and the density of solid FeS weeg et lmdrsmo-exp
dynamic modeling. By integrating these res
properties at ambient pressur e -caonnds itshtee nme |

t her modynami c -Freosd esly sftoerm twhaes Fdeevekwvpetd unde

to the Martian cor e. The results -wahnvde cat e
velocity of liquid Fe under Martian core coc
deficit in the Martian cor e, Hotwelveast s2@ hw

high sul fur <c¢concentwaatei ovnesl owa ulyd olfo we rq uti hde
cantly at the top of the Martian core, whi
the I nSight mission. This i ndri claitgeht teélad mesr
such as carbon or hydrogen, are most i kel
| arge density deficit whwavee nvaelnotcaiitnyi nign tthhe

cor e.

The |l ast part ohethisswockypetaeakesgprseusc-t ur e
sure sul fide phasS wihtihc ht hhes fpoortneunlta aHd y st
i nner core a4 ki tuinentsa.blres ahe ambi ent condi t
was solvedbBiughueg surea ysitradyl edi ffraction. The
with space group Pnsnhaar i-SogunpgHueas €s pfyoami edg e
seqmiccupied interstitial Fe site, which al/|

1. Measur emasntasndofc heoli cm¢ compositions con



i nsfe ncreases with temperaturegsSwmmpdparoachin
condictoinpprast i bl e wi t h t hosFeurafh etrh emeMasrutrieame nit
firmFg.&8B8as a higher density than the | iqui
consistent with estimates for the coreds s
core has so far not beeFe:Sdietreert eadgr @ twawlnd |
talize if temper(aNluor5)s K,aldt bteH e wc esrDtbéedrl o f

within the range of estimates for the temp:



Zusammenfassung

|l nf ormati onen ¢(ber die Struktur und die th
restrischen Pl aneten sind entscheidend f¢r
zierung und internen dynamischen Prozesse.
demogphysi kali sche und geochemi sche Beobach
suchungleaawiesMant er i ali en unter den entsprec
terpretiert werden. I n dieser Arbeit werder
im I nnerenewonduPlcdanden Einsatz mehrerer ne

druekd Temperatur methoden untersucht.

Il m ersten Teil dieser Axbei Fewi opgedilel &8 sumn
einem Mineral, das als Einschluss in subl it
wird untersucht, ob die sich daraus ergeber
raturen und Dr ¢cke, bei dewvenm weindlets avlea e n
Ei e ivon HddMuhMdmwdoxdkp er i ment en -We-@ke i m MgC
System bei Dr¢cken zwischen 15 und 50 GPa
gef ¢hrt . Die Ergeb@iidsd izakgen, | haePardike ah
turabh2ngig ist, mit zunehmendem Druck i nn:i
ni mmt und nur Hegamgé@abgeidomflcthhsst wird. T
sche Modellierungen unter Verwendung von D:
zeigen, @aGseshaddar vAhin FErédmpelr i Béasdem heuti
bati schen Manteltemper &4 usreenn nkiacbheti uhd®dhner a
Bedingungen in der Mantel ¢bergangszone ebel

Erkennt ni sasues ,s adhalsise darnee cReinh d-Eivmsocphelr¢i sksl eans,

die in natg¢grlichen Diamanten gefunden wur deé
es sei denn, die Temperatur@P@inesen Wmathd red r uvm
von Einschl ¢¢ssen bildete sich wahrscheinlic
oder @merdgdeszenteren Mantel s, muss sich al



Temperaturen gebil det hBibresichIDi eOptaivsit e@an FA
halte auf, die mit einer Bil dwgrmgerien ngden m-Db
me,di e dort i nner hB&I| bBhteerernsecrk &snunhkt deunz iaebretre na u c t

heren Temperaturen gebipOkAletti wiotrdteean sge mi, n gv ¢

Kapitel 5 ist eine experimentelle Untersuct
|l nSiMghlstsi on auf dem Mars im Hinblick auf di
el emente im Marskern. Das Verst?2ndnis des

tcbBen Eigenschaften von f Fwmsd i Tgemp eEri asteunr buend
gungen ist von entscheidender Bedeutung f ¢
zung planetarer Kerne, die der Schl ¢ssel z
sem Tekitl pwwuorjdee e i-Weel IBes bbwv auddn @@ k2iidhst e mes s ut
gen aumdFSEehmenl zbei Dr ¢cken bis zu 17,8 GPa
2273 K durchgef ¢ hirnt,e rwoebr eoi mell drm bédasticthioael el B e e r
und ei ne Kombi nuantEh e ndiv®me "M inkeen R° nt genbeuc
ken eingesetzt wurden. Die Schmel zkurve vo
den ebenfalls experimentel]l besti mmt, um d
l eichtern. Dur ch dbnrei slsnet engirtatl iotne rda teusred a tEeri
mi schen Eigenschaften bei Umgebungsdruck u
wurde ein selbstkonsistent esFetSlyertmaod yumda mirs
den f¢r den Marskern rel ewvakEtrgre bBe disregureg g
Schwef el sowohl d i-We IDIi ecrhgt ees cahl wsi nadu cghk ed ite VR I
untdem Bedi ndamgdeerrdesngert. Um das beobacht
Mar skern zu erklaaren% ®¢thwe feari|bdedhicthe ho h20 (
Schwefel konzentrat i-Waleitewmghdendj gddech dbae |
Fest arekringer n, vor allem im oberen Teil d e
den seismischen BebMbashoongteehtder DIi aSi daut e
neben Schwefel h°chstwahrscheinlich erhebl:i

Koh!| enocsdeorf f Wasser st of f erforderlich sind,

Vv



auszugleichen und gl eWehiGestchgvi chide gkaehdi mlmne

kern aufrechtzuerhalten.

I m | etzten Teil di eser Arbeit wird die er s
dr uSkl fi dphase FmeiStv odregre sRtoerlnietl, die unter de
i nneren Mar sker nsF pxSsthelnzg eebl un gsstbaebdiln g isrnge e
i st, wurde die Kri sdiatlacshtchEwhkctke -k tsg ddil I f e
beugung gel °st. Die Struktur ¢mietr adhéem Kau mg
ver buhRe®Quadr at pyrami den undwesgbenéapbaese
wodunehSd °chi ometrie von x=0 bis 1 variier:
der chemi schen Zusammenset zunFge:Shreistt 2deargen,
Temperatur zunimmt und sSuohedeBe8t Agbhhgmat |
die mit denen des inneren Marskerns kompat
daBg:ssei ne h°here Dichte hat als der fl ¢ssic
mit den Sch@atzungen f¢r die Schwefel konzen
innerer Mar ik erhn miaxcheg ewi esen werden konnt
inndgres&gFrKern kristallisieren w¢rde, wenn di
Mars unter 1960 (N105) KAbtshPtemngwas frgocii.i

peratur unter diesen Bedingungen | iegt.

VI
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1 Introduction

The terrestrial pl anets (Mercury, Venus, E ¢
in the inner part of tbeosdlngrl amre bruwlcak. awhdi
met al domi nat(eed. gc.o,mphcsDaniooungsh , and Yedg i 2 a kil
struanadhemiesstiii bit notable variations, part
Ear(tFh g.UndeX)st anding the formation and char
ets iIis fundament alaneo od norf a Beehl ns g &@mhe ori gi
bi detl lal Ri, g2D@&Br,i rhke) study of terrestrial

requimuwlstiadi sci plinary approach, encompass
modeling, geochemical and cosmochemical an
oids, and meteorites, as well as experiment

of thesarpl materials under the relevant co

Terrestrial

Planets ‘"

Mercury Venus Earth Mars

Planet Radius 2440 km 6052 km 6371 km 3390 km
Planet Mass 3.30x102°kg  4.87 x10%*kg  5.97 x 1024 kg 6.42 x 1022 kg

Distance to Star 0.387 AU 0.723AU 1.000 AU 1.523 AU

Fi gur€@hdr dcteristics of terrestrial pl anets in
t esMABA/-C®RILt ec h.

l.1Formation of Terrestri al Pl anet s
Pl anets form within protoplanetary disks, c
st &Wid | aa@sez 2 Mdt piedteldli. , WRIOIL&)only remnant
process r®Mm&irsmt am, tihrecreasingly detail ed as
circumstellar disks have significantly adyv
(Andrew et al ., DeODR ewAkdr.asv,20200®1;i fi ed by
ages released within the | ast 6 years from
Array (ALMA) . The ALMA i mages show protopl

young stars that often show substructures

[1]



gaps with | ower densities. They provide ev
as some of the observations are for stars
al ., 2020) .

|l nsi de the protoptlaneteastiyzmedd sdku, s tmial g g rrmeegt aetre

bl esdo, can groswi Zedndustcraomktieaoe particl es
and migrate toward the central strama-due to
tively, turbulence within the disk can | eac

than 100 km through the collectivpagfavita
ticles concentrated in | ocgilavedunrkyli emts, mi
(e.g., Johansen et al ., 2007).

Oligarchic growth

—
P®% © 0200 © PR— ° (]
C00°%g 50%°% ogock?%%‘;ggoo u — oS Sun
o
Do °
-~

% -~ -
Inward scattering

of CC bodies Planetary embryos ! \

o 3
%P0 go%%%%sgoo s Sun

Proto-Venus
Proto-Earth \

Figu2®erlrestri al pl anets growth through the mo
accretiC@nnf@@bfrates carbonaceous. (Modified from
Il n cl assical model s of planet formati on, o}
stanti al popul ation of pl anetesi mal s, t he

Maki no, 1993) and subsequent dAoligarchic g
triggeDbuwrding these stages, accretion is dor
t ween pairs of planetesi malos Malresadi migamnet atr
embr(yisga.) .1.1n t he final asst adge nfe bpll aarre tg afso |
from the protoplanetary disk, the eccentri
sulting in intersecting orbits and frequen

This chaotic phase, | asting tensi mgaaotid | i ol

[2]



bet ween protoplanetar-fobmidngsgi amutchi mpa dth,e

forming a small number of terrestrial pl an
bidelli et al., 2012, and references therei
100 —
So_Mg _____I:______ | || -
o si | |
RCT-To I S S o e e e i | i
2 Fe I [ p— = I —
L — 1 | 1 =
s 40t — .
s |
& o -
20 B
0 U] i S pewjen] jewjue) jesjee) jewpe) jowjoe) jewyen) jenje) el [segee) jeejee) [eejee) ey pe
92829928 "FEPEEE
3 2 3
=-:
2

Figu3k®ajlor el ements abundances of chondritic n

Sol ar System. Venus is excluded due to insuffi
Mc Donough and Yoshi zaki (2021) anbHicefteobences
More recently, the fApebble accretionod scen

ternative model for plaaggmbr Yy o mgpdoegnet swher
accreti ndgr isfutniwmag dpebbl es from the outer di s
( Or mel and Klahr, 2010; Lambrechts and Joh

cantly faster than planetesi mal a@areti on
pl anet cores (e.g., Lambrechts Whnd eJ mluanse
mecal models suggest that terrestrial ©pl ane
(Levison et al ., 2015b; Johansen et al , 2
chemical and cosmochemical perOd meomnt ievte sal (. ¢
202Mio;r bi del | et al , 2025) .

't 1 s wideltyra®ecd pniagdc ctpHeattee f $ om mat er i al s
tions similar tdprcihmintdirvd iandneuredirfiftersent i a

during the earliestiMcDamgawghh SutPled m@@8bar Sy
O6Nedd14; FMytsit]l 220nld6hi s i s supported by the
el enceonmtposi ti on of ¢Waosnsdorni ta ncd, nikdad & @&hm el yens

not identical to any( kee 8hi e.kolmaelty meesembl
tdn sol ar phot osphereds ¢ ompOxdsNietiildn ,aasnrdd Ptah a
199Mc Donoaungdh SunThe 9@5yersity in the compos

[3]



pl anets may result from variations -in their

accretion processes, such as <collisional e
l2Composition and Té&mpmarmatlwere of Ea

The composition of t Hheasbuwblelensicloincdtreai Bardt h

i cal met hods. A repr edamwtdetli wea ogpxasmml e yi sRi
(197 whi ch, based on petrological constrali
wel | with geophysical observations (Dzi ewo
mantl e and, to some extent, the upper part
l rieunal ., 2010) . However, as Earth is dif
whet her the chemical ¢ d mpadsi tcioonmss i sft etnh e wli d
upper omaretl,e i s aligned widrmemaiensclassulr] gq
active debate (e.g., Il rifune et al ., 2010;

Mur akami eltn adddi t2i02mM )t.o t he pyrolitic mode
an Mg/ Si rati o in dshiegnliowecranmdryt [leo wefr -+ h.s
model 6s ratio of ~1.2 and condgihatvental wiot h
been suggestedi cTmeseldhwmwmwe sdppsr oé t he e

properties of | ower mantle mineral s, whi ch
observed seismic profiles of the | ower man
202DhHhi.s controversy stems primarily from th
of acoustic velocities Iin mameseume namaeal Bi
temper @&t)urceon(drP ti ons, as well as across the
t hneant | e. Resolving hédimsexquessive eepgel r @msn
the elastic properties of | ower mantl e min:
As il lustrated in Fig. 1.4, the pyrolitic n

of ~60%Mg -Fie@l i vi ne pmeéssusehpgoghymorphs, w
with depth. The remai ni nogftlciompmpidpgx @me pr i m
thopyr(openend garnet, withi gairenentajporradries sci
increasing with depth until al | pyroxenes &
(Ringwoaod ThMa9,&Ble)i ngwbodakda oddwn dgmani te an
ropericlase at approxi matel ysei3"dndsf@qgnitciomu € s
ity (lto and Takahashi, 1989; |l shii et al .,

formation of garnet into bridgmanite up to

[4]



2023). The | ower mantl e i-ang-bamair nGg y Mg 8 imp o

bridgmanite, ~20% (Fe, Mganod-bf@earrriofpgp eGacSias e,
ovs kDatvee maoilnet he | ower most | ower mantl e, b
t he -ppeorsotv ski te phase, which has been propo
(Murakami et al., 2004; Oganov and Ono, 20/

suggesthCGathiao!|l ubiblrii tdy mamir e@as es ,wiptot emrtd sad U n
el i mi nhBeaivnegma i tthe deep | ower Imlant he I Kwere
mantl e has a chondritic composition (Murakeé
than that of the pyrolitic model, the prop
onlig0%, and the | ower mantl e dvpomd rdi tbe (pMu -m:
rakami et al ., 2024).

Depth Pressure Phase proportions (%)
L!Q;?qr_l\[l?r_n_le _________ 20 40 60 80
410km\.-=""""" = """ 14 Gpa opx
660 km 23 Gpa 2 olivine opx low-Ca
garnet L
600
Lower Mantle
1000
2890 km 9/135 Gpa E 1400 2 2
: % £ s §
Outer Core \\ o o bridgmanite >
\ S 18001 £ a
BN 2
\.
\\
\ 2200
5150 km \\
X
2600
\\, post-perovskite
6371km Y360 Gpa
Figur®ehd . sttructure and mineral assemblages of
are based on the pyrolitiomi aem@adsiatsisemdll amede Ir

from I rifune and Tsuchiya (2007).

The chemical ®BdEpamsaiitnisom dfoptibce of debat e,

perature within Earthoés interior is also h
Earthdés deep interior temperature i S not pc
met hodse. of the most effective methods to e:
determine the adiabatic temperature profil
constitue(nkatmiumrer aelts al . .,Th20 1ald;i pKeattadtuwrrae e m2 (
gradient with depth can be expressed as:

[3]
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gy QY
Qa 0

whelresher mal egQRpamgitshaaeviitywti onall asceéeleenpatiad

and i s itshoebari c btatheamaoeiiphk wabambl age.

O for ceoancsht i t ueah méeneedér minedchVyofimeing |

measurembng9phbeansndr et eanmpde rlBRHydheex pé€r i ment s i nt

seddnsi stent theBmbedyondmi @ecthoééRODgaw. Once

the temperaturesaabbhéhmaedt deps hadisabatic

file can be derived.

(a) T T T T I
40
- - - Katsura, 2022

-1

Thermal expansivity (10 K')
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N
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o
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1
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520 km
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o
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(b) 2800 T T T T T

2600

N
S
o
o
T
1

N

N

O

o
T

{110 km

520 km

N\ 660 km
L

Temperature (K)

2000 |-
1800 | / -

1800 | | Katsura, 2022

1 1
0 500 1000 1500 2000 2500 3000
Depth (km)

Fi gurE&hdr mal expansivity (a) a@h) tihe ,alde amant Ic.
determi ned 20y 2Hat sur a

Katsura et al. (2010) aemp&abasura (R202BE @&
mic discontinuity (D410) as a fixed referer

D410 is widely acceptwaddloeyrietseul gh asreo nt rtahne

[6]



the pressure at D410 is known, the temper a
experimentally determined phase diagrams (

sivity and the adiabatic temperature gradi

(2®), are illustrated in Fig. 1.65.

While the adiabatic temperature profile pr
at a given dept h, i nclusions in natur al di
| ocali zed temperature conditions in the de
thermometry met hods, which involve measur.i
trapped in diamonds, ‘ceampédreadpueeat uajtect aey
entrapment | ikely occurred (Angel et al .,

ments in natural dtehe opest ctammon ncypasi ohsi

in proposed subl (i Wahlotseprh eagdtmagldir@mB@@ 8 )cr i t i C
sights into the pressure andheempeaet bheodsete
perature distribution is nonuni f ovanm of t en
KekanW | soAa®23)hot maolppetplsamesard®2di) amond
i ncl woiugmievi de uni que constraints on these

1.3Recent Advances i nntUnmdieamlamasndi ngs

Foll owing Earth, Mars is the second most e
tem, owing to the achievements of numerous
which continue to advéaedanxertdtalnder202bddi R
et al ., 2020.; Cloinapnl eentesnptbintneg?sOi2ble)s ¢ sy st emat i
of Marti ams meert gootrtiitteess, nakhlites, and chas
SNC metcechhapd esValedabl e constraints on Mar s
lutieoWt.nlaed Drel®gg; Sanl oup etYoalhi,zak999,;
andcDonou@b20; KhaMars a&ifferd22hom Earth i
ti m(bguphas and ,Poamdnaaolke mi2@4d Ikc)oamidesiigd.o,tomp
Yoshi zaki and )McPoggaghingOfBhat it accrete
tion of planetesimals and/ or pebliCloens and u
parative studies of Earth and Mars, theref.
tions and evolutionary processes of the te

System.

During the periodsefsimnhc s ofbrboens vMA Svoonsk ,| ntSh e

[7]



mi sshavwe significantly enhaentcerdi owufrs Mt 1t a
Based on the seismic constraints, the thick
to be atbhettwgkiemand&nhapkuwEg@reun al .T,he2 d2alt)a.

have also revealed a very whvekvkel obhosphseri

upper mantl e, i ndicating a distinct ther ma
2021) .

Further more, seismic measur ewmn®&wneg svdlavei tdye t
the Martian core (St@hler et al., 2021; I\
ment in | i gh®6 .elMondeentss a(sFsiugmi nlgp a (Fomogeneo
l17a) i nde cdaitegrheant content of the core to be
2021; l rving et al ., 2023; Samuell et al .,
incorporated into the models (Samuel Fetg. al
17b, the resulting density deficit is smal./|

hi gher tih@a% ¢ $itei mdt ed for Earthés core (e.c

<

9.5 . | ' | | |
9.0 | ]
| gokupets etal, 207147)’ B
85 | quid Fe (DO ets 7 A -
Liquid Fe \-7 7
& sk —
~ 7o density deficit _
,‘é
8 70} -
” [E?’S] ——Martian core————1
N /uf--:jszs]#_;‘ = :
[ 2] -
6.0 == -
5.5 ) : ‘ | | | |
20 = - " |

Pressure (GPa)

Figur €ompémwmifsdarme density model s of Martian col
under et bperaensts ur es. (1 23: lrving et al ., 2023;
al ., 2023).
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Figurlenttleffnal structure and physical propertie
ity) of itnteerMaaryt iMondel wi thout a basal magma | a

rating a BML. Data adapted from Samuel et al

From cosmochemical andSigeodhemi cahsperes pec:
l'ight el ement in the Martian cor ,C al ongsi
ande(g., W2anke and Dreibus, 1994, Sanl oup
and McDonqQqu®&h,an2 @2T0ha!l enr2€C€22Znent of S i n th
primarily supported by the observation of
fact that Mars appears more enriched i n mod
(eg., W2nke and Dreibus, 1994) , and sul fur ¢

erate high pressure and temperature condi't
mantle differenti aWeothon fetMaals. ,(e2®@09; R3¢
Steeasand van Westrenen, 2018). If the eff
Pwave velocity ofHT icgouniddi tiiroonns uanrdee rs yHsPt e ma t
through experi ment al and theoretical studi

Matri an cor e coul d be deHewmvaed € R p egrri emaet

[9]



measurements of |l iquids under such condi ti
i cant uncertainties and nAddibtlieo da lslcyr,e pwahnicli
retical cal cul ations often show good agree
the-HAHPconditions relevant to Earthos cor e,
l iquid Fe aliTogonat ttilmens|l pgweamni Remne (e.wghe |
et al ., 2008 ;-NeNMamgd ren ,an2l0 1S3 )e.i nTreese <chall en:q
ter pretation of seismic data, emphasizing t
the elasticrpcbpkergued-Ha@fFicepsi aomadars. HP

(a)2000 T T T T T T T
1800
<
~ 1600
g
2
© 1400
()
£
S 1200 + B
}_
1000 Fe + FeS "
800 1 1 1 1 1 1 1
) 0 5 10 15 20 25 30 35
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Fe.,, S 9
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g 2000
)
é 1800 L -
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[} | FeS+L |
S 10 Fe;S + Fey.S,
S ., e s
— 1400 Fe,S + Fe,S gwsz : =
""""""""" , H Fe;.S, +Fes || Fe,S
1200 Fe + Fe,S | FesS + Fey,,S, ! B
1 1 1! 1 1! 1 1 b
0 5 10 15 20 25 30 35
(c) T T T T T T T (-L‘ a
2400 -
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g 2200 -
(9]
5 2000 | -
® !
© L. o 4
- 1800 —_— L 9 Fe,S |
)
= 1600 |- Fo,S+L 4 )
""""""""""""""""""""""""" S
aiio | Fe +Fe,S ? i A
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0 5 10 15 20 25 30 35
Fe S (Wt.%) FeS

FigurkRhds@&.di agrams and st aFbelSe ssyusltfeienbe féad s @cet ur
diagram at 1 Wat dameddPél £adn fHead®htas)e. d(im)grRen at
GPa, modi fied fromd&RBphaste aldd@R@md@Eti edcfr om
Stewdartal7).(dOeg9et al structure models of- FeS V (

M¢l I er et al ., -MgOREeyr enhdaFe, S20BA@¢h The cryst
mai ns unkimdvincat esc)Brqwnhndand ¢ell ow spheres in
and S atoms, respectively.
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Anot her unresolved question in Martian <cor
inner core. While no direct geophysical evi
of a solid Martian inner core, thiezapobsenbil
regi mes can be evaluated usimcdg théomasl t  Asg
Sis the primary | i ght -Fed S neenltt iimg tphhea sV rdii aa
1.8) provide a framework for s.i,muHaeait ietg dava
2000; Stewafmbhpet emahliigahl 230 c’o)n.t ent 1 n t he Mar
that Fe sulfide phases-rdathl &icdcdfey Sotfmétlihieiz mFge |
phase diagram remains incomplete under Mar't

relationschnregeo8thavedbeaear the top of t

al ., 2000¢0retbbendeepons remain unexplored.
Fe(Fei ®29DPAlstable abowvesollie GParys$takssiar L
gaps hinder precise modeling of Martian col
further experiment al research.

This thesis aims to provide new constraint
restrial pl anetary interiors wusing multipl
constrain the temperature of Eart hdés mant |
Mg & e@bOssystem under high pressures to ana
found in natur al di amonds that are propose
tionally, it integ*rHalt eesx pregs uretns afl r ame t vhaordisaq |
ul acus oon the Martian coredbs composition an
resul Ss siywmit Etm r ecendb geroypatpie BIABSAds | nSi ght

si on.
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2 Method

The | arge volume press (LVP) and diamond at
generatinpgresature bogditions that simul ate

etary (Inte®retdBrassls g2 M@0OW7L,VP canwelrlovd daer act er
and shallow thermal rgtadiegepty | arge sampl e
cubic mill ilmptoertsanitd ysi 2¢. al so enabl es a t

tem with an appropri at edoewepresrri, md rhtea lp reessssaim

tion capability of the LVP is somewhat | im

—
-

aditi-@amail |l mu@kdeémp lgaire sand Rrerceesntt, aadlviai)c e me |

i ng Hirmekeert ungsten carbide (WC) anvils with
this capacity( Kwmiaobooendab65, GRgl1l6evhil £hipir eet-
sures exceeding 100 GPa have been achievedc
polycrystalline (da manmaldia( BP0 &ty itlhese adv
ments, high absorption of electromagnetic
and the | imited angular access, restrict s

guently,r ppwdieftf XacX-raypy ( XRDY gypapghy |y usin
chr odowmce wheinteer goyrr mhongéhdally » eams, remai n t h
X-r awased met hods for char(@Shemr iandc gWasngmp | 2e0s

Il n contrast, the DAC cafudeamerieattsdadp.rae s20lr 6e;
Dubr oveitnsa&kly, ,eR®@m@passing the pressure ranc
and simulating conditions found within gial
of diamond anvilsddcomssnarhreddtrsafygc 51 bime
enabl es the nuAQG itpdtesrpipneehttr e characteri zat
(Shen and. Mdot aBOyY6)recenprassaneestHemglsei ar
ray di ff rxaR0D)i onmsi(nS,C DACs have made this tec
for characterizing mater i &)u bsrtorvuecnBukraeisa un d e
brovjn2Ry 8B8pwever, although temperatures ufy
through | aser (Pewaethgali,n, stadre®@!839AsC t ypically
significant temperheaetadread gri eadnoaf &)nivn Tlaicsed 4
gradient can | ead to substanti &I ncagnmp osi t i c

Hi rod€,) c200mpl i cating the attainment of ther

I n this study, a wasmpd,emieend ebrrayg i anpgp rnoual cthi p | e

[12]



to analyze the same sysBetwhmhihhvemtdiohfiér eamtd
vancedanwilltiteetenmpoweged to investigate equ
tions in materials under conditions anal og
Addi ti omiatld ys y-manh e a4 mwint i t echni ques i n conj
trasonic i nt-eaimleenmndne Xalys o rBeteiron, ammd the C,
combi ni-mghdareglieeggr si ve structudwemuanal ysi s
|l i 20d examilmaes tti lwreitch dfi gue ds under pl anetar)
ther mompe eslsiugle single crystawexXd@bDdmeasdr en

foll owiiggmpl e synthesis via |l aser heating.

21Hi gh Pr es s ulreempaenrdatHirgeh Experi ment s

Mul-danvi | Press

2111 n si taunvMull tEX p8y m oanle rBeetarn@da i ne s

Synchrotron radiation generates extremely
energy range anlc hswianrgpeOrdl8 riexctowvc¢trys when r
el ectrons arecacpalddr btyedagGheacalgrcatfi @eh dsadi :

facilities banl pr adamegelbkragnsXt hat penetrate
blies -amvimuldxper i nmeeinmtasn,i temrd nlgi noff dsmmampl e ¢
including pressur e, temperatureguptdase ass

hi@9hessur e eanmpde rhaitgur e condi ti ons.

Al t hough dHWotpeesaeyvglyiX f-KRD}) i andi( EPgt €i ve X

ray diffX&D)i can( ABsiapp-bmeldd i e x p XrRiDment s,

is the primaryetezhh®M0jgueShesrdarfdtWwang, 201:
isitu-amuwlidi experiments is showiKRDnokFieg. 2.
ADXRD in conventi omallvidy necxhpreoatirnerXtRdu litnicl ud
provides informati o-§ aad rn@sss ca HRdd,erdv hrtiaanhgAdD
i s congytrtahieneldi nbi t ed openi nrgagypraglue dweagtso e
carbide anvils; (2) the phe&tRDN ifsl umucdf gtrleaa
than that of the monoc-KRDmatesubeamgrequhr
sity; aXBDprdviHEs a cleaner sample signal

the -ammmVil assembl vy, as the measurement ar e:

t hrough the use of a collimator and receiyv

[13]



from the surrounding pressure medium (Fig.

(a)

incident slits

= X-ray camera

P
white beam X-ray

collimator

Kawai Cell receivim Ge-ssD

(b) (c)
Cr,0,-MgO octahedron gauge volume

incident beam

pyrophyllite gaskets )
d/ﬁracted
beam

Figur &cBefmatic repgietsie-ammli i ioexpériments conduc
chrotron( @&xpmlriiment asli tsue t XuRDafwonrdaidi ogr aphi ¢ i mq
hi gh pressures and temperatures.-aNoié¢é: prleessskaea
omitted (bdpr Cohdrguyati on of the Kawai <cell wuse
ume f-XRDEMBDeasurements.

Il n the presietni-amyluidiyexpeari mentasemsmayg sync
techniques were conducted at beamline P61B
|l ine PSICHE at SOLEIL (Henry et al ., 2022)
et al9.),. ZIGeavmlul pir es sa xaits PporkéBs ¥i,s( das t6Br s i x i
pendently controlled rams used to compress
Farla et al ., 2022). The presses at PSI CHE
Osutgy p ®HA pe) ampd-egpbki gui de bl ocks, respect
2022; Wang lent aall. ,e x2p0er% )ment s, hydraulic fo
ple assemblies via Kawai cell s, which consi
cated corners directed toward the sample a
t he descrligpgdsiofnisc atnidoick Dadcmubilities, refer t
Keppler amd. Frost (200

Sample temperatures were monitoredDusing t|
thermocouple. When the thermocouple failed

powteemperature relations determined from s

[14]



were assessed byekbtbmpaltumgstbe pnessure st
EDXRD, with the equations of state (EOSs) ¢
tuSemple positioning in directions perpend
X-ray i1 maging, based on absorption contrast
direction, the press was scanned along the
singl from the sample was strongesteand int
was minimized. Taking into account factors
sample, temperature fluctuations during ex
ume of pressure marker s, and the accuracy
certainties in temperature and pressure we

0.5 GPa, respectively.
2121 n housanvMul tBExperi ments

Compl ement asriy ut s ytnlcdamiori 1 o xpled G sne-aamsl, t i n
vi l facilities offer e€@daiseami agcexpefromendsn
chrotron beamtime is gener &ahl y hli smistt sl ya n d

anvi l presses at the Bayerisches Geoinstit

i zedhdwge imuns. Pressures during t-hese exp
al i brat édr @3 ®wrse | roaldat i o nisdin pof,-i prdessesdwWroen t
hse transitions or changes in mixing behayv

c
p
cali brations were compl emeipredshyecompati ®d
established durdamgi s$yecgpeoi ment mulkcbinduct ed
0

f nmaunlvtiil press and guide Dbl ocks.

For -swamalMiti experiments at presamviels pmpedDe s
equi pped-spwhehespguitde blocks (Hymag and Sun
brations described by Keppler2a and Fheste 2
peri ment-dgpead CMMg@ octahedral pressure medi
(OEL = 10 mm) was compressed using eight tL
from Hawedia) with truncation edgethengt hs

pressurnmeenrtesquiFrod hi gher pressures, ranging
the -I1RIBress equi ptpyewe wg uihd e nb|Oscukgi (I shi i

assemblies with OEL/TEL ratios of 7 mm/ 3 m
Fuj i Die Complbyed) foerexeeri ments at 27 GP

[13]



(I shii et al . )7 .20R®r ttha exparli.memn2t0lat 50
cel l assembly was used intapepyedcTiI&01wt uh
carbide anvils (Fuji Di e Co. Ltd. ), calibr

sure calibratli@bspusesed hoer shemhRized in F
T T
24+ Split-sphere 773, BG standard
// > Tt
4 = 5\%‘\&\‘
22 // /\g‘%v,b\ 4
—_ 4 7z
< 4 7
=¥ y s
S0t ’ P il
P /
7] / /
5}  10/5, BGI standard
18 b P 1
’ ‘-
/ / oy 2
7/ /
16F 7 Vi g |
/ /y
/ /7y
/
14 L L
200 400 600 800
Laod (ton)

Figur@r@sure calibrations f@amveéeXxpemiemesretss eqarn
withseppkere modul es at BGI. Ad®pted from Keppl e

70 | | |
Osugi-type i}
A
60 s ,c\‘ct\‘y\“
- = %7501, P
. -3'_1':\ 5,1

50 e |
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Figur@®res8ure calibrations foranexiperpirmemst swidd
Osutgype modlu3) 4t RBGI (I'shii et al , 2016; I s hi
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22Determination of Elastic Properti

Pressure

Due to therdmng&k worfddronign | i quid structures
determined by measuring | attice parameters
|l enges in measuring the el asti c rptreoipretriteses
and notable discrepancies in the |iteratur
Fe meitah | iquids, thissswbukmempbdgedntdcapen,;
Ssimultaneously -atvisiynbbkbwant ¢ 0 » eunmodieitrt i keisg h

pressur e eampde rhaitqur e condi ti ons were measur e
ometry method, while |iquid -dembeéetti eme wikeo e

andr Xy diffraction.
221 Pwawel oocftlki quids measured by ultrasc

Ther e war enai n met hodst rfacsro ng ecr fwoarvnei nvgel oci t vy
t he phasemebDRpidgrd ésnoanl and 1l BB)hpaulosveer | ap met
(padatkiasl ., 19s7i4mp | iDaiet t ooft hckeat a anal ysi s
(idg et aN®eit 2a02t0he2 anh)s,eoverwayp eanapglhoyded i

this study to perform ultrasonic measur eme|

Experimental hutch Control hutch

Oscilloscope g

L
=

8

— |
o 3 . | trigger

2\2{0&1 ggncralor

Fiug24 Schematic illustration of the wultrasonic
tron beamline.

Figdild.ustrates the ultrasonic interferomet
at beamline P61B, PETRA 111 ( N®r i et al ., 2
A similar wultrasonic interferomeouyesfyatem
ciyliaand was temporarily installed at beaml:i

[17]



t heThe. ul tirnaseanfiecy ememr gonsi sts of a Li NbO

an arbitrary waveform generator, and a dig
cables. Additional details about the ultrasc
in the review2M®y. Jing et al. (2

During measurements, the arbitrary wavefor,

pul ses of a fixed frequency to the transduc

compressional and/ or shear waves, WW&hi ch ar e
anvil and the buffer rod (BR). Refdections
includi sgmphe BRterfdaekamd tphea toeefm@Pge i nt
recorded by the dibgital oscilloscope (Fig.

Figur&8cBematic illustrationtbfoughpabeshcgiave
assembly during ultrasomBiRc diembeémrefern dime thbruyf f ree a s
i ndicates tRye, b&®wde pplestears. t he Ii-BhDR,esHRnpée, of t |
and s-Bmplreespectivel vy, where the ultrasonic wa:

contrasts.

The arbitrary waveform generators used at
Trueform 33622A, Tektroni x AFG3152C, and T

tively. The digital oscilloscopes used at
at BGI ,i XTeaewsSto6odn at P61B, and Tekdemnar &t eMSIOb
gitudi nal waves along the heri gchut olfi NtblOe

[18]



transducers were attached to the backside ¢
fabricated into 2.5 mm -iomci8 dnmanletaenmre,t ed0 d(
Li NbO wafers (Yamaju Ceramics)Thwesitnmganas-pi
ducers used at this study have a relativel
frequencies between 45 MHz to 75 MHz.

The travel times through the samples at e
Echofinder software (N®r.i et al ., 20214) , 8
with the known sample | engths. During the ¢

i t oirnedssitmgayX radi ography, which relied on t
t heriFeh samples and the backing plate (BP)

W electrode

AlLO,

Mo electrode

Figurds@emblieanviolr expéii mentasdu8BDiDg fuaGrmaOes
Standanmd ak@embly with a LBh€Cudde éxpeamimmentsed ok
assembly with a BDD furnace, developed in this

experiments.

Mai ntaining | iquids wirtelsismu rteheanmudarpestwldhee uaar
ditions, while preserving a regular shape
chall ewgeei mePocity measurements of | iquid
novel assembly for wultrasonic infeg6faer omet
bordomped diamond (BDD) furnace was wused in
pl oyed LacCr O heat i ne oallseemeenxtpse ra melnd yse d Tfha
naces utiidigtddy nwearhe commercially availab
chemical vapor depositi®Bet(E€EWHRYdneah eds a( &
Co., TheduseBDD fCW¥Dnaces provided a stable
pl es under high pressurreasy amaa sfuarcd ha ntast edu

higha¥ transparency of BDD (Shatskiy et al

[19]



the rigid structure of the BDD furnace mini

thereby i mproving the precision of sampl e |

To further minimize sample -pebdoesns¢d osanchpl
were used to reduce the porosity of the st:
Fe sampl es, 1 mm diameter Fe wires with 98¢
doubi de polished into thebdadarsiimgddgamgpliead,r if
bl ocks were d@¢.ntT héGRa zanmnd a1 0@y PSKH ndx=irngpre sEi
then machined into the desired cylindrical

222 Bedrambert Met hod

The -Bambert method is a widely wused techni
di sordered samples under high pressur e, b a
raayt t enw@dn omkht apygma 19t93g!1 .Sanl oup et al .,
Shen, S2@6aMmakRD17,; HenDwretngala. . meza®h2e2 smaenpt e
with a newalril nsdhriagp@asl|l s c aXrmaey Biamg the radi al
recti oM. ( Bastehde2d4Bzemlrer,t h & ade n sfiittyt ecda nf rboem t |

absorpprtoifoin e:
Cw OAGPD "awn 7 a4 w P

whewes the position al ©Omqun®ahe &ahsoimpti dmenp
transmitted beam i'ntsenshiet ineass,s raebsspoercpttiivoen yc
the dendaiist yt,henldengt W hef stulba c2éaatr rpead fhon d

to the sample and the surrounAdsi nd |ausssternabtl!eyd

Fig 2.7b., the |l ength of the beam path can

aw ¢ i W W ¢
wherkes the radiasddadfs tthhee asmamgtdeaptafon pr of i |
Il n the conventi onallanabpepriti claatw ounn doefr thhieg hB eper
chr omataiyc bXam i s tnyapsi sc aal bl syo rupstéido. o fTchted £f 5 @ me
pl e can either be calhybabsedpbyomeasut hegst

state, where the density is known, or dete
di scussed in Chapter mha$ifetheigsesefbtamat wa

[20]



over a monochr omat-arcvible aenx g ermri merstts .mul t i

(b)

X-ray

Sample

front view fop view

Fiug2i.Schematic of the sample geometrlyarh-or dens
bert | aw, showing (a) the xtleontesgi etveapds{b) on
scan profile relativei s othdesampmliadi odit ¢ d,et domc

sample thickness along the beam pat h.

In this study, we employed a recently devel
utilizes a polychromator placed in the beal

met hod i nvol vesXRieapatrtienrgn tchfe tElDe pol ychr o1

periclase or rutile) wusing a Ge detector, v
At a specific position in the scanning pro
each energy is proportional to trhoemaitmtrensi
at the same energy, which corresponds to t
absorbed by the sample. As the Ge detector
fraction peaks from the polychr omaploe , t hi
absorption profiles spanning energies from

at t he beamline PSI CHE

This method offers sever al advarmmayagteesc h-Fir
ni ques that rely on a white beam, such as
l owing multiple measur e menotl ss atnop | kee  pAardfi d ri
ally, the simultaneous collection of multi
dataset, which can reduce anal fFtorcalensmdegr |
measurements in this stupiyeswer asaXds@®& mbeéwl y
wi ahCBDD furnace and sintered samples, inc

as those applied for ultrasonic assemblies

[21]



W electrode

Figuréadmi & ssembly with a BDD fur mada, deesiigrye
measurement s-Lasmbergtt met Bedr

223 Xray Diffraction on Liquids

Al t hough | igaindge ladlkrlongfferent | iquids
tuder®e to chemioaoshtromdisngwhich are reflect
signals of tBgiguXRDipatieehy. anal yzing t he
both structur al i nformation and densities

measur &Jme migs vari ous static and dynamic com

and density of | iquids have bee(mEgnearsturetd
al ., 2002; MorRrewiettt al2022,01Morard et al
of fering cruci al i nsights into the physica

interiors.

I n this study, XBDImgasuse wemtes pefr fioe med s
some of the wultrasohambentemkasomementandt
beamline, wutiliualamgd tddaesqgemisiinved samgctur al
refinement ( CAB®AR) ett&Kdheni, guleDU5 2 WYy2la CAE-
SAR acquisitio&«RD @peerniras aofe &donlglleecst ewdi taht

fine increments (typically |l ess than 0.5A)
detec mounted on a rotation stage. As the
fracted beams remained aligned at a fixed

tinuously adjusted t o maA nttdaanme nasni oonpatli nkinzeer
Angllemt ensity dataset was generated from eac
at edanlgl2 corres-fBBPdsedetdbram, E®Bnd each det
fectively serveHdRBsspddimdmi ®yal AD

[22]



ThEAESAIRt a coll ection covers the maxi mum &
angl e odnwvai Imudrtass, enabling the acquisitio
sible range of Ot(het©EHiDe(iseg EogparRedO) .
to convenangh&XRBPbmet hods, which coblect sp
angles, the CAESAR met hod geTnheirsa treesd uan dhaingch

facilitates efficient background subtracti
et al ., 2022). By applying the data treatm
di ffuse scattering profiltaiwndgd ddiorenatl liy ef

CAESAR dataset without requiring additional
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5
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Fiugz2Q Exampl e of XRD measurement results on a |

FeS |liquid at 4 .(8b)GPNoramad i z2&M3 sK.atterQ ng inter
Markers in different col ordsanign egisg atdee mbatsd r@ao i |
sistency in diffraction intensity.

An iterative analytical procedure is then

from the diffuse scattering data (Kapl ow et
2041, enabling the deterS@)nanhdonhefratdeabt dli
funcd(r) Based Kmo-dohdéor man nor(khrao-gaati dDN6;
Normamrn 3he) struicgd udefifred oas
. |"'00 B'O O 0@ 06Q0

50 o

wh e iQa s the atomic form fagQ®mB OFO constitu

0@ BB Q0 OQ0 (Mis the atomic ryQitslme of ntl
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scattering signaBOfriomshdes smmei estchaetdi ncoh

tering signals from the sampl e

25 T T T T T T g T

QA

Energy(keV)

Figur éec @t 1 &r iQags vae cftuonrc twii da rh d fh eeplea agpaltr ¢ oUG r

2danglTbe. valdaergl ethnd@rceat ed abave each solid | ine
The pananent eébre expressed as

“woon B "O O 6‘Qc')li")

c8

Whereis the averagle dendihtey maar dnautmh é&vtad ru-e o
i ng VvTehcet odri st r i b@it a otdh & urnacdii a@ln digé)t rdaaddmut i on

be defined by a‘'YbBourier transform of

G .

"Oi — 0 Yo pOEﬁ‘l’QG ™ 1" i " Cd
o "Oi ™7 "
1
.[H‘rl ” Ca)
wher es difsrtoamm ctehaet comdigi 8 t he is the atomic
functi.on of
lts assumed t hat no atoms are | ocated at d
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s heFlolm. 1 1, whieries the mini mum di st:tance fro
"Oi ™ v ¢
and

Qi L1 ca

An iterative pr deddeuive,i@s, @mplanydad utro ng
thaOt exhibits minimal-i oegifrbbatienatiant peot

cludes when ..tfheendtoildm wisygmi ni mi zed:
o1 ot Qi &

whe®©es the distriBKuhiionhefanicomn®n after

Il n the presentAmotr pdBmue seditecas of t ¥ARLE) was USE
t he0 dat a-rdfchFd i quids. Fol IMowiangd &lh.e (e3Q 1 4n):
the wuncertainty of the density determined

atom/ nwmhich corred¥ponds to 0.3 g/ cm

23Single Crystal Structure Deter min
Cel | af-Heat Lager

Recent advanpemsesusagiysithmyygi f frac®uon tech
brovi apBwab rmaow,i n2hfkidlvBe made it iwotttuener yotalku
structurnes-Gasgbi Dend grains shebahedi dedmbndaa
cel I-DACH apr éaisghhre conditions. This technic
for investigating materials umdenr st h@aext rc
|l arly for synthetic phases whose csystal st
sure. In thispsesdyrcewsitmgeé &ihifghacti on to
crystal strucpuressoafreai nowelsuliimglbadphase,
hi@ohessur & eammpde rhaitqur e condi ti ons in a DAC,

tained upon decompression to ambient condi:
2311 n situ sampl e demnttleas iDI amoinmdg Alnass é r

Gemuality diamond anvil s are transparent

[23]



wavelengths, enabling interaantiamambDdlClhatrwe en
ious typByg albhsdilgihng thileattinlpragyghft He sckiramd
and are focugé&dgonr. tithedm s esrmgotlputrees of t he or d
of Kelvins (cMinndgBdaasrsce 8 BAEd4de2009) .

Depending on the sampl e'lsi gahbts a rhgetnif cara meemhor p e
(1 R) | aser (wavelength = 1.064 Om) or a Cf
sel ect ed (Sfadraentaetat Ampge B hBad ceatt oal .. , 1 20203 c -

tice,|l R dhnaeimammonl|ly used to hedbtamengl bipaqple
or dgeminsparent minermgldeaf emwhed ef ar ClDeatl iasgr

parent @omee@ilsnt hyas mdetRurdhaegsaetri ng syst ems we

|l i zed to heat i r onThseutnfle adrea ssear mpclaens bien fDbAQiss
size ranging from a few micrometefAn-to tens:t
zel AamBhoc ceatt oal ., , m2KWi2KYg it advantageous for

small heating area. Thi$eiad i pagr teixewelramleyntse
megabar pressures, wher e (Buhber sweilmpsalkey. si 26 2123
However, the smalhelad atsoe rs tsepeopt stse nrpeearcahtiunrge ug
to hundreds of kelvins per micKamaddr i n b

Nugen2D08pt alebeael20dAB.,The2dhd)r odust ded of d
| aser heating and the optimization of ener
reduce temper atuAG egxrpaedE i anmetmsd cnéeal Kla p e nk a

et al., 2008)

I n thispaettlaly,eertthien@at gs i ®mba BSRR{FKluipre @ k 0

et al ., 2@ 1 2a;1 .2Arpar@iohlors)s e-h é atsiem g BsG/sHe-m at
dotenko et asabed DACO)eHpwWda enend -ty pBXAO a -
mond anvi l cel | (DAC) (Kantor et al ., 2012

each with a culet diameter of 256t ylme. The
tungsten (BarebdlteeeaalstepatpsOO04)de a rel atively |

angl etrBaskor med poorly crystalline iron s
anvi l presst,hewesrtearud indg awspe-sey fitaHn mat ee dal
withdleesired ceompua<ist itdhre correct chemical CC

ity of the materi-ahkbawetdthaneabe wmhnobhei ase
reproduci ble eXpersamptebdbmpesrebpeEei nto pel

a thickness of approximately 10 Om before

[26]



t he-ipdented Re gasket. KCI or helium were |

ma | insulation |l ay®kr, as illustrated in Fi.

The samples were heated to temperatures ab
sures to promote crystal grain growth. Temj

pl e
reached, the samples were maintained at th

s thermal-bodydiapgpronxitmat@i gneyOmee t he t

being quenched to room temperature.

diamond anvil
laser

- pressure medium

Re gasket

laser . .
diamond anvil

Figurechemhmati c of t he s anhpdat ecdo nDA Q@ uerxap e roinme mt
232 Single Crystal Data Coddrecittiiomnsainder

The wavel-rays hi 9fcXmparable to the interatc«
of a crystalline -say ileaMmMhiemt eama anled swvlietntka | tXh
periodic strarcytwutrel ,0ft hme sdrnygd teal produces a
spots. These spots result fromragmsstmgwuwti v
erned by (Becgm.g'wmilt@®weach spot correspondi ng

t al pl anes.
¢Qi Q¢ &—_ ¢pm

whefQes the distance, bk$ waknbgel ec rbyesttwael e np Itahnee si
X-rays and t h,e icsr ytshtealwapvled reensgenids oa n yt hien theegaen

number

Typical mineral struoubbusesdprofilucei querdr ed:!
tively forming a diffraction pathtkdrtnhatEach
indicate its position within the pattern.
Fourier transform relationship to the crys-

sequentl vy, by correctly fittoifngt hteh ediMiflrlaecrt

[27]



spots, the crystal structure can be determ

Al t hough data coll ection and procegstalb ar
XRD has more advantages with respect to po\

reflections from specific cdiymdmdil omga la pdii fcf

tion pattern which allows to a more accur a
nati on. I n contrast, powder XRD patterns ¢

ping aftspaicverg &val ues, which can cause ambi

in resolving complex structures.

The |l imited opening angle in a DAC often c
be obstructed by the WC seat or the DAC boc
LHDAC are t ytpoi assbl ye ®m These fcagtsdrad ma kel is

onucsh sampl elsowsean) saomuricre nearly i mpossi bl e
brilliant andrdy wbeadmsaigeomnrmedundetrihadt i on sy nch
tron facilities offer signi fFRicasnttl yad v aret ahg
engrgay beams available at synchrotron fac
reciprocal space and minimum absorption fr

chrotrmray Keams can be focuse®miop aompaeabbi

i n sihzee sttoudti ed sampl es, which minimizes o

around the crystallite of interest (i.e. d

precise structur al analysis of these tiny
(a)

DAC \J\ ‘
J
Detector
Figur &8§CRRD2experi ment in a DAC. (a) Schematic
(b) Opening angle i n aiDed,s iomitchhe idsi al mommidt eadn vbi
geometry of the WC seat in DAC.
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Il n this tchegsital XiRMDgleexperi ments were perfo
tiorkayX Di ffraction and( Garalga rign cdbeetatmd alne, | 2
ESRFhe measur emermntys wavyed eamamgt X of 0.4100
approxiimsOmdiny ti ally, a 2D powder XRD map w

size of 2 Om by scanning the sample stage (

was performed to | ocate phases of interest
i dentSiGKRPdgdata coll ection was carried out

| ar r3a0nAg et o(-3#4300 A oor+34A, depending on the D
DAC was mounted on a motor i zeydaxgaoniwinient earn
increment fetepdaboh ThefBi siigl ieorr ystal XRD da

cess is illustrated in Fig. 2.12.
233 Data Redu&itnigolne aGirdy st al Structure Ref

Depending on the grain sXRER dbdt ddhet saomlpll ecst,
t he -Heasteed samples may contain up to hundr ¢
in Fi3g.ef2f.elct i vel-gr diom {8 Bnrgd essmenad |.T,0 2RI 2)

form -singlt al structure analysi s, it i s ess

the full dat aset

Fi gur eEx2a.nmpld .eXPO dSa a for Fe sulfide alinl a DAC
reflections showhnb)i nA rceccmairm cafl &P)maciered e xFeed s ul
usi ng tphreog®mHAiandukal/ Dat2a02)ksualized with Crys/

[29]



Sev e
dat
DAF
ma i
| at
ma t
wi t
was
i bl
B G
By k

Af t
(Do
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r el

ral crystallographic softwar e -garpapilni cat i
a, including GrainSpdSQreaas(eSeclh.miadad 1 2)0 1
i (Asl andukov et al ., 2022) , al | of whi
ns. Unl i ke GrainSpotter and I mageD11, wi
tice parameter s, DAFI can -@xir$irmg diomfao
ion about the crystal structure. This m
bmpl etely unknown phases or unfamiliar
chosen to process the data for separat.
e wit-brybtabidgtae reduction software t hsg
CrysAlMosr ePrdoe)t ai | s about t hebedaftoau nrde diunc t
ova (2015) .

er data reduction of the selected domai
| omanov et al ., 2002y ytsa asoldae aandersefiit
orientations and reflection coverage O
tures showed strong consistency with ea
iability of the structural solution and
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3 Synopsis

This chapter summarizes the results and I m
in Chapters 4 to 6. Chapter 4 presents sys
ferropericlase under conditions ciozegdkspond
through a thermodynamic model, these resul
ferropericlase inclusions found in diamond
used to determine temper at tpres samdn ttexmppea ri art
Chapter 5 focuses onFe¢e&el ieduisdgshc ppaeesanrtei a
high temp-elf.atuhre reHPul t s reveal t hat sul furl
Pwave velocity of I|iquid Fe undeS |Magrutiidasn c
al one cannot account for seismic observat.i
the firtstucactryrsea arlefspnemsunt e o$ wlks hidahp eaxs e,
pl ores the potenti al crystallithatsieorexpegi m

ment al findings.
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32Al umina in ferropericlase in Eart

The majority of natural di aonmoatdesnia@ pleiatrhad ©p
mantl e, however, a rare subset of are consi
tions in the sublithospheric mantkd bpWalter
the miner al i nclusions found in these diam

ospheric origin being the minerals majorit

can potentially provide unique cveadmmaece f o
sition within the deep mantle. To extract
spheric diamonds, however, studies need to

pressure dependent el ement partytaosingleA
mi ner al is generally preserved in the diam
ity as the inclusion formed or | ast equildi

|l i kely to have high activitiasing tbesmaat/

on the solubility of the el ement within thi
activity my change from this upper | imiting
it is stildl possible tohenteclpuseitomrd eimenor

clude certain sets of formation conditions.

I n this study, we poerdsctaed mal espiees meht &i
Mg APOssystem bet ween 15 and 50 GPa and at t
termine theXOsioln upedi ¢clyasod Am t he stability
(Sp), corunduvAOs(mOar ¥, etdhé uMgvi gi tOec gIL-dw) ph
cium ferrite (CEs:caphaisem taindamate MgBT) phas
that :hel Abi | ity in per i edlegseen diesnts torveenrg Ityh et
t i onnvsesiti gated, being, for exampl e, < 0.5 7
2623 K at 23 .)GPaCo(nsveeea skepDgs.,0 | puedriil d It ays ee xAli bi t
ative rel ati oBxspherp ime MJOKE g @eBsysteem show t he
FeO magladif letcth el ubnl f eyropericl ase.
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Fiug3® T.he sol ufiilni tpyeroifclAddse as a function of pr
peri ment al results at 15 GPa (a), 19 GPa (b),
with the thermodynamic model established in th
t he aitneddi ccoexi sting phases at the denoted pres

rived in this study.

Based on these experimental results, we bu
i cl a®s oAlubi |l i t-ACsaand hiBgWMOsy st em up to 40

This model i's use@comt emtvesaofi gheer oper iIAd| a
served in natwural diamonds,-twmipeh atvtanmry wprt
al ong which particular inclusions formed c
sumed wWwietalmi Alg mi ner aldi a@nmomd. Al ttehren asta mee |
mum posHOicolng et in ferropericlase €an be d
temperature profilb@camdenths|l usabnexweed ®AhO
excluded from those conditions. To obtain

formed for peri cl arsiec hc opehxa ssetsi nsgp iwi et lh, tghaer nAe
(FB92 The calculations x0z-cdointeanéstcannfoer be
than 0.5 mol. % under present day adiabatic
i mumaaitt Il transition zone condithohsrropes
iclase inclusions (fWaulntde ri ne tnfaatbum,ab 2 0d& 8a) nfoonrdn

the transition zone, -adilaekast ite.mplehias ug elss awmt
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|l i kely formed either at the base of the up
must have formed at near adiabatic temper a

sions, 20dcraomd eMmlt s t hat are consistent with f

near sl ab temperatures, but coul d 2@t i || h a\
activities were | ow.
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AlOsconcentr at i-0ip@ 0y ytshee MMgc@ e x i s-abwmmgd avim t hmimo e 1t a |

stable in the mantl e at diff er eniOsCFe ppthhass,e,i . e.
along a typical adi abati c maniOtcco ntceermpterraattiuorne . i
naturally formed ferropericlase inclusions fou

33 nfl uence of Sul fur on the EI ast.

Cor e

Recent geophysical observations, particul a
have revealed the (St%kl orf )atmealia,ovd GRxIdc di

constraidwhyveoneltloei Py at t h(el rtvoipn g aett alf. |t |

Geophysical model s based on seismic observe
tian core is significantly | ower than that
temperatur(8t Tlbohei teonsal . , 202 1et larly.i,n g2 0e2t3

Khan et) alHowewveRn, iwheecwomrdtorcaityedtPthe to
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core remains comparab(l evimg tédtatalof, p2a023; i

2023Khan et lafl .t,he 0&f3f)ect s of | ight el ement
andwaPve velocity of liquid iron under high
atically constrained by experimental and ¢t

Martiaanceprevcde strong evidence for the c

early differentiation and evolution proces:
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Fee5 wt. % S (bl ue datrteeyd sood ri de sc)u,r veersd ,FaeRspect |

I n this study, we have usednuXndaysmetiltod fn,t ¢
i ndependently and simultaneously, to deter
Fe&S |l iquidBTunidec!l tH®i nvwga vdee nvse pt ayc iBtypyd c (@WYWnb i ni n
experiment al constraints on solid phase de
member thermodynamic data at ambient presst

we have develcomesd sdad emdw t heelrfmo dyen& ms s tmeord e |

[37]



applicable to the conditions of the Martia
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tudi nal velocity, and temperature profiles cal

of 2090 K at 19 GPa (PO), compared with profil
sume no basal magma | aymat (68MLJumdartyhe( Mad:t i &a

2023) . Panels (b)), (d), and (f) are calcul ated
GPa and are compared with profiles based on 1In
of a BML at the MBIl okt Malts, (8DP23; SK23: Khan ¢
green, Dblue, and red curves indicate compositi

wt. % S, and Fe with 30 wt.% S, respectively.

OQur results indicate that sulfur | owers bot
under Martian c3®)r.e Twmnalddduwmts f(dri gt.he obser
the Martian core, at |l east 20 wt. % sul fur
concentrationswawe | dell owwietry t dfhfe IPi qui d Fe, |
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top of the Martian cor e, which conflicts v
mi ss(iFobng. MBhi4g9 i ndicates that significant p
most | i kely carbon or hydrogen, are requir
sity deficit while maintaining the apparen

tian core.
34Crystal sHAeamandrieto®ofstability in

Due to the similarity between estimahnhes of
sul fide eutectic composition at core condit
are too high for Mar s tdoe nhsaivtey aenshtieinneaetreesc ofrc
however, appear consistent with sulfur con
position, |l eading to the possi bipriesgutrtbkat

iron sulfide phase. Bel ow-FpiSessstaesaiafplar o
binary eutectic system, and FeS V is the o
theri&h side. Beyond 14 GPa, howe¥elS, t he

system becomes more complex, andemermgean,ge of

incl udin o eeF,e any, Femch appearprnegstsemmdeer spe

per acdaumpeosi t i o(nFecionedti taaloon,s 2000; ZurWkno-ws K i
derstanding the crystal sptrreuscstuurree ss ua nfd ddee np
critical for understanding the status and

Il n this study, wePHdexigeaircitman tas ,s ea ngmldonwoifng n
andseku characterization techniques to inv:i
phase rel afe@nsyshempbeddEenmge ysiglag! &i ffrac-
ti onXRB)C fol-bowungyuwuhhesnser heating in a ¢
120 GPa, we ideoaotifdedsaronewufFe, which bas
crystallographic sist:Ss,Thiiss bsetsywacdeausgar,a yeidt
Pnma, consi ssthsarofSh gsogruear edggr ami ds and one
interstisgdarealgh) F&8 whiitcdh (@l | ows the stoichi ome
1. Phases previously synthesiZenddeusnder si m
(with an undetermined crystal striwdattwres),
HRPHTpowderayX di ffraction measufaewmeht beaml|l a ng
(FigcoBfirmedsgitshatheFa her modgasaemi eraetShey &Feab

system. Although a Martian inner core has |
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phase r el atFieoSh ss yfsotre ni hien didiecnanteer tchoarte am uH ed ¢
lize I f temperatures at Mars's center drop

mains within the estimated range of curren

FigurBhe8.$truct usrnBds mbated r re{fRiB=ce Tohye SbCui | di ng bl
Fe:sconsi st -Sofp yfrawmri diseoaicdl paSeal estegndih e dr on .

Therystallization of a sulfide inner <core
dynamo, as the residual |l iquid would be ric

base of the outer coreTha ndetbedti ingn cdife ma cMd

core through further geophysical observat.i
would provide critical constraints on the
Martian core. Moreoveirnndrhec cerxd svacwledc | igrip lay
cool Martian interior, which would be incor
|l ayer on top of the CMB. Conversely, i f an
Fe:smel ting temperature would provide a | ow:

ter of Mar s .
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Figurén3E®BXRD patterns collected in a synchr o

Fe85S15 starting material conducted at approxi
The grey, dark yellow, black, violet,anadnd red
Fe.ssrefl ections, respectively. The minor peaks
to be residual from FeS IV and those marked by
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Abstract

A seriepreodsudaaghmul experi ments w&prG conduc
system between 15 and 50 GPa and at temper
sol ubApOsitny periclase in the stability field
MgAOs modi fied |l udwigiuealpbhiasm, f eéhei tMgAphas
Mg ADscal ci um titansad @l phhialsiet y Tihe @gér i cl ase i
tudependent over the condition@&sohubstiggt ¢
exhibits a negative relationship with pres
in ferropenr:sbbhebi shobwe#&l that are near ide
within experiment al uncertainties. A simpl
nificant | iterature on ambient pre@sure me:
solubility up te 4Ge@Pa.o Thvescmbddmitsi dfhef ¢
ropericlase inclusions observed in natur al
Pr estsaimmger ature curves along which particul
if equilibrium cheabien@smiumeda lwditdmadhd. i n
Alternatively, t $Oec omatxe mtu m np ofsesrirbol pee rAilc| as e
for a certammematessargr of i bBcamdentne | ulsaton
ceed this curve camonndiet iexms udea dhbtoan n howeh

calcul ations are perfor medifcdr ppersiecsl aspda nce

net, bridgman®stal andmt her MgAk phase. The c:
periclase, and by Msédemtteacts feamopterbel gse
mol . % under present day adiabatic mantl e t

mantl e transition zone condithohserrdpesi ek:
clusions found i nbeaangrfadr decdmomdshér bmans
temperatur-adi weanéeisupdhis subset of incl usi
base of the upper mantle or the top of the

adi abatic tempeonéatdireesopEhe cma@Geninheyhtusi on

that would be consistent with formation in
but could still have beenO:dotrimeidt iae s hwghe r |
Keywopésiclase alumina solubility; | ower r

temperatur e

[58]



4.1 1

nNtroducti on
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cting interior (Stachel, 200hsiWalter
nds can potentially provide informati
n the nat urbee aorfi ntgh emendoi buinh ef rcoamn bwohni ¢ h t

et al ., 2019; Thomson et al . he2016) .
common type of i nclusion found in proc
used to identify them as originating
n et al., 2005). Ferropericlase is, m
ulk of the | ower mantle (lrifune and
s of some ferropericlase inclusions,

buted to an origin in the ddephlidgwer |
t eMp hmaret iFtei oni ng, or interaction betyv
, 2005; Kaminsky, 2012). Other studi
form as a result of eithear ercatrd omalt ti
2002; Brey et al., 2004; Thomson et
epth in the mantl e. Diverse origins o
d by recent studies (ONi3mi,s tehtataldet e2C

all ographic orientation relationships
host s. Speci fic C@Rschwefreer roobpseerri ved da scen
tially implying a distatnica osryingyiem eftarc

wi fclo nlt ewers FEedat di splay random CORs.

ilizing elastic geobarometry, where r e
trapped in diamonds, it has been pos

sions have formation pressur2e0sl9r;angi n:

la et al ., 2023a) . Stuecnp ear aft)euadenrsn (g1 e p
whi ch entrapment |l i kely occurred (An
res a complementary method in nrder t

ti onal -ttherrmometrroyneassyess ments (e. g. ,

dition to FeO and MgO, there are a nui

e inclusions, the concentration of wh i
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conditions. FMEF ei mrsatta noc eo,f tfheer rFogper i cl ase ¢
been used as an indicator of the redox con
Wirth et al ., 2014, Kami nsky et al ., 2015,
One possibihcbypos aOimhati oottdARl structure of
which occurs vi2as\tahG, cwhneproen eVrat i (sAla cati on
1992), might reveal i nf ormati ome oenf fthet £ of
changing coxXdintcioonpsorart i MIn may al so be of
AbOshas already been shown to have a marked
erties, such as electrical conductivity an
1980, Van Or man et al ., 2003, 2009; Ammann
ampl e he presencexOorfaijsuesst t0Oh.eldrindotfle 6 fAAdnMg ns @l
iclase by 1 to 2 orders of magnitude at 25

Ferropericlase inclusi ons0fcaumace nitnr art d townrsa |
range up to 0.35 mol. %, although the maj ol
an order of magnitude | ower than ti s ( Walt

concentration may proviGkacitnivot matatowhowoht |
sions formed. Al though it i sOsadtfifvictuy tduroi r
formati on, a maximum | imit can be deter min
AbOs-bearing phase, such as spl neképernrdegmayn ed f
ferropeiswllaube |Alty should all ow formation
which particular ferrop@rcioalcasnerianadnsi ¢ mhs
this upper | imit. Alternatively, Opac-may be
tivity from the groegammge phfasersqgQp suedh @c (.
growth zone of the diamond.

Phase rel at i-bsss yisn etmhéraMgObeen intensivel)
pressure under varying temperatures (e.g.,
Mor i, 1982, Zienert and Fabrichnaya, 2013)
wi t O3, Alwhi ch is T dependent. Auspianalratt loea

peri cdOacsoentPhelnt reaches a value of approxi ma
and Fabrichnaya, 2013) . However, eQdrrently
in periclase remadamd Tu.n elxnp |aodrdeidt iack®@s- htiog hs pPi n
rich phases which can coexist wi-Al©Os pericl a
system under high P a2z off usnamudn t(iLa nus,, 1i9n7csl;
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et al ., 1999; lrifune et al ., -2t0r0gt uKrog d t
Mg A0s( CF) phase (lrifune et al., 1991; Akao
MgAPOsphase with a modified ludwigite (I dw)
Kojitani et al .0sc20&0um &rdrane MGBT) phase
2006). The f or maptrieosns:0grrfd od rp loause sh iQgihl | al t
activity within the system adding éurther

solubility behaviour.

Il n this study, we haR eampdlrHmaglhteaidl ae xspariieme n
within-ARsyMg@m, reaching pressures up to

ubil i tOyi mfpeArli cl ase to | ower maxpéei memids t i
wecoenductedMg@bd:begsFem at 21 GPa and up to
the potential 1 nfl uen# nofnaRe® adn ftelhrer ospoelruk
on the experiment al results Oswenegnal uat eon
in ferropericlase in the sTubflartnmaotsipohne rciocn dmz
of ferropericlase inclusions found in natu

42Materials and Met hods

For experiments -AtOsdwuscttend, i mi X thweradlieg Oavig O e a g
andOgplowders with grain sizes of ~ 1 Om wer
with M@GoAlr ratios of 6:1 and 12:1 were ¢

mortar for around 1 hour to ensure the mix:

then dried overnight and stored in-an oven
pressu-aaevimembt i es . Forexpempimemeée st amyestiga
fect oft hEe®®&lbdmubility in ferropericlase, (N

mol . % (Fp80) and 40 mol . % (Fp60) FeO were
gegt ad@akhd MgO-Qgaas OO xing furnace at 1100
fugacity two | og -maagnneatuibted pwoxnegemalgatiee.
ered Fp80 and Fp60 pell et sOwenr ea gmwod uanrd raantd
6:1. An Fp90 composition was produced fron
mi xed 6:20. wWAppmhr o i wmat &l smet al l ic 1 ron with &

was mi xed with the resulting starting mat e!

We useedanmuiulltipresses-swihtelm eeigtuhere oIl spki t( Hy
Osutgype gui del5hl amaak t(hleRIB&ayeri sches Geoinsti
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bet ween3 1GPa -addGRAa, respectively. The met't

cali brations for the Hymag press ameé begscr
l shii et al . ( 21051 6A0:@MDA O WM@PpO® ddhteaHe&kdrSon wi
edge |l ength (OEL = 10 mm) was wused with ei
mm truncation edge |l engths (TEL = 4 mm, HaCc
bet ween 15 and 23 GPa and 7cermhrm/ 3asmmmbnhdeS.
mm/ 1.5 mm (FO5 cubes from Fuj. Di e Co. Lt d.
respectivel y. For an experiment at 50 GPa,
wi th eightt aupletrreadh aTrJdASO011A t uFg$ i ei earCmi. dd t a
cali brated by Ishii et al. (2019).

Il n each exper-Al@esnyts tienm,t heex cMgpQ runs 11193 a

ing material wast¢pO@c@nm) aserat ttho nt Daylraot (j t
t hermocouple (TC), to minimize the differe
temperatur es, given the | arge temperature
(e.g., van Westrermment iedn awas a&@PO@I3i)ed Ntoo ctolre
to account for a possible pressure effect.
adacent t-APOinhiextMg@® for a separate purpose
study. As shown in Fig. 4. 1a0O:;samel mat eveir &l
the MgQOs@ared amli c compoenrmtsseatbl tyhe whiigh do
fore, introduce contamination into the sam
contact with the centre of the rhenium fur:r
t he t emptehreatfuurrenacfe. I|I-51i muerr HG 2MPO taulse mwi t
di ametaemd 1.2 inner diameter was filled wit
cylindrigt@adnéaa€r Ol n this case only the samg
the TC junction is repoWMdg@®dOssyForemxpehe mea

sules werehombhdedehs & op@ilt whreysst avli Itihn & . 21 mm
hol es-AbOMg G-ADY) FAREY andABms@@rting materi al
placed in each of the hol es. Thermocoupl es
FegAO3system as a comparison i s-Abxde with

sampl e.

After compression tor thlkkemniauvmgetut oacde wasg ac
sample to the desii2r6e2d3 tKe)mp eSraantpul reess wWelr7e7 3h e a
1 to 1200 min,-Tdepeddt ngnen bkeeoPe quenchir
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by switching off the heating power and dec

were embedded in epoxy resin and then grou
i shing cloths, wutilizing increasingly finet
Thexperi mental phase assembl ages were char:

croscope (SEM, LEO:rtn3@Md -rpanyvddeirimiXca ot omet er
AXS D8 Discover ) -deignuei npspieedntaali éshodlaitde evioo r , us
KUr adi aturcae ©peratedcAat THO &NemnhdabOOomposi
run products were then82@@neéel écedomnspngba
|l yzer (EPMA) operating at 15 kV and 15 nA.
used as staeasawdse peaanfygrmed with a focuse
Om diameter. Simulations on the influence ¢
AbOsri ch phase on the Al concentration in p
NEPMA computer gmdgSalmv gtL,] ov®t7). The effec
gible, as it contributes < 0.016 wt. % to t|
Om away from the ¢xmiaohbphadar ysod saump Al e me
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Tabl €x$peli ment al

Condi

ti

ons and

Res

ul t s

EPMA Measurements on Periclase (wt'6)

Normalized compositions (mol.%)

n

ter ms

Run No. Pressure Temperature Dur(_':ttion Coexisting phasés
(GPa) (K) (min) MgO FeO Al20Os Total N MgO FeO Al203

H5431b 15 1773 (50) 760 Per, Sp 99.8(5) n.d. 09(2) 100.8(3) 11 99.63(10) 0.00(0)  0.37(10)

H5424b 15 2073 (50) 30 Per, Sp 96.1(3) 05(1) 34(2 1000(2) 5 98.33(14) 0.30(8)  1.37(8)

H5482b 19 1773 (50) 20 Per, Cor 99.1(3) 0.0() 05(1) 9963 6 99.79(4) 0.01(1) 0.21(4)

H5490b 19 1773 (50) 10 Per, Cor 99.7(8) 0.0(0) 06(1) 1003(8) 6 99.78(3) 0.01(0) 0.22(3)

H5492b 19 2073 (50) 20 Per, Cor 975() 0.0() 25(2) 1000(3) 7 98.98(2) 0.02(2) 1.00(8)

H5495 19 2273 (50) 5 Per,Cor 934(@8) 0.0(0) 7.1(7) 1006(5) 11 97.06(29) 0.01(1)  2.93(29)

H5310b 23 1923 (50) 360 Per, Cor 999(5) 0.0 1.1(1) 101.0(5) 14 99.55(4) 0.01(1) 0.45(4)

H5306 23 2073 (50) 180 Per, Cor 98.2(7) 0.0(0) 25(1) 1007(6) 5 99.01(3) 0.01(0) 0.98(4)

H529¢ 23 2273 (50) 120 Per, Cor, (Ldw) 947(3) 0.0() 54(2 1001(5) 3 97.79(9)  0.02(1)  2.19(9)

11421c 27 1973 (50) 10 Per, Cor 99.2(@38) 0.0() 09(1) 1001(3) 12 99.64(4) 0.01(1) 0.34(4)

H5420b 23 2373 (50) 15 Per, Ldw 930(7) 09(7) 6.6(4) 1006(4) 9 96.72(53) 0.55(39) 2.73(15)

H5435b 23 2400 (50) 5 Per, Ldw 90.1(6) 0.1() 83(3) 985(7) 15 96.42(13) 0.06(2) 3.52(12)

H5317b 23 2623 (50) 3 Per, Ldw 847(6) 0.4(1) 156(7) 100.7(6) 9 9297 (31) 0.27(6) 6.76 (32)

H5359b 23 2623 (50) 1 Per, Ldw 85.4(6) 0.0(0) 15.0(7) 100.4(4) 9 9348(31) 0.01(1) 6.51(31)

H5345b 23 2623 (50) 1 Per, Ldw 869(®) 00(0) 141() 101.0(6) 13 93.97(25) 0.01(1) 6.02(25)

11401b 27 1973(50) 10 Per, CF 100.5(3) 0.0(0) 0.8(1) 101.2(2) 11 99.70(4) 0.01(1) 0.29(4)

11412¢ 27 2123 (50) 5 Per, CF 996(4) 00() 11(1) 1007(3) 16 99.54(5) 0.01(1) 045(4)

11255 27 2200 (50) 120 Per, CF 97.9(7) n.d. 26(1) 100.5(6) 16 98.96(6) 0.00(0) 1.04(6)

11193 33 2000 (50) 1200 Per, CF 96.6(4) 0.0() 04(1) 97.0(13) 9 99.81(6) 0.02(3) 0.17(4)

11415 33 2300 (50) 10 Per, CF 98.1(5) 0.1(2 18(1) 1000(5 11 99.23(13) 0.06(2) 0.71(4)

11420 50 2000 (50) 20 Per, CT 100.4(4) 0.0(0) 0.4(0) 100.8(3) 13 99.85(2) 0.01(0) 0.15(4)
Not#®#dbbreviations: Per, pericl asfddspBpseswi hbl a God,j fceduhdadmw] gL de,.GMguctur e;
CT, calcium ti t:@.RTahtreau npblearsse ianf pMgAIint heses are one standard deviati on
of ERMAI Yswesun H5299, the TC broke at 2223 K, and t-hempenatutempelratiuoe ¢R2
The coexisting phases are Per and Sp near the tT&€r, rbaugi drheo fL dtwh e haasssee mbInydi ca't
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431 Phase assembl ages-Al@Gtensi émedxpar it men

TC insulation
(ALLO;)

MgO - Al,O, mixture
(Per — Cor)

MgO Capsule (for other sample)
200 um S um
ESoesal TS

10 pm
=

5 pum 5 um

Fi gurRadksdcattering electron images of-recover e
AOsmi xture was placed around t herddheumeocaoupd mb l(
The assembly was recovered from 23 GPa and 1972
the -M@Oni xture | ocated directly under the TC hc
assemblage periclase (Per) and corundum (Cor) .
recovered from 15 GPa andglpgeéBi KLAAMeAAGdd) Mg ( d)
with a modified ludwigite structure (Ldw) reco
Coexisting periclase and caleciowm rfedr rfirtoen Rh’a sGd
2200 K (l11255). (f) Coexisting pebsietaseradd c.
from 50 GPa and 2000 K (11420).

The experiment al conditions and run produc
typical experi ment al samples are shown in
AOsf rom the surrounding assembly into the s
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runs contained peri@dfrasé pbasest whgcwi t hea
AbOsactivity. As stated, i fMAblppampbé was pkpe
around the TC junction and a secondary samrg
used for another purpose. This dseamandagry s
and diffusion of FeO resulte-AdpOgsnamplneos, amao

which reached val.u®eswti n%tihre framrges @dmp@dl es a

sample (Table 4.1). As explained | ater, Fe
ApPOssol ubility in periclase, especially at t
The average grain size of periclase in dif
to a little | arger than 10 Om, depending o
chemical composition of periclase iIs homog
des not show significant chemical zoning. -

are expected 1@ ?%se Umderert hehapnr elsOsur e and t

in the present experiments (Van @rmdaniet al

periclase should, therefore, be I arger tha
i mplying that chemical equilibrium should |
starting materials is ~1 Om, sthenr dpirdogt §i
min at 1773 K, also indicates rapid diffus
supporting the attainment of chemical equi |
The experimental phase relations are plotte

esti mates of these boumaspiael ToeOMyrOe alkdlo

was found to occur bet ween 15 GPa and 19 G

2273 K, which agrees well with the phase b
Akaogi et al . (1999) and Kojitani et al . (
23LPa, corundum and per i coAlsneo driefcioendb il nueddw itgo
(Ldw)usteduphase, which is also consistent

2009 and KojitaniOgtaleali.um 20Ir0)i.t eT (eCFNVg Alt r
found at pressures of 27 GPa and 33 GPa, c
termined by Koji t-chemnsietty adal i20@R)Y) eir dde i ® wp |
tified by Ishii et7a8l K a6aa@mhaMa\l @7 GRlan aw
structure (unknown phase, UP) stable above
al (20100f wehree ioruMmesti gated pressure and t e
50 GPa and 200004 a(l lcli u20 )t,i taanhgrl (CT) phas
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powder XRD (Supplementary Fig. 4.S2).
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'[ A Ldw +Per
. B CF+Per
| © cr+per
|
1600 | 1 o , L 1 L
30 40 50 60

Pressurce (GPa)

FigurBPhdse@ .rel at iAdlssysnemhandgDhe phase assemb
di ffelrenandi ti ons in this study. Abbreviations
dum; LéAWBEpMgse with a modified ludwigite struc
Mg AD,;, CT, cal cium t iO1L anJPt @ sgOhpdhesesMg fAMiMghAlan unkn
structure discovered by Kyjpiet-@Mpirhse dbund2bGyO0L
(1978) and confirmed by Ono et al . (2006). Thi
|l ated from the thermodynamic model described i

were not considered. dheavieokt be &otte®elkri re€of

CF phase from Akaogi et al. (1999). The blue d
+ Cor = CFH rpihfausnee fertomal . (2002). The orange da:
ries between Sp, Per + Cor , CF, Ldw + Cor , and

l ines (006) are the phase boundaries between
(2006) .
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The chemical compositions of the coexistin
spinel and CF phase are slightly enriched
bet ween 1.92 and 1.98. Coexisting corundum
posiotfi otnhe modi fi ed | udwi giPAl®ssglhasdhi olmeg &lyy
within the margins of anal yfiCTa lp huanscee rstyani -n
thesized at 50 GPa andi20h00 nketirsi cma rwk e chl ya ni

1.8

4.3.2

5.

Solubi LQsity ér iAtl ase

Table 4.1 and BPicp.ncde.nd rsantow nt hhen Aler i cl ase

entriAch phase3 atvtndiations. PFollil mavamgt t drred s

t he
Zi e
wi t
hig
cor
sol
bef
bil
per
t he
ma t
sen
i nc
tie
sol
pr e
c ha
by
t hr

cre

ambient pressure data (e.g., Alper et &
nert and Falbhri cloh aya Ini 2pQlrd)c,| Mlse i ncreas
h temperature. iEori nexaempless, fatom2 3. @Ba mao
her than 6.8 mol % at 262Z3r iKcls &hiea b mansi
undumiAbOsl udei Mgt e phase has a m@ar negl.i
ubility in periclase, as the temperatur
ore and after the phase transition at 2
I to@i of pRIri cl ase and decreases its rate
ature. For example, an increase in temp
solubility by approxi matredpys 1lbyl ampopr 0%,
ely the same amount i f the pressure is
sitivity, i . e., JOdhseoliunbcirle asye fiomwr tthhee psearn
rease, i's approximately halved. By 33 G
s are < 1 mol % even at the highest t el
ubility is approximatel(l 9. a@abemof déd) o©hams
ssure value at 2000 K. Thiist ipvree s\wsallr iemed
nge that occurs as Al enters periclase f
t hgr s ghhr e phase transitions to increasi

ough no phase transiOison udbt | magt wel £ ohad

ase throughout the entire mantl e, i . e. |
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with a thermodynamic model that is f

atmba ent pressure from the | iterature

Roy, 1965; Whitney and Stubi cam, 1971,
plotted for compalrd slomted®dldtormauirdesi mg et lte

the denoted pressures using the thermodynamic
Fig. 4.2.
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single component phases, the database of H

Mg@APOsmodi fied | udwigite phase, the standard

phase relations (Kojitani et al., 2010), er
el | (2011) database for all ot her phases,
mat obnval ues for periclase and corundum. F
namic treatment was used (Kojitani et al .,
these data are shown as the solid curves i
phase boundaries bracketed by Kojitani et |
CT phase are poorly Kknown, the data point
mode To fit the phase equilibria data of Al
for the breakdown of spinel to pebdclase a

of disorderi ngWitlol itéhms stpri emaetl mémtagign) t he Hol
database. These two previous studies on th
ot her, which is assumed to be caused by met

<1500AC in the experiments of Akaogi et al

Several studies-cloaate ndx arhi mped itcheasfAl i n equ
1 bar (Al per et al., 1962; Stubican and Ro:
-Q ¢!ig - G P
spinel pericl ase
the condition for equilibrium can be rearr.
YO  YAd & CYAa & . ® . P G o 8]

wheVY® is the standard state Gibbs free ener
constdéanti,s the mol er.ikmagerionl @3e At ®adsym-

metric Margules interactiomemai ametodr mibhxatr
t ween MgO @mdpedicl asg.s a function of temg

pressure i.e..,

® s © Y 0 T8 8
YO is determined using the Holl and iasnd Powe
component of periclase which is calcul ated
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yo , § mYO P 0 64 18
wheV ® Fk is the Gibbs free energy of form
from the Holland and Powel | (2011) dat abas
A, B, andvere refined by fittingoadtéatr ok as
periclase in equilibrium with spinel (Fren
and Roy, 1965; Whitney and Stubican, 1971;
to equatiomst{®a®hi ometric higher MgO cont e
bar with increasing temperature was ignhor e

not observedessutbedhtgh(see suppl ementary

of equwilmibraairato equation (6. 2), data from
with spinel, A0t woldva mp,i t teh @ heOFGEF apnhda st eh,e wegrAd
fitted simultaneously in a weightteedr M east
of the periclase interaction parameter and
Al Qeomponent . Refinement of the ther mal e X
high values and it was, therefore, fixed a

are reported in s-d4pPlhhemadtar complalre sdnSdet
and peeieent al data is shown in Fig. 4. 3.
bient pressure data from the |literature (Fr
and Roy, 1965; Whitney and Stubicam, 1971;
antdhe -phriegshsure data from this study. The d
data points and the model are generally wiHf
i ment al data is caused by the temperature

we s€dograins for microprobe analysis that

junction as possible. As the hot junction
radi al direction and 0.2 mm axially (Fig.
sti averages over these regions, even t houc
mocouple wires should alleviate this to soc

temperature between thermocouple readings
alysegi on may be up to 50 K. Further more,
mocouple emf to take account of a potentia
has been meéas urhed moaro utpy e ( Ni shi hara et al
whi chhasi tbeen determined are at | ower press.|

here and cannot be safely extrapol ated. A

[71]



measur ementDs thhsirmp ctojupd es determined i n th
to the experiments performed here, woul d,

peratures detOegani inkeidl iutsy ngn &Ally s e s .
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= \
.£“ \\ 2
E \ \\:(0// 8
2 \ ~
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Wk
2, 2 et Mg .
2 \ ek
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Lo __1800K _____ e N
0 | N T e N E i i T
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Pressure (GPa)
Figur AlOds.odl.ubi Il ity in periclase aAshOzaydtueamti on

calculated using the derived thermodynamic mod

type of dabhwedsand Tshoel iadobr evi ati ons are as des

The experiment at HWQs tGrPuagt uwheedr eCTt hpeh aMsgeAl c o
pericl ase, was not included in the modelll]
obtain thermodynamic properties for the CT
|l ati on of the model d osmemi mg eescuwirlei BCrFi yorh avs
mates t heOpceantcdmts eatAl2000AC by approxi mat
outside of the analytical uncertainty of O
consistent once temper adruegd, uintc eird au md X pec t

i ng #Ohaec tAilvi ty with the CF phase underestim

field, as the | atter has a smaller vol ume
overestimate it (Ono et al., 2006) . It i s |
onec reliable data to determine the thermody
ries becomes availabl e.

Fig. 4.4 shows the results ©fcotnhee ntth eorf mogdeyr
clase calculated at four different tempera
The sensit pOys dlyu oifl itthye tAd t emper ature i s h

creases with temperature, which can be att
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entropy0qo0lthkei IAIty and also due to a decr
term. However, the solubility also decreas
occurring upon the phasepteassfer mases. ofl
effecvobumehehange of the governing equili

a change in site occupancy of Al , from par
plete octahedral occupancy in corl#Opdum and
solubility could be applied as a ther momet
anvi l exper i memtrse,s sairr ei re qauti lpere nhii. gMrhi s  mi g
ampl e, in experiments where the thermocoup

hihgressure melting phase rel-A0iminxst.ur\Veesr y s
could be adgedssorehaesbtembly and then anal
the temperature. At 2100 K and 15 0sPa, for

contt,enwhich is easily measurabl e, equates t
Whereas i f the pressure at these condition
change in solubility of only 0.05 mol %, [
petrtar e determination. The accuracy of such

creases with temperature but decreases wit

above 27 GPa, where the solubility becomes
t emper antguerse cOna t he ot her hand, I f the temp
a thermocouple, then at temperatures above

vide a quite accurate pressure determinat.
mately 2ho@RBd, paltentially higher feor exper
free silicate solidus.
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434 Further experiments on theOsfoff@ct of
bility

Two experiments (H5874, H 5MBg7€B O3 swyesr tee nt oantd u ¢
21 GPa and temperatures of approximately 2z
experi ments were performed to ex@miohe t he
ubility at the same temperatures, no therm
simply compared to t hAes aanptl i nend tfhreo ns atntee
ment. The run products of the four composi
ferropericwast coexngdgumngsee Fig. 4.5 and |
iron remained in al/l r-eeavengdssampieg ¢too
ensuring minimal ferric iron. The FeO conc

a few mol aepetbantihi ghe starting materi al :

to oxidation of metallic iron, most | ikely
and ceramic assembly components. The <caps
ground andpenxdgioswldarpetro t he axi al directio
upper surface (end). As each sample is | oce

they should each have experienced the same
down a secobtbomdthiemeOby am to expose the foul
of the capsule in the axial direction, whi

than at the end of the capsul e rAhe smhadwn i

member, thepptesdhdcenodfl % FeQuiln sfemr omd ryi @
variation i nOsfseordrudpdriitgl.ader Alun-medbiBed for
peri clOsmod ubli | ity gives a T of 2124N20 K, w|
from the compositional variati opmOgsdlhwe- ferr
bilities within the analytical uncertainty
H5875, the periclase solubility griivels a T
samples havewelki gbhbtubilites. Nevertheless,
iclase samples are still at most only 42 K

is 2299N11 -Kamahest hgaF@aOrecord temperatur e
Givenet appatrent effect ofx0s6BeDubnlthg baltyo
to appear once the temperature is raised a
pl ausi bl e-stamptl eshatFé@ese higher temperatu

radial temperature variatfieats ofh BEB&GB@ ams st md
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solubility. Even i f there were an effect
atures below 2100 K and at higher temperatL
of < 50 K for FeO contents up to dstmol . %
practical applicati otssotl udié¢fifteggct noff eFeOpe

ignored.
(a) 35 1 1 1 1 T
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= i B 5875 (capsule end) )
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2 20F .
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(b) T 1 1 1 1 T
2400 | Pressure: 21 GPa _ -
g2300 - |.‘.|’ o+ E
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Figur®Bhe.$ol uddiilni tfyerafoplelri cl as@s altulRill iIGPw . i § ap
ted as a function of thEhe&EOMod abmtiént iies faerer @p
function of temperature determined from the pe

in each capsule experienced the same temperatu
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Tabl eChde.nBi.cal Compositions of Periclase and Ferropericlase in Rl

EPMA Measurements (wt.%) c Normalized compositions (mol.%
Run No. a P (GPa) Starting materials k
MgO FeO Al20z  Total N MgO FeO Al203
H5874a 21 Fp100 + AbOs 949(3) 02(0) 27(1) 978(2) 8 98.8(5) 0.1(0) 1.1(1)
H5874b 21 Fp90 + AbOs + Fe 749 (3) 21.5(2) 2.6(1) 99.0(2) 9 85.1(1) 13.7(1) 1.2(0)
H5874c 21 Fp80 + AbOs + Fe 645 (3) 32.9(3) 2.4(1) 99.8(33) 9 76.8(2) 22.0(2) 1.1(0)
H5874d 21 Fp60 + AbOs + Fe  40.8 (3) 57.8(4) 2.2 (1) 100.8(4) 8 55.0 (3) 43.8(3) 1.2(1)
H5875a (end) 21 Fp100 + AbOs 93.0(3) 0.2(0) 4.2(1) 975() 8 98.1(1) 0.1(0) 1.8(1)
H5875b (end) 21 Fp90 + AbOs + Fe  76.2(4) 19.1(5) 3.9(2) 99.3(3) 9 86.2(3) 12.1(3) 1.8(1)
H5875c (end) 21 Fp80 + AbOs + Fe 652 (2) 31.7(2) 3.3(1) 100.1(3) 11 774(1) 21.1() 1.5(1)
H5875d (end) 21 Fp60 + AbOs + Fe  41.3 (1) 56.4(3) 3.0(1) 100.6 (4) 9 55.7 (1) 42.7(1) 1.6(1)
H5875a (center) 21 Fp100 + AbOs 92.0(2) 01(0) 55() 975(2) 10 97.7(1) 0.0(0) 2.3(1)
H5875b (center) 21 Fp90 + AbOs + Fe  75.8 (3) 18.3(3) 4.8(2) 989(3) 15 86.2 (1) 11.7(2) 2.2(1)
H5875c¢ (center) 21 Fp80 + AbOs+ Fe 64.4 (3) 31.4(3) 4.0(2) 99.8(4) 17 77.0(1) 21.1(2) 1.9(1)
H5875d (center) 21 Fp60 + AbOs + Fe 405 (2) 56.4 (4) 3.5(1) 100.4(3) 18 55.1(2) 43.1(3) 1.9(1)
iendo and ficentero indicate the measured surfaces et haadti anecrtei ocnl.ose t o the en
*p is ferropericlase, with Fp90 indicating, for example, 90 mol % MgO.
‘The numbers in parentheses are one standard deviation and N is the number o
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44Di scussi on

441 Maxi mw@cAhtents in ferropericlase in t

Before examininicortrenmnperic| aseuAll syst ems,
sider whether the presence o040ssootlhuebri |ciotnpeosn e r
only component present i mOssoftubcienty pnopatt
mond inclusions is FeO, and even this effect
di scuss@@:sthhow€r the second highest com2entrat.i
wt . %, @ pOsti mé eAlacti on par anmexterresmenoyu | lda rhgaev
such concentrat i MOfncso nttoe nitn fa nude ntchei st hsee eAths no't
ot her solid solutions such as spinel or gar

The same argument can be used to discount t

FélxFe ratios in ferropericlase inclusions foc
than 0.12, anidpdresk dxyamerd.fObr el a unit and

have any influence (®a@momoertetnl al. 200997Ka
2015; Ki seeva et al., 2022). 't might be cor
through a charge balanced substitution. Howe

inclusions i n dli awmhon d aarde -Aabt ammatsets adct i tome plda
woul d have to be extr gs=dlyulialrigtey ftoao khen prfdd
Ssubstitution is also clearly not required fo

periclaepeand|l &serstructures.

To determine -xewl pbrl ctagswoAl d change within
form in the mantl e, -wechapbatescwnti deobpewhsbt
the -M@PESiOystem, as t fOeayctwiiviilt yf.i xI nt hFei gAl 4 a,
calcul ated f-Asahdt HRISe:O0Ms® ems at temper atul
typical mantl e adiabat (Katsur a, 2022) . The
been smoothed out in this .prFoofri |4#ebOs(ssMpeO suppl
tem the effects of pressure @&@@sol ubmpet gt of e
proxi mately 0.5 mol % being reached at the s

this point the strongly temperature dependen
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c

onger pressure dependence in the corundun
nd in a ferropericlase inclusion in a dié
nNs near the top of t bBOgadtriawistiy i werrse zoeate , b
m with corundum-aodri apouarte cs pciomedli,t i @m ss wperr
erval, i f w®aassumeytwas abeuvuadally | ower t
Il only efxriesd g9 ys taemm Sh cMO¥SEip®y 4 the m,h et MgrOmo
amic calculation shows that spinel I's i n

ely 10 GPa, where it transforms to pyrope
-C 1/ o- C3FE t1-C/-C!I3E 8
spinel perdfioclsazeeite pyrope

i's interesting to note that in the preser
e i s displaced to much higher pressures t
pfyoronpieng reaction invol vesl yenls.tbsatGRae, abnudt
presence of excess periclase, enstatite

e of pfacpe viiheg Alrops sharply with presst

rium,
o-C/-C!I3E o- C3/E 1/ ®
peri clpaysreope forsterite periclase

at higher pressures from similar equilib
ssure polymorphs of forsterite). The pre:
itic component in garnet at MgSgod® mti on zo
ent as it reacts whiu@popbemocphseThiospredac
tent with analyses of garnet incl-usions i

urring with ferropericl asmajinrciltuesi momp ama

(Wal ter et al ., 2022, Hut chi nson, 1997) .

As

ringwoodite breaks down to periclase and

Alcontent is calculated to rise very rapidly

We

can again cal cul atce nttheentma xi mtemd pcp yatseep Blye
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ende mber in the cal cul ati ons:

- C! I3 F o- C/I3E! I/ 18
pyropebridgmanite pericl ase
At approximately 26 GPa pyrope will -then br
Mg ADsphase will be@omeht hpbbamesthAt can coexi s
in the | ower mantl e. I n a pgOsd dmottea nte wourpd sfi

the actiOyi tbowtoft hAls woul ®ssrod suublitl iitn epserliocwlea s «
indicated for coexistence with t0upoCl-phase
mor phs i nclpuhdhisreg atrhee n@T consi deirnecdr eians i tnhgd ym
denser, they should | ea@coantewnes kcomepmrmredr it
phase field. The results on the CT phase di s
with this, even if they do not agree perfect
fore, the CF curvesia dFcomserdv Htai wa i mdx ipmwomi g

cl as@gcdhtent along a mantl e adiabat.

ThexXO&kloncentrations in periclase-Sc#a®i sting \
system reported by Liu et al. (2019a, 20190b
calcul ated values. As discussed previousl.y
should be minimal 0obhhenferaongerncfase Akp
mi ned values reported for ferropericlase coe
agreement with those predicted umangi @t 4l 6a
2021) . Data from Irifune (1994) and Ilrifune
our calculations and documexdc oan cemarrmtii monr ead
top of the | ower mantl e, as calculated in t

ropericl ase ¢ osncpoonstietnitosn sO hla vvet .S%,0 wiOs ch corr

contents and | i kely arise from beam overl ap
OQur thermodynamic calculations reveal t hat ,
t heOs&Alont ent I n mantle ferropericlase cannot
are considered. While such a minor [Iimpurity

dynamic or thermoel astic properties of ferr
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transport pr ogiefrftu isan Asf t Mg isre | gOecaad rctl earste i s
(e.g., Van Orman et al ., 2003, 2009; Ammann
of x0ddn the rate of chemical diffusion in | ow
cations for other transport prop@&cbnésentsuch
in ferropericlase diminishes with increasini
4. 6a, this may, therehoperisupapeesn theidpef
Il n conjunction with the ndeigfaftu svieo np rceosesfufriec idee
periclase (e.g., Ita and Cohen, 1998), bul k
be substantialbobytbBéowppecommptarpdrts of the |
ception -manthe bouedary, where elevated tem

transport.

442 1 nt er pr eDdcrogn ttema sAlof ferropericlase 1|

amonds

Fig. 4. 6bOplompesi he oAlal distribution of nat.

di amonds from the recent review of Wal t er et

al . | 2018; Ni mi s et al . | 20109; Gu et al . | 20
The xA¢oncentration of the inclusions varies |
(0.5 wt. %), with an average value close to O

it is unlikely that thas FaOsiconitkenexmomottf &fefre

solubility so we assume solubilities are the
centrat@ios afs Afsaccrt ifvart yAl t emperature, and j
sensitivities under different conditions. 11t
three factors if the other two are known, ar

binatiom wnettth odtgacltfi vtintey Acloul d be i sol ated,

ampl a, patticular pressure and temperature tfF

on the chemical environment i n which the i nc
met hods, however, some conclusions can be m:
reasvl e assumptions. Two approaches can be t

of ferropericlase formation and seAd@ndly f or

bearing inclusions. Before empl oye npgoicnotmepdo s i
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out that probably none of the available anal
the ferregeontcémtseadt i n some studies, It wa:
in most studies the uncertainties are not r
repor-tedt &hts originate from ferropericlase
oneal ue reported by Burnhgsm €gtwialh (a2 06l ani | afr

Si20, can most | ikely berexdc¢clsudcdé d ooesmpritintee e eg 1
exsolution from ferropericlase (Wirth et al
entrapment it might resul #Oscionntneinstlseeadi ng or
Nonet hel ess, taking the analyses at face va
examine incl usi onsoctchuat -@eirrtielc hAdploa ¢ eesd & rod coma l
temperature assuming equilibrium with these

ports that ferroperdadurse w-inicd upyg omp BtZ2ABB «
Assuming the olivine hahsi gihcete stsaicle tprod rysnfoa rprh

the formation pressure would havegbe£&n6det we

t heOG:8bl ubility changes strongly with pressur
mati on conditions that wvary along a curve ejx
14 GPa. Hut chi son et al . (2004) , intriguingl
posed to be associated with ferropericlase (
i brium then this implies equilibration conc
at 26 GPa. Harte et al. (1999erocl abe BEZBRAOT

occurs with proposed-t rbangdfgonramed epn wdecb mpra
jeffbenite, whriacrnhs frmarymebde fbraocnk pyr ope ( Nest ol
Alcontent of the proposed broipdgmanihtee |loiweirt sn
and i f we assunbe GPrae s saunrde st hoaft 2j4ef A bhehot me ava ¢
from pyrope, we obtain temperatures of bet we
examples show, to narr ow utlhde bdee tneercneisnseadr yt etnop

independent measure of the pressure.
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FigureapQ:®dbl ubility in -pie®diOscd md eMFOds ytshtee ng @ al -
culated from the thermodynamic model . The bl ack

concentrat i-9in®@ iOns ytshtee nMgch exi-beangnwi mhnanalAl st ab
mantl e at different depths, OiCR .phasspe,nedl onSg )a t
adi abatic mantle temperature (Katsur a, 2022) . F
MgSisO forsterite, wadsl eyl yve, Bagdstramgdgsvobdbort &, he
Mg Siehd member. The dashed, dot, anssisolpied igrl ey ec
in thAOMIgyEStem, coexisting with Sp, corundum (Co
the same adiabat. The s oiOisdo|bubuiel ilti-$ie@iOhtolmes MghCe
system when the temperatures are 300 K | ower tha
the uncertainties propagated from thatrbof the a

buti oMscoofntAelnt s in ferropericlase i(n2c0l2u2s)i,onSseiitnz
et al ., (2018) , Ni mi s et al ., (2019) , Gu et al
(2023) .

Recently, Gu et al. (2022) reported an inclu
ringwoodite, ferropericlase, and enstatite,

been originally trapped avbg bpraird g nwaeneimti en.g Boae
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ferropericlase and proposed bridgmanite, C O
obtained. Nestola et al. (2023a) investigat e
amond using elastic geobarometry aendofobatai ne
l east 22.1 (N2.1) GPa. We can make a temper :

Gu et al . (220:zDd)ntesnitsg otf he hel ferropericl ase
bridgmanite inclusion, by egdadmpagndrhtes Gii b bts
t wo phases. I n the particul aOscomtcd utss oar, e t diu
| ow, approximately 4.5 and 1.2 wt. % respec:
the two bridgmanite cation sites is, t heref

modynamic data femcdrmporbentdganachi a® Aht er actii
bridgmanegA®O::sMIxSin@ (reported in supplementar
rived by fitting coexisting compositions of
et al (2017) , we calculate a formation temp
pressures ofa 22sPpeand va4 yGPwhich is in quite
mates of Gu et al. (2022). To give some i dea
the thermodynamic datBerdfel $toinir ReD 2&nd floirt i

AOscompomerts g emperatures that are approxi ma

i s assumed, al | temperature estimates 1incre:
cause it not only indicates temperatures wh
manadeabat at the top of the | ower mantl e,
AbOsactivities that are relatively | ow, i . e.
peridotite assemblages. As t h®schonttkenof oberr o

to this |low |level (Fig. 4.6b) this @ ght i my
activity rather Whhaan ilsow otte ncgd eeraat, u rheoswever ,
reported by Gu et al . (2022) did not <chemic

l ithosphere and then surface.

I n the second approach, however, we can excl
sions wheggceo nttheentrs AWoul d be higher than the ¢
Si@pOssystem at those conditions. Thds of cou
bearing samples. The soSiu@liOlsysyt ecralicrul Ritg.d
should refl eacthei hyghleat &&n be obtained a
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mperatur e. 't is quite plausible that ferr

ndi ti opOsaavthieviet iAés were | ower than-those i
ch phases. I n some instances, f eorcceuxrampl e,
t h-All oovearing chromite spinel (e. g203 Kami nsk
tivities much | ower than implied by the c¢
scussed i n the-cloanstte npta rihabger na peha pheacdt each fAdr a
| k composition. Ther edacrom,t eemtesn cloauw df ertridy
gh temperatures of f or facto notne. ntHo weavnenro t fhbeer
an the calculated curves in Fig. 4. 6a at
per adiabatic. Furthermore, the addition o
significaksoktbecitpynadd further component

c

ble in ferrypypeeivcé asce bhwoddadeildJvil oweéof tthiee

i sting phase.

shown i n Fi #ss odl.ubbai,l ipteyr idcrloapsse sAilgni fi cant |

ne. This means that appcoaximatepgrecghseot
excluded from forming in the mantle trans
ntly hagthepi addhlanmant!|l e adiabat. These inc!
thin a narrow pressure range around 10 GP
wever, these inclusions cmenbhahate@O0fkrimew
iabatic temperatures, regardl ess of where
idence that at |l east some diamonds did no
ther thick cratonic buthasphempeontesubdue
ose of the convecting mantl e.

ver al studies havebepapbppongedi aimanhdsé-emappeor
ansition zone as carbonate melts released
e ultramafic mantl e (Thomson lesto aslh o ws2 0tlhGe
me maxi mum @retrerctl aswer Més cal cul ated for a
w an adiabatic gradient, in order to appro
e majority of ferr ¢gOpeo n tcdardts v otium @l Wwsei ognusi t ke

stent with such conditions in the transit.i
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They could of course, however, rawvtei ¥iotrimeg

were | ower .

TheXO&klontent of ferropericlase inclusions ca
conditions f orAla bseuabrsientg oifnchiugherns but t he
cannot provide a definitive answerelrieghalredi ng
approach i s tbeasengopkibseegocAonstyr and t he
then be used to obtain temperatures through
pressur e, such as elastic thermobarometry ( /

al so possible that otitdrasmi noarcl allse mearst < ainn yf

on the formation conditions, using az2similar
concentration, for exampl e, I's generally of
inclusions (Wadtehe eAlt aht, 30QRB)anal yses ar e

provide one of the only mechanisms through v

' ithospheric mantl e.
45Concl usi ons

I n this study, we haveOinnvepdrnigaltaese tdhee xiodt
seri e®xrdfchAlphases formed by high pressure a
Mg ADss pi nel i-ApOststyes t MgnO Experi ments were perf
to 50 GPa and temperatur®s nt opexa 23 aks.e T hse tsec
dependent with kensensi tiincrepstogAwi th tem
creasing with pressure. A t®esomaodtyyn auns e&s mtohde
known phase transf oOsma tciho np hbaosuensd airni etsh ef osry sAtl
their thermodynamic properties. sThiuctankdg \
Mg ADsphase at approxi mately 40 -pGPeas sausr ep hpaosl ey -
mor phs are not wed:sotcobbsl tbeyamedm gFE®Re rAdlperic
pears to be almost identical to that of peri
thermodynamic calculations i 0 Mg®inralOg repres
indicate that, throughow®:cbheemanthaeanot hext€
mol . % under current adiabatic ma@iwi el t emper a

influence the thermoelastic properties of f e
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properties as such concentr atdidrMfsushawe been

Ferropericlase i nclasciomnse nitrs diharmo wdas yh auve t/#
0.35 mol . %. I f such inclusions could be rel
neous!l y wdiO4rhi cont hienrc lAsi ons such as garnets i
concentration can be used to determine the
i nclusi@mmxcttitve tAl at formation will be unknov

to deter mi ne0sshcel urmixliimuyn ad s u mi0:g | ccdhe Ypihsatseen c

of the mantl e. Using this solubility relatic
at which some ferropericlase i nxdcuwsnitcemst sc o ul
would be too high. Ther modynami c0d al dwelrat i or

ropericlase at mantl e adiabatic conditions
upper mantle and top of the | ower mantl e. By
condi titohnrsouggohe sa mi ni mum t hroughout the garni
ferropericlase inclusions can be excluded f
AOscont ents are higher than even super adi ab:
AbOscontent inclusions must have been for med,
of a typical mantl e adiabat, either at the

| ower mantl e.
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Appendi x A. Supplfeomentary Materi al

Alumina solubility in periclase determined |
tions for ferropericlase inclusions in diamo
This document contains additional figures ar
shows modelling of EPMA second-amy f#lil 6braster

patterns of CF and CT phases. Figuriecd4. S3 i
model and the experimental data between 25 a
4. S4 i s an image of an experimental sample ¢
Figure 4.S5 shows the adiabatilkl eempepat ur el
chemical compOsgiitcihomp hafs etshe ofklxi sting with pe

the parameters used for thermodynamic model |

a b
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S |— Al concentration i periclase
B
g
= 0.06 .
3}
3]
L=
S
33
3
004 .
5}
2
2
S}
=
=
5,0_02 - .
3
=)
S
51
53
v 0_00 1 1 1 1

0 2 4 6 8 10

Distance from boundary (pum)

Fi gur eAsds.eSls.ment of the secondar-gndlyseesobtntaéec

concentration in periclase. (a) Schematic diagr
AOscorundum and MgO periclase grains. (b) The coc
t he adjpOagcreanitn Adn t BOec amecaesrutrreadt iIAdNn i n periclase ac
from the grain boundary. The simulations were pe

(Ll ovet and Salwvat, 2017).
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JEOL COMP  15.8kM

FigureA dbaS&kscattered electron image of the reco
from run H5875, sectioned perpendicular to the f
ing compositions were filled iwhiealt hwaad | & hfeourso

corundum thermocoupl e tube.
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Tabl

eChheBiilcal

Compositions

of t

he

Phases

Coexi

EPMA Measurements (wt.%) b

Normalized compositions (mol.%)

Run No. P (GPa) T (K) Phase

MgO FeO Al203 Total N MgO FeO Al203
H5431b 15 1773 (50) Sp 285(2) 0.0(00) 70.9(6) 99.4(4) 9 50.4 (4) 0.0 (0) 49.6 (3)
H5424b 15 2073 (50) Sp 285(1) 0.2(1) 71.0(3) 996(3) 4 50.2 (1) 0.2 (1) 49.6 (2)
H5482b 19 1773 (50) Cor 0.7 (3) 0.0(1) 99.2(1) 100.0(2) 4 1.8 (8) 0.1(1) 98.1(7)
H5490b 19 1773 (50) Cor 0.4(1) 0.0(0) 99.8(3) 100.2(4) 5 1.1(2) 0.0(0) 98.9(2)
H5492b 19 2073 (50) Cor 0.6 (2) 0.0(0) 99.2(3) 998(2) 6 1.6 (4) 0.0 (0) 98.4 (4)
H5495 19 2273 (50) Cor 0.9(2) 0.0 (0) 100.0(2) 100.9(1) 6 2.2 (5) 0.0 (0) 97.8(5)
H5310b 23 1923 (50) Cor 0.3 0.0 99.0 99.3 1 0.9 0.0 99.1
H5306 23 2073 (50) Cor 0.5(2) 0.0(0) 99.4(4) 999Q3) 8 1.2 (4) 0.0 (0) 98.8 (4)
H5299 23 2273 (50) Cor 0.5(2) 0.0(0) 96.9(5) 974(7) 3 1.4 (5) 0.0 (0) 98.6 (5)
11421c 27 1973 (50) Cor 1.0(2) 0.0(0) 98.0(0) 99.033) 2 2.4 (5) 0.0 (0) 97.6 (5)
H5420b 23 2373 (50) Ldw 439(4) 0.3(2) 555(4) 988(8) 4 66.5(2) 0.3(2) 33.2(1)
H5435b 23 2400 (50) Ldw 43.8(3) 0.0(0) 55.4(5) 99.3(5) 8 66.6 (3) 0.0(0) 33.3(3)
H5317b 23 2623 (50) Ldw 446(2) 0.2(1) 56.9(4) 101.7(4) 5 66.4 (2) 0.1(1) 33.5(2)
H5359b 23 2623 (50) Ldw 444 (1) 0.0(0) 56.0(3) 100.4(3) 4 66.7(1) 0.0(0) 33.3(1)
H5345b 23 2623 (50) Ldw 44.6(2) 0.0(0) 56.0(3) 100.6(3) 5 66.9 (1) 0.0(0) 33.1(1)
11401b 27 1973 (50) CF 28.8 0.0 70.9 99.7 1 50.7 0.0 49.3
11412¢ 27 2123 (50) CF 29.0(7) 0.0(0) 70.6(9) 996(4) 6 51.0(9) 0.0(0) 49.0(9)
11255 27 2200(50) CF  288(1) nd.  709(3) 99.7(4) 9 50.7 (1) 0.0(0) 49.3(1)
11193 33 2000 (50) CF  28.7(3) 0.0(0) 72.1(4) 100.8(3) 9 50.2(3) 0.0(0) 49.8(3)
11415 33 2300 (50) CF  29.1(13) 0.0(0) 70.2(12) 99.4(12) 10 51.1(14) 0.0 (0) 48.8 (14)
11420 50 2000 (50) CT  29.7(4) 0.0(0) 69.4(4) 99.2(4) 6 52.0(4) 0.0(0) 48.0(4)
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Tabl eS#taBdard state thermodynamic parameters

a
DiH s b Vo ° Ko .
a c d (x10°) K'Nj
kJ/mol JKImol? (x10°) J/bar K GPa
Periclase
-601.55 26.5 0.0605 0.0362 -535.8 -0.2992 1.125 3.11 160 3.95
(MgO)
Periclase
2.890 35 163.5 4
(Al203)
Corundum -1675.33 50.9 0.1395 0.589 -2460.6 -0.5892 2.558 1.8 254 4.34
Spinel -2301.26 82.0 0.2229 0.6127 -1686.0 -1.551 3.978 1.93 192.2 4.04
Mg2Al20s -2831.98 116.52 0.2347 1.1587 -4843.9 -0.506 4.803 2.0 200 4
CFMgAI204 -2245.65 86.5 0.1510 1.918 -652.58 0.3539 3.614 2.41 205 4.1
Bridgmanite
ALO -1637.767 51.8 0.1395 0.589 -2460.6 -0.5892 2.54 1.8 203 4
2U3

Note. Cp =2%+a 4 kbdmo¥ . c Dat-Mghfr €M Kojitani etAbMdi.s, f(rdWm XK)o.j iMG&ndf eMg al
in italic were refined in this study as described in the text. AlIIl othe
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Tabl e F41t88ng

AOsEnd Member

Ter ms

and Margul es

for

t

he Standard

A B WH Ws Wv

kJ/mol JK1mol? kJ/mol JK1mol? JGPatmol?
Periclase

-34.27 -14 156.381 41.917 -362
(Al203)

Bridgmanite
12

(Al203)
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51l ntroducti on

Sulfur is generally considered to belaminant light alloying element in the Martian
core,with cosmochemicainodelsestimatingts content to be betweengand 2.4 wt%
(Wanke and Dreibysl994; Lodders and Fegley, 1997; Sanloup et al., 1999; Taylor,
2013; Yoshizaki andicDonough 2020). The enrichment of S in the Martian core is
primarily supported by the obsaton of sulfur depletion in the Martian mantle, the
fact that Mars appears more enriched in moderately volatile elements compared to Earth
(e.g.,Wéanke 1991)a n d s hidhliy siderdpkile behaviaat the moderate high pres-
sure and temperature conditidikely to have prevailed during coreantle differenti-

ation of Mars (e.g., RoseWestonet al., 2009;Sueret al., 2017;Steenstraand van
Westrenen2018) Martian coremantle fractionation most likely did not occur at suffi-
ciently reducing conditions or at sufficiently high temperatures for either silicon or ox-
ygen to have become major light alloying elements in the core (Yoshizaki et al., 2020;
Rubie et al., 2004Recent geophysical observations, particularly seistaiafrom the
InSight mission have revealed the size thle Martian core $tahleret al., 2021) and
provided directconstraintson the P-wave velocity at the top part of the liquid core
(Irving et al., 2@3). Geophysical models based on seismic observations indicate that
the density of the Martian core is significantly lower than that of pure liquid Fe under
the same pressure and temperature condit®téhleret al., 2021jrving et al., 2023;
Samuel et al., 2023; Khan et al., 202Bgpending on whether a basal magma layer
(BML) is considered, the most recent geophysical models imply that the Martian core
may contain B22 wt.% light elements (Irving et al., 2023; Samuel et al., 2023; Khan
et al., 2023)However, the constrainedwave velocity at the top of the Martian core
remains comparable to that of pure liquid(Feing et al., 2023; Samuel et al., 2023;
Khan et al., 2023)f the effects of light elements, including sulfur, on the density and
P-wave velocity of liquid iron under high pressueesl temperatusfHP-HT) are sys-

tematically constrained by experimental and theoretical studies, seismic observations

of the Martian core can provide strong evi
natue of early differentiation processes.

Experi mental measurements of HARecehdstiongpgr
remain highly challenging and are generall

and notable discrepancies bet weenunsdteurdi es
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applicable to the conditions of the Marti a
52Experi ments

521 Starting materials

The starting materials for the higinessuren-situ synchrotron Xray experimentson-

sisted of regular cylindexsf Fe or FeFeS mixtures with parallel polished basgam-

ples for the ultrasonic experiments had diameters of 1.0 mm and were 0.6 mm high,
while samples for Xay absorption experiments had diameters of 0.6 mm and were 0.4
mm high.The pure Fe cylinders were made from Fe wires with 1 mm diameter and
99.99% purity.The FeFeS blocks were synthesized ati@®.5 GPa and 1000 K using

a pistoncylinder press and subsequently machined into the desired cylindrical shape.
Details of the starting material for synthesis using the pisytinder press are provided

in Supplementary TeXx.S1.

The resulting cylinders were homogeneous mixtures of Fe and FeS, confirmed by scan-
ning electron microscope (SEM) analysis. SEM images of the recovered samples are
shown in Fig.5.S1. The presynthesis and machining steps are critical to ensure the
quality of the subsequent-gitu synchrotrorX-ray experiments, as they minimize po-

rosity in the sample and reduceegular deformation during compression steps.
522 HRHT mainteixlper i mggmtchrat ron beamlines

In situ multi-anvil experiments using synchrotrbased Xray techniques were per-
formed at beamline P61B at PETRA Il (Farla et al., 2022), beamline PSICHE at SO-
LEIL (Henry et al., 2022), and beamline 13IDD at the APS (Wang et al., 2009). High
pressures were a@vied by compressing the sample assemblies using eight tungsten
carbide(WC) cubes (F05, Fujilloy) with 26 mm edge lengths, truncated to 4 mm or 5
mm at the corners (truneVgd ecthhedrahgvithall® ngt h,
mm edge length (OEL) &s used as the pressure medium with pyrophyllite gaskets,
while bororepoxy Xray windows withingasketsvere employed in experiments in-
volving combined angleand energydispersivestructural analysis and refinement
(CAESAR) and BeeiLambert absorption measurements (see Sections 2.3 anéf2.4).

ter reaching the target press loagjhhtemperatures were generated using a tubular

borondoped diamond furnace (CVVBDD) synthesized via chemical vapor deposition
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methods(Changsha -Better UltraHard Materials Co., L{d The BDD furnace pro-

vides stable heatingerformancewhile preservinghe X-ray transparency of the as-
sembly (Shatskiy et al., 2009; Xie et al., 2020d helps minimize irregular defor-
mation of the samplander HPHT. The designs of the higbressure assemblies are
shown in Fig5.S2 and 5.S3. Energgtispersive Xray diffraction (EDXRD) measure-
mentsof the samples and pressure markers uitfHT conditionswere collected

using a Ge detector fixet 20 anglesof either6 or 8degreesTemperatures were mon-
itored with a typeD thermocouple, while pressures were determined using the equation
of state(EOS)of the pressure standard€onsidering the temperature gradient within

the sample, temperatuftactuations during the experiment, the fitting error of the pres-
sure marker's unit cell volume, and the accuracy of the pressure marker, the experi-
mental uncertainties in temperature and pressure are estimated to be 50 K and 0.5 GPa,

respectively.
523 Pwave velocity measurements wusing

A36°-Y cut Li NbO transducer weéGCanviasttotgane h e d
erate longitudinal waves that travelled parallel to the cylindrical axis of the samples.
The transducers were fabricated into 2.5 mm or 3 mm diameter disk84rarh di-
ameterand60pum thickL i Nb O (YamdueCeramigsusing apicosecongulsed

laser cutterThetransducewas electrically connected &m arbitrary waveform gener-

atoranddigital oscilloscopeghrough coaxial cables.

During the measurements, pulséth frequencies from 45 to 75 MHzeresentfrom

the arbitrary waveform generator and transmitted to the sample through the WC anvil
and buffer rod (BR). The reflections of the acoustic waves at each inteifadading

the BRsample interface and the samplacking plate (BP) interfadewere recorded

by the digital oscilloscope. The travel time through the sample was analyzed using the
Pulseecho overlap method (Papadakis et al., 1972) with the Echofinder software (Néri
et d., 2024).The length of the samples under4HF conditions was measured using
X-ray imaging, utilizing the absorption contrast between thedresamples and the

BP and BR, whi ch wwaexample afaliquidiongdudinalinave O
velocity measurement is illustrated in Fig 5The ultrasonic interferometry system in-
stalled at P61B is described in detail by Néri et al. (202d).theultrasonicexperi-
mentsat the PSICHE beamlineve broughta similar systenfrom the Bayerisches

[108



Geoinstitut(BGI), whichis also detailed in Néri et al. (2024). Further information about

the ultrasonic interferometry system at 13IDD can be found in Jing et al. (2020).

P
=]
~—

— il ’ i

> -

Eal BR ! Sample 1 BP ]

|

o)

2 0F ' : ]

= 1 1

S-af !< >! A
11.5 11.6 11.7 11.8 11.9

Trvael time (us)

Figure 5.1. P-wave velocity measurements of liquid Fe at 14.3 GPa and 2173 K (BT657). (a)
X-ray image of the sampl8BRo refers to the buffer rodiBPOto the backing plate, ari-Co

to the thermocouple. The Fe sample is 0.46 mm thick. (b) Ultrasonic interferometry signal of
the liquid sample at 75 MHz. The tweaay travel time of the acoustic wave through the sample

is indicated by the black arrow.

The samplewereenclosed by a tube made from either single crystal MgO or polycrys-
talline Al,O3 (OD/ID = 1.6 mm/ 1.0 mm), anskaled at the top and bottom with a BP
and a BR both made from dense polycrystalline-®¢, as shown in Fig 5.SZhe
melting of the samples was monitored using multiple indicators, including the appear-
ance of a diffuse scattering signal, theappearance of sharp XRD peaks from the solid
phases, and, most importantly, the disappearance of solid phases mapenages

(see Fig5.2). Additionally, significant changes in the acoustic signal through the sam-
ple provided further evidence of melting (Chantel et al., 2XLBgt al., 2018 We

have measured the-\df liquid Fe, liquid Fewith 6 wt.% S, and liquid Fevith 15 wt.%
Satpressures upp 17.8 GPa and temperatures to 2273 K.
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nP
1173 K

Solid (Fe)

‘ id (Fe) | ﬂ

Figure 5.2. Representative Xay radiographic images of fesamples (MA229) during melt-

ing at approximately 8 GPa. The starting material was a mixture of metallic Fe and troilite (FeS),
with a composition corresponding to-EB wt.% S. The sample was in a subsolidtze at

1173 K, and exhibited coexisting solid Fe and liquidSFbetween 1273 K and 1573 K. At
1673 K, the sample was fully molten, consisting of a single liquid phase.

524 Density measuremkbeambBeusi mgthbde Beer

We used the Bedrambert absorption method to evaluate the density of liquitiS~e

wt.% S at high pressure and high temperature in a+awoNtl press at the PSICHE
beamline. An Al O di sk, 1.2 mm in diamete
of the @psule and served as a density standard $58). Following the methodology

described by Henry et al. (2022), a polychrométatile in this casewas placed in the

beam path after the sample, and a series of absorption profiles spanning energies from

20 keV to 80 keV were collected simultaneously by scanning the sample perpendicu-

larly across the beamith a25um (horizontal)x15um (vertical) spot sizel' he density

of the molten sample was determined friggrX-ray absorption profiles using the Beer

Lambert Law
O OCAGD "awn ‘" a o uP

where w is the positionalongthe absorption profile;O and "Oare theincidentand
transmitted beam intenis, respectively, is the mass absorption coefficierit, is
the density, andx is the length of the beam path. The subssriptand ‘Q ¢ indicate
thesample and the surrounding assembly environment, respectuete the sample

is cylindrical, the length of the beam paitross the sampt&an be expressed as:

aw ¢ i W W vg
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where i is the radius of the samplend w is the center chnabsorption profile.
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Figure 5.3. Density measurements ofdiquids under high pressure obtainsihg the Beer
Lambert method. (a) Xay absorption profile of the liquid sample at various energies. The pixel
brightness indicates the transmitted beam intensity. {t@yXmage of the liquid sample at 4.8
GPa and 1873 KiT-Coindicates the thermocouple. The diameter of the sample is 0.617 mm.
(c) Fitting of the Xray absorption profiles of the liquid sample withray energies ranging

from 31.9 keV to 51.8 keV. The solid circles indicate the projected absorption profiles shown
in (a), and the dashedrves are the fitted profiles at the corresponding energies, labeled beside

each curve.

The absorption profiles of the Al 0] i d w
ronment s contribution f r oThe parhreeters &Ampl e 6 s

" andi wereobtainedby fitting the absorption profile at a given energe mass

absorption coefficient of the sample was assumed to be the same in both the solid

and liquid states at the samerdy energy. Thé values at different energies were
determinedy fitting the premelting absorption profiles of the sample, with the density

calculated from the unit cell volumes obtained by XRD and the bulk composition of the

sample Absorption profiles centered at 31.9, 35.6, 36.3, 40.4, 44.3, 45.1, 47.8, and 51.8
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keV, which have sufficient signdab-noise ratio, were selected fdensity determina-
tion (Fig. 5.3)

525 CAESAR me asownr d mmgruti «d

For the ultrasonic interferometry andry absorption measurememfsFe S liquids
conducted at PSICHE, XRD data on the molten sample suendtaneouslycollected

using the CAESAR techniqudMang et al., 2004&ing et al., 2022)allowing both \b

and density measurements on liquilseriesof ED-XRD spectra were collectet a

2d ranging from2.5° to 22.T with a stepsizeof 0.2, obtainedoy moving the position

of the Ge detectoThe CAESAR method can provide XRD data with a la@geange
despite the limited opening angle of the mahvil press, while also generating a highly
reduindant dataset that facilitates efficient background subtraction and data reduction
(Wang et al., 200King et al., 2022).

The scattering intensitgpectral(Q), were obtained from the@mensional Energy
Angle-Intensitydata using theonversiorand correction procedures described in King
etal. (2022)The diffraction peaks IfQ) mafile weree Al O
removed using the software RPS (Boccato et al., 2022). The structure&todis-
tribution functionF(r), and radial distribution functiog(r) were calculated using the
Amorpheus software package (Boccato et al., 2022). The liquid density estimation f
the XRD data follows the methodology of Morard et al. @0ivhich assumes that no
atoms are located at distances shorter than the first coordination shell R{fere

4’ ryoandg(r) = 0,for O < r < fnin, With rmin being the cutoff radius. During the conver-
sion fromI(Q) to F(r) in Amorpheus, an iterative procedure is applied to minimize
oscillations in the lowr region to satisfy the conditide(r) =-4" rj 0. The atomic density

Jois determined wheR(r) shows minimal oscillations.
526 Chemi cal analysis of the recovered s:

After the HRHT measurements, the assemblies were recovered to ambient conditions
and embedded in epoxy for polishing. The mounted samples, along with the pressure
medium and BDD furnace, were first ground to a position near the cétiversample

using a diamond polishing plate with 9 um diamond grains. Subsequéetlyamples

were polished usingolishingcloths with progressively finer diamond sprays (1 pm,

0.5 pum, and 0.25 pm).
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The chemical compositions of the run products were quantified using a JEOL JXA
8200 electron probe microanalyzer (EPMA) operated at 15 kV and 15 nA. A defocused
beam with a diameter of 280 um was used for analyzing the quenched melt. Metallic
Fe, pyr it eericlase®1§O) were eraptoyled as standards for the quantifica-

tion of Fe, S, and O, respectively.

53Resul t s

5331 El astic pr-8pkr guehdisgohti npireers sur e

The measured densities avid of liquid Fe and F& alloys are summarized in Table

5.1. The uncertainties in the determinéslare estimated to range between 2% and 4%,
primarily due to uncertainties in the sample length, as the samples tend to undergo slight
deformation after melting (as shown in Figl). In the pressure range investigated in
this study (up to 17.8 GPa), the addition of sulfur decreasd3-Wa/e velocitiesof

liquid Fe, with this effect diminishing as pressure incre@sigs 5.4) Theinfluence of
temperature on thép of liquid Fe and F& alloys is negligible within the experimental
temperature range and falls within the measurement uncertaintiegp ®hpure liquid

Fe measured up to 14.3 GPa in this study are consistent, within uncertainty, with pre-
vious ultrasonic interferometry studies (Jing et al., 2014; Nishida et al., 2016; Nishida
et al., 2020) and inelastic-pay scattering (IXS) measurementsufiayama et al.,
2020). The literature data on liquid-Bealloys show significardiscrepancies, and a
comparison with the results of this study parameterized through thermodynamic mod-

eling, is discussed in Section 4.
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Figure 54. Densities (a) and -®ave velocities (b) of liquid FEeS solutions. The black
squares, green inverted triangles, and blue circles indicate experimental data from this study for
Fe (18732273 K), Fe6 wt.% S (16901873 K), and Fd5 wt.% S (14782073 K), espec-

tively. The curves in the figure are derived from the thermodynamic model determined in this
study, plotted at 2150 K for Fe (black solid curves) and 1750 K f& \We% S (green dashed

curves), Fel5 wt.% S (blue dotted curves), and Fg&y solid curves), respectively.

Structure factor§(Q) and radial distribution functiong(r) extracted from theXRD
patterrs of Fe-15 wt.% S liquid collected throughe CAESAR method, are shown in

Fig. 5.5. As showin Fig. 5.54 and Table 5.Sthe first sharp peak in the radial distri-
bution function(r1) of Fe15 wt.% S liquid decreases from 2.51 nm at 4.8 GPa to 2.44
nm at the highest pressure investigated (14.5 GR@igating a progressively denser
liquid structure Therz positions and their pressure dependence are consistent with pre-
vious measurements for similar compositions (Morard eR@all&; Xu et al., 2021),

as shown in Figh.$4. The intrinsic uncertainty in the analysis of the XRD pattern for
liquid alloys is approximately 3 atoms/nm3 (Morard et al.,£®occato et al., 2022),
which corresponds to approximately 0.3 g/cm? for the measurements in this study, alt-
hough the CAESAR method provides significantly better data quality compared to tra-
ditional methods (King et al., 2022; Xu et al., 2024gverthelessin experiments
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where both CAESAR and Beeambert measurements were performed (MA236), the
resulting densities of F&5 wt.% S at 4.8 GPa and 1873 K are in good agreement, with
densities of 5.8(3) g/cm3 from XRD measurements and 5.9(1) g/cm? from the Beer
Lambert methodThis consistency indicates that the accuracy of the XRD method is
acceptable, even though its precision may not be as high. The measured denskties of Fe
S liquids up to 14.5 GPa in this study align well with recent experimental data from Xu
et al. (2021t lower pressures (<7 GPa), within experimental uncertaintiesy(5§.

Further comparisons with other experimental data and theoretical calculations are dis-

cussed later, following parameterization through thermodynamic modeling.

Fe -15wt.% S 1
14.5 GPa |

13.1 GPa
12.8 GPa
7.6 GPa
4.8 GPa

80 100

14.5 GPa

13.1 GPa

M__&/\’ 128 GPa__
5 -_/4\_/

7.6 GPa

4.8 GPa
0 1 (1 : 1 1 " 1 M 1 L .

0.0 0.2 0.4 0.6 0.8 1.0
r(nm)

Figure 5.5. Structure factoiS(Q) (a) and radial distribution functiog(r) (b) of Fel5 wt.%
liquid from 4.8 to 14.5 GPa. The temperatures range from 1573 to 1773 K. The positions of the

first sharp peak in the radial distribution functions are labeled on top of the peaks.
532 Mel ting temperature of |liquid Fe

Melting temperatures of liquid Fe determined in this study, using ultrasonic interfer-
ometry and EEXRD measurements, are closely aligned with the recently reported
melting curves by Hou et al. (2021), Morard et al. (2)18nd Anzellini et al. (203),
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as shown in Figh.6a. Since the ultrasonic and EXRD measurements were conducted
with temperature increments of approximately 50 K, the melting temperatures could be
overestimated by up to 50 K. Even when accounting for these uncertainties, the melting
temperatures deterned in this study remain higher than those reported by Sinmyo et
al. (2019) and Ezenwa and Fei (2028)plying the extrapolation of the empirical pol-
ynomial from Nishihara et al. (2020) to correct for the pressure effect on the EMF of
TC, the actual temperature for Fe melting at 14.3 GPa might be up to 81 K higher than
the TC reading (see Tal#el). However, since this empirical correction equation was
developed based on experimental data below 1173 K, extrapolattemperatures
above 2000 Knay not be reliable in the context of this study. Therefootentialcor-
rections for the pressure effect on the EMFmvided in Table 5.1 for reference but
arenot applied in the subsequent discussions.

533 Density of solid FeS phases under

For sulfurbearing samples, the\P-T relationships of FeS IV and FeS V (Urakawa et

al., 2004) were measured below the solidus temperatures. The volume data for the solid
FeS phases are listed in Supplementary Tdh&&and5.S3 and plotted in Fig5.6d

at selected temperatures, with further details shown irbFS§. No detectable volume

drops or jumps were observed during the phase transition between FeS IV and FeS V,
consistent with previous studies that identify this transition as a secded phas
transition (Fei et al., 1995; Kusaba et al., 1998; Urakawa et al., 2004). The anomalous
compression behavior in the pressure rangei @2 4GPa, previously proposed as a
gradual spin transitioof iron (Fei et al., 1995; Kusaba et al., 1998; Urakawa et al.,
2004), was confirmed in our measurements (5i6d and Fig5.S6). The RV-T rela-

tions of FeS IV and FeS V are in good agreement with previous data and can, therefore,
be combined into a comprehensive dataset for modeling the equations of stat# of soli

FeS phases.
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Figure 5.6. Melting curves and densities of Fe and FeS. (a, c) Melting curves of Fe and FeS.
The red solid circles indicate the experimental data from this study, while the red curves are the
melting curveglerived from the thermodynamic models developed in this study. For Fe (panel
a), melting curves from recent literature are shown for comparison: H21 (Hou et al., 2021), S19
(Sinmyo et al., 2019), M18 (Morard et al., 2018b), and A13 (Anzellini et al., 2BC3} and

HCP boundaries are from Dorogokupets et al. (2017). For FeS (panel c), the melting curve is
compared with higipressure data from B92 (Boehler, 1992) and ambient pressure data from
WPO05 (Waldner and Pelton, 2005). Upper limits of the melting éeatpre from X21 (Xu et

al., 2021) and CO05 (Chen et al., 2005) are shown, along with the W90 (Williams, 1990) melting
curve. (b, d) Densities and derived equations of state for solid and liquid Fe and FeS. The solid
and dashed lines indicate densitiesigdiid and solid phases from the thermodynamic model,
plotted in 300 K increments. For Fe (panel b), experimental data for solid Fe (T13: Tsujino et
al., 2013) and liquid Fe (K20: Kuwayama et al., 2020; T11: Tateyama et al., 2011; H90: Hixson
et al., 1990)re shown. For FeS (panel d), experimental data for solid phases are from this
study, as well as from U04 (Urakawa et al., 2004), K98 (Kusaba et al., 1998), and F95 (Fei et
al., 1995). Liquidphase data are from X21 (Xu et al., 2021), M18 (Morard et@l3&), NO8
(Nishida et al., 2008), and KT70 (Kaiura and Toguri, 1979). The color bar indicates the tem-
peratures of the symbols and curves.
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534 Chemi cal compositions of the recover

The demical compositiosiof the recovered samples are reported in Supplementary
Table5.54, except for runs BT699 and MA234, where the melt escaped at the end of
the measurementk addition to Fe and Sess than 0.6 wt.% of O was detected in the
recovered samples, probably due to slight oxidation of the starting Fe powers. This
amount of O is not substantial and will be ignored in further discussion. The differences
in the S concentrations between the suead values and the starting materials are less
than 1 wt.%, which provides evidence that the measurements were performed in a nom-
inally closed system, where the melts were effectively encapsulated duringsite in
measurements. We assume that the compositions of BT699 and MA234 were also the

same ashe starting material, i.e., pure Fe andg~d wt.% S, respectively. &kscat-

tered electron images of the successfully recovered samples are shown in Fig. 5.S7.
54Ther mody namnogf -Freédiedq ui ds

To systematically describe the effect of S on dlasticproperties of Feich liquids

and reliablyextrapolatehe experimental results to the conditions covering the entire
Martian core, wéhave developed thermodynamic model based thie end members

Fe and FeS. We combine constraints provided by density and elastic property meas-
urements with data on the emtember melting curves to obtain a single-selfisistent
model. The PT phase relations of a melting curve provide important constraints on
both te densities and elastic properties of liquids once the properties of the correspond-
ing solid phases are well known. We employ the equation of state framework developed
by Stixrude and LithgovBertelloni (2005, 2011, 2024), along with the references cited

therein assummarized in Supplementary Text 5.S2
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Table 5.1 Experimental Conditions and Elastic Properties eSHaquids

Run NoA Pl TC reading T correctiod Vp Density Method
(GPa) (K) (K) (km/s) (g/cr?)

Fe

BT657  8.2(5) 2123(50) 53 4.37(9) - Ultrasonic
7.6(5) 2223(50) 55 4.30(9) - Ultrasonic
14.3(5) 2173(100) 81 4.72(9) - Ultrasonic
14.3(5) 2273(100) 88 4.74(9) - Ultrasonic

BT699  4.1(5) 1873(50) 25 4.09(8) - Ultrasonic

T2830 10.0(5) 2073(50) 59 4.43(16) - Ultrasonic

FeosSe

MA234 12.5(5) 1690(50) 48 4.48(9) - Ultrasonic

MA235 7.3(5) 1873(50) 39 4.03(8) 6.6(3) Ultrasonic, XRD

FessSis

MA229  7.6(5) 1673(50) 33 3.85(8) 5.9(3) Ultrasonic, XRD
7.9(5) 1873(50) 41 3.85(8) Ultrasonic
8.0(5) 1913(50) 43 5.8(3) XRD
6.7(5) 2023(50) 42 3.82(16) - Ultrasonic

MA231  13.4(5)  1490(50) 40 4.34(9) 6.5(3) Ultrasonic, XRD
13.1(5) 1573(50) 43 4.33(9) 6.4(3) Ultrasonic, XRD
12.9(5)  1773(50) 53 4.33(9) - Ultrasonic
12.5(5)  1523(50) 40 4.33(9) 6.4(3) Ultrasonic, XRD

MA233  14.5(5)  1600(50) 50 4.42(9) 6.7(3) Ultrasonic, XRD
13.9(5)  1680(50) 50 4.41(9) 6.7(3) Ultrasonic, XRD
13.8(5)  1773(50) 55 4.40(9) - Ultrasonic
14.0(5) 1873(50) 61 4.36(9) - Ultrasonic
13.9(5) 1973(50) 67 4.34(9) - Ultrasonic
12.0(5) 1480(50) 37 4.23(8) 6.7(3) Ultrasonic, XRD
12.8(5) 1573(50) 43 4.26(9) 6.6(3) Ultrasonic, XRD

MA236  4.8(5) 1773(50) 26 - 5.8(3) XRD
4.8(5) 1873(50) 28 - 5.8(3) XRD
4.8(5) 1873(50) 28 - 5.91) BeerLambert

T2833  17.8(5)  1473(50) 47 4.63(9) - Ultrasonic
17.5(5)  1600(50) 53 4.61(9) - Ultrasonic

ARun numbers marked with BT, T, and MA refer to malivil experiments conducted at beamline P61B
(DESY), beamline 13IDD (APS), and beamline PSICHE (SOLEIL), respectively.

The reported @ssures were calculated using B@S of corundunirom Shi et al. (2022)The differ-

ences between the pressures calculated using the EOS from Shi et al. (2022) and those from Néri et al.
(2024) are within 0.2 GPa.

$Temperature corrections for the readings of {Pphermocouples at high pressuestimatecbased on

the empirical polynomial extrapolation from Nishihara et al. (2020).

*TC failed and the temperatures were estimated based on the powtsmperature relation estab-

lished below 1773 K in the same heating cycle.

YVp values were measured using ultrasonic interferometry, while densities were determined via XRD or
the BeerLambert method.

Numbers in parentheses indicate the uncertainties in the last digit.
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541 Enthe mbperrop eorft iLesgui d Fe and FeS

Thermodynamic models for Fe and FeS liquid endmembers are derivigithigysev-
eral key observations: (1) data on the thermal expaws$itre liquid phaseat ambient
pressure, (Zhe EOS of the solidndmemberandthe melting curves at high pressures,

and (3)Vr measurementsn liquid phaseat both ambient and high pressures.

We compared a large set of literature data on the density of liquid Fe at ambient pressure,
as shown in Fig5.7a. The fitted model lies in the middle of the wide range of experi-
mental data (Kamiya et al., 2021; Le Maux et al., 2019; Watanabe et al., 2016; Drotning,
1981; Saito et al., 1969; Kirshenbaum and Cahill,2) ¥t shows good agreement

with recent hightemperature measurements up to 2320 K by Le Maux et al. (2019).

the case of liquid FeS, where limited literature data are available, thenfitidel ac-
curately captures the density measurements from Kaiura and Toguri (1979), though it
deviates slightly from the results of Kucharski and Toguri (1994), being approximately
0.1 g/cm? highe(Fig. 5.7b).

Since the Gibbs free energies of the solid and liquid phases are equal along the melting
curve, and théhermodynamic propertiesf the solid Fe and FeS phases bewell
evaluated, thenelting curves offer critical constraints on the Gibbs free energies of Fe

and FeS liquids. Specifically, at the melting point, the Clau€ilapeyron relation:

<

oY Vi

Q0 LE

e

where’QY'Q is the slope of the melting curv¥.Y and Y arethe entropy andol-

ume change upon meltinggspectivelyhighlighting that the shape of the melting curve

is sensitive taYe, providing important information on the volume and compressibility

of the liquid phases using walbnstrained properties of the solidhermodynamic
models for solid-e and FeSvere fit to calorimetric data obtained at ambient pressure
(Chase, 1998 for Fand Evans et al., 20Hhd references therdior FeS)and thermo-
elastic measurements. For FCC Fe, the equation of state was fitted using data from
Nishihara et al. (2012), Komabayashi et al. (2010), and Tsujino et al. (2013). For FeS
IV and FeS V, data from Fei et al. (1995), Kusaba et al. (1998), and Urataala
(2004), along with data colleaten this study, were used. The transition between FeS
IV and FeS V is described using a tricritical Landau model, and the gradual spin
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transition of Fe in FeS (Urakawa et al., 2004) is treatedeamixingof high-spin and
low-spin FeS end members. More details on the thermodynamic model foFe8lid

are provided in Supplementary Téx83. While a spin transition of Fe may also occur

in liquid FeS, the mixing of higlspin and lowspin states is expected to be significantly
broadened at the high temperatures relevant to planetary core conditions, as seen in the
model for the solid FeS phasseé Fig5.S8). Therefore, in this study, thiquid FeS

end member is modeled as a single compofoperties of FeS liquid were then de-
termined by fitting thenelting curve of Boehler (1992 to 43 GPawhich aligns with

the melting data reported by Chen et al. (2005), Xu et al. (2021), and Edmund et al.
(2024).Melting temperatures for Fe determined in this study, along with several recent
Fe melting curves that show consistent results (e.g., Anzellini et aB; Rikard et

al.,, 201®; Hou et al., 2019), were used to constrain the properties of Fe lifjugd.
fitted parameters of the thermodynamic models for the solid and liquid phagesare

in Table 52.

TheVp of liquid Fe, measured at both ambient and high pressures, were incorporated
into the fitting of the thermodynamic model for liquid Fe. This dataset includes results

from this study as well as data from the literature (Nasch and Manghnani, 1998; Ku-
wayameet al., 2020; Nishida et al., 2020; Jing et al., 2014). In the case of FeS, however,
limited Vp data is available within the pressure range relevant to this study. The only

applicable data is from Nishida et al. (2028ith Ve of FeS liquidmeasuredip to 6.4

GPa.

Comparisons between the model and experimentafatdb@ath solid and liquidre and
FeSphasesare shown in Fig5.6, with further details in Fig$.S6, 559, and 5.S10

The density of FeS solid shows complexities both due to an Fe spin transition, which
increases the density of FeS but can be seen to get broader in pressure with increasing
temperature, and due to the second order transition of FeS IV to FeS V, wikeich is
perature dependent. These effects are extremely well matched by the thermodynamic
model, with the pressure and sharpness of the-$pgito lowspin transition of Fe in

FeS at room temperature also matching the pressure and sharpness of the transition
observed in Fe Kb emission line data collected by Rueff et al. (1999). Although the
experimental densities of Fe and FeS liquids under high pressuresoseauded to

fit the endmember models, the models show good agreement with the most recent ex-

perimental measurements. The density of liquid Fe frompteeentmodel closely
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matches the experimental data from Kuwayama et al. (2020) across the entire pressure
range of the dataset (Fi§.6 and Fig5.510). Under Martian core conditions, the dif-
ferences in densities afdwave velocitie®f liquid Fe derived from the current model,
compared to other experimentally based models from the literature (Komabayashi et al.,
2014; Dorogokupstet al., 2017), are within 0.2 g/cm3 and 0.1 km/s, respectively, as
shown in Fig5.S11. There is slightly less agreement wétliecent model based on ab
initio calculations (Wagle and SteiAMeumann, 2019), most likely because it was de-
veloped for the TPa pressure range and has fewer constraints at the relatively low pres-

sures relevant to this study.
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Figure 5.7. Densities of Fe (a) and FeS (b) under ambient pressure and elevated temperatures.
The black solid curves depict the densities calculated using the thermodynamic model from this
study. The symbols indicate data from literature for solid Fe (K21: Kamigh, &021; B55:

1955), liquid Fe (LM19: K21: Kamiya et al., 2021; Le Maux et al., 2019; W16:
2016; D81: Drotning, 1981; S69: Saito et al., 1969; KC63: Kirshenbaum and
Cahill, 1962), solid FeS (T05: Tenailleaua¢, 2005; S03: Selivanov et al., 2003; K98: Kusaba
1998), and liquid FeS (KT94: Kucharski and Toguri, 1994; KT79: Kaiura and Toguri,
1979). The densities of liquids in the sugepled temperature regions are not included in the

Basinski, et al.,
Watanabe et al.,

et al.,

models.

As mentioned earlier, there is a significant discrepancy in the reported densities of lig-
uid FeS under high pressure across the literature. Based on the systgalasition in

this study, some of these values can be excluded. For example, the densities of liquid
FeS reported by Nishida et al. (2011) and Chen et al. (2014) are even higher than those
predicted at the same conditions for solid FeS by the EOS denivkis istudy, which

is unlikely to be the case. In contrast, the current liquid FeS moassagell with the
experimental observations from Morard et al. (201&8d Xu et al. (2021), falling

within the experimental uncertainty (Fig6).
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Table 5.2. Thermodynamic parametersieé and FeS phases refined in this study.

fw
T Y Y y P 2 . - g Tr 1 4
Phase (3 molt
(cm® mol?) (GPa) (KJ mol?) (K) (K) K?) (cm®*mol?)  (KJ mol?) (K)
FeS VHS 18.58(3) 85(1) 47  -117.63) 2492)  2.352) 050 300 0 - 0.3256) 11.2(2) 565
FeS \LLS 16.23(6) 1042) 40  -106.13) 2893) 1.735) 1.6 300 0 - 0.3256) 11.2(2) 565
Liquid FeS  22.316) 1943) 65 -271.6(3) 9854  1452) 180 1460 0 - - - -
FCC Fe 6.93(1) 150(2) 55  -2.6(0) 2792)  216(4) 050 300 0.0029(1) 1.2(1) - - -
Liquid Fe 7.96(1) 87(1) 5.9 -108.1(1)  182(1) 2.08(3) 1.45 1811 0.0049(1) 0.88(6) - - -

w: Volume at reference conditions; : Isothermal bulk modulus at reference conditioins; Pressure derivative of isothermal bulk moduli@:; Reference value of Helmholtz free
energy;—: Debye temperature at reference state;Griineisen parameter at reference staté/olume dependency parameter for the Griineisen paranigtBeference temperature;
f :Parameter for thermal excitation of electrohs;Volume dependence df ; @ : Maximum excess volume of Landau transitié¥i; Maximum excess entropy of Landau transition;

"Y : Critical temperature of Landdtansition at ambient pressuféhe equations for the thermodynamic expressions are summari3egplementary Tex3.S2.
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542 El asoif chHhFee§ sol uti ons

With the endmember thermodynamic models for liquid Fe and FeS established in this
study, we can further examine the elastic properties-¢7&Sliquid mixtures in detail.
Based on the experimental resudism thisand previous studies, we find that within

the experimental uncertainties, the densities\&ndf Fe-S liquid mixtures can be ac-
curately described by assuming ideal mixing of the Fe and FeS end members, without
the need to introduce excess volume of mixing teffhe Gibbs free energy of the

mixtureis expressed as:

"O0R Yo p ®w O ORAY w O DAY
p @ YYaE w W  Y'Yoos L8
where"™O ORY and"O  0RY are the Gibbs free energy ptireliquid Fe and

liquid FeS respectivelyUnder a given | condition, the volume of the mixture is

ww P O W W W LB

e T O .
w Oh"Yw — h O}
T o
the isothermal bulk modulus from,
ORY ch 0
O 0 o L&
and the adiabatic bulk modulus from,
s olb by v
o 3 &

where 0 is heat capacity at constant pressure, @ands the heat capacity at constant

volume.6 , 6 , entropy“Yand thermal expansidn, are calculated as follows:
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The longitudinal velocity of the mixture is calculated from,

| <

) - vPo

Among the literature data on experimental measurements 8fliGeid densities, our
model aligns well with recent muléinvil experiments giressures below 7 GPa from

Xu et al. (2021), within experimental uncertainty across the full composition (@&igge

5.S5). Additionally, density measurements from lakeated diamond anvil cell (L-H

DAC) experiments in the Fe(NB system by Morard et al. (2013) with 12 wt.% S and
Kawaguchi et al. (2022) with 16 wt.% S also match our model §%j2). However,

the data from Morard et al. (2013) begin to deviate at pressures above approximately
70 GPa, and densities from dynamic compression measuremprassares above 100

GPa by Huang et al. (28)Lshow slight inconsistencies with our model. This discrep-
ancy is likely because the FeS enémber model used in this study is constrained by
melting curves up to only 43 GPa, making it potentially less applicable at much higher
pressuresit pressures below 5 GPa, our model shows substantial inconsistencies with
experimental measurements in theFand Fe(NBS systems (Sanloup et al., 2000;
Balog et al., 2003; Nishida et al., 2008; Morard et al., A)Mhich themselves show
inconsistencies across the literature. This may be due to the complex mixing behavior
caused by strong interactions betweenr(I¥@-S at low pressures, while the system

tends toward ideal mixing at higher pressures, as supported higetmeodynamic
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modeling in Xu et al. (2021 where the excess volume of mixing diminishes with in-

creasing pressure.

There are also significant discrepancies in the reported effects of sulfur ¥p tfe

liquid Fe alloys among experimental studies (Jing et al., 2014; Nishida et al., 2016;
Nishida et al., 2020; Kawaguchi et al., 201fhpugh the reasons remain uncl€auar
experiments and model show relatively good agreement with the results of Jing et al.
(2014), whereas the trend\6f in Fe-S liquids rising rapidly to approach or exceed that

of pure Fe at 10 GPa, as reportedNiahida et al. (2020) and Terasaki et al. (2019)

neither observed in our experiments nor supported by our model (S&SER).

The densities of F8 liquids from some recent ab initio calculations (Kuskov and
Belashchenko, 2016; Huang et al., 2023) show good agreement with our experiments
and thermodynamic models (Fi5.S14g. However, the/p from these studies do not
match any experimental observations, including those from this study5(Eiglb).

This seems to imply that simple pressure corrections to the calculation results may not
adequately capture the secesrdler thermodynamic properties of-feh liquids. In

the case ofinother recent ab initio calculation onF&wt.% S liquid (Li et al., 2024),
where no experimental corrections were applied, neither the densitypradigned

closely withanyexperimental observations.
551 mpl i coant itomes composition of the

Using the newly derived thermodynamic model for theFE8 system, we can place
constraints on the composition of the Martian core based on its density\aadeP
velocity that have been evaluated using data from the InSight lander (Stéahler et al., 2021;
Irving et al., 2023; Samuel et al., 2023; Khan et al., 2023). Comparisons of the density
and Rwave velocity of liquid FeS alloys with estimates based on the InSight observa-
tions are illustrated in Figh.8, along two hypothetical adiabatic temperaturdilesa

one that considers the presence of a basal magma layer (BML) and the other without

[126



(Samuel et al., 2023JFor the BML model comparison we have performed the calcula-
tion at the relatively high commantle boundary (CMB) temperature proposed in the
BML model bySamuel et al(2023. The gradient of the adiabatic temperature profile
is calculated from the F8 thermodynamic model:

EY ﬁ' UP T

Q0 6

Assuming sulfur is the only light element alloyed with Fe in the Martian core, approx-
imately 30 wt.% S would be required to account for recently proposed core densities
that consider no BML (Samuel et al., 2023; Irving et al., 2023). In contrast, either ap-
proximately 20 wt.% or 24 wt.% S would be needed to explain the density deficit in the
Martian core models of Samuel et al. (2023) and Khan et al. (2023), respectively, where

a BML is considered.

To put these possible core concentrations into context, they can be compared with cos-
mochemical estimates for the availability of S in the materials from which Mars is likely

to have formed. Mars has often been considered to have a hereditary relationship
ordinary or enstatite chondrites, based on oxygen isotopes (Lodders and Fegley, 1997,
Sanloup et al., 1999). If we assume that Mars formed only from ordinary chondrites
(either H, L or LL)(Wasson and Kallemeyd988), and all S partitioned into the eor

and none was lost due to volatility, then the core would contain approximately 10 wt. %
S. If it were made from enstatite chondrites, on the other hand, the core would contain
either 16 wt. % S (EL) or 27 wt. % S (EH), with the latter being comparalileto
expected for Cl chondrites. Consequently, models based on Mars being formed from
mixtures of these meteorites propose core S contents in theohd@d 16 wt %
(Lodders and Fegley, 1997; Sanloup et al., 1999). For concentrations of S in thea Martia
core to be more than 20 wt. % would require it to have formed mainly from EH or CI
type materials and for virtually no S to have been lost due to incomplete condensation

or evaporative processes. However, Mars is clearly depleted in elements with similar
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condensation temperatures to S but which remained lithophile, and a recent estimate
based on the trends of such elements in SNC meteorites, concluded that there should be
< 7 wt. % S in the core (Yoshizaki and McDonough, 2020). If Martian core sulfur con-
tents are in the range of B0 wt.% then this would imply that the sulfur concentration

of Mars is decoupled from other elements with similar condensation temperatures. This
woul d also have important i mpl i cahighons f
has in the past been constrained t@ lie7 wt. % based on the same type of reasoning

(Dreibus and Palme, 1996).

However, a further argument against sulfur being the only light element is that a pure
Fe-S Martian core cannot simultaneously match both the densitywantbnstraints

from the InSight models, either with or without a BML. As shown in Bi§c and d,

the high sulfur concentrations required to match the density of the core, decrease the P
wave velocity. This contradicts models based on InSight data that implywlaed®
velocity becomes higher than that of pure liquid Fe in the Martian(toteg et al.,

2023; Samuel et al., 2023; Khan et al., 2023). Although our thermodynamic model
shows that the #ave velocity of FeS liquid tends to converge with pure liquid Fe in

the deeper Martian core, the velo€ibyvering effect of sulfur remainsgnificant, par-
ticularly in the upper part of the corEhe comparison between the-FeS thermody-
namic model and the trends for the Martian core based on InSight measurements there-
fore highlights the need to consider additional light elements alongside sulfur, which
could stiffen Ferich alloys and increasediRrwave velocity under Martian core con-

ditions.
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Figure 5.8. Comparison between the adiabatic properties 6 Figuids calculated from the
thermodynamic model developed in this study (solid curves), with models for Martian core
properties that are based on InSight measurements. Panels (a), (c), and (e) styvoensi

tudinal velocity, and temperature profiles calculated using a reference CMB temperature (T0)
of 2090 K at 19 GPa (P0), compared with profiles that employ InSight measurements but as-
sume no basal magma layer (BML) at the Martian -coaatle boundagr (S23: Samuel et al.,

2023). Panels (b), (d), and (f) are calculated at a reference CMB temperature of 2760 K at 22
GPa and are compared with profiles based on InSight measurements that assume the existence
of a BML at the CMB of Mars (S23: Samuel et aD23; K23: Khan et al., 2023). The grey,

green, blue, and red curves indicate compositions of pure Fe, Fe with 10 wt.% S, Fe with 20

wt.% S, and Fe with 30 wt.% S, respectively.

Whil e the depletion of vanadium and chr omi
to argue for a reducing phase of terrestrial core formation that likely resulted in silicon

entering the core (O'Neill, 1991), for Mars the same depletions do not seeweto ha
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occurred (Yoshizaki and McDonough, 2020). Oxygen, on the other hand, may dissolve
into Ferich liquids in significant amounts if the temperature is sufficiently high (Tsuno
etal., 201). In the basal magma layer (BML) scenario proposed by Samuel et al. (2023),
for example, the temperature at the Martian CMB is proposed to exceed 2700 K. Under
such conditions approximately 10 mol.% oxygen could have dissolved into the Martian
core, basedn themodelfrom Tsuno et al. (2011). However, as oxygen partitianeal

the core, the FeO content of the BML would be lowered, most likely leading to the
BML either crystallizing or becoming gravitationally unstable. A BML may, therefore,
be inconsistent with CMB temperatures that are high enough for significant oxygen to
enter the core. Conversely, ifi@ldo CMB scenario, where a BML is absent or where

it is not at the supdrquidus conditions proposed by Samuel et al. (2023), the solubility
of oxygen in the core would be limited, as suggested by earlier medgldRubie et

al., 2004). Thus, in both scenarios, the concentration of oxygen in the Martian core is

likely to be limited.

Hydrogen and carbon have also been proposed as potential light elements in the Martian
core (e.g., Gudkova and Zharkov, 2004; Yoshizaki and McDonough, 2020; Khan et al.,
2022), although based on their volatility their concentrations in Mars should be much
lower than sulfur. The effects of hydrogen on the elastic properties of liquid Fe at high
pressures remain largely unknown due to experimental challenges. However, since the
P-T melting curve of FeH is relatively flat at pressures below 20 GPa (Sakanadki et
2009), this implies that the densities and compressibilities of the solid and liquid FeH
phases may be similar. We can then make a qualitative estimate of hydrogen's effect on
liquid Fe using experimental results from keddlids. Using this approach, we would
expect the addition of hydrogen to increase th@aWe velocity of solid Fe (e.qg.,
Sakamaki et al., 2009; Thompson et al., 2018), while reducing its density. We estimate
that approximately 0.3 w&o H in the Martian core could lower the requisedount of

sulfur to within the range 105 wt %, while maintaining a #vave velocity that was
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broadly consistent with the Insight constraints. This core H content could form through

reduction of approximately 0.7 wt %8 from the silicate portion of the planet.

The incorporation of carbon (C) has also been shown to significantly increase the sound
velocity of liquid Fe under Martian core conditions, as demonstrated in previous exper-
iments (Nakajima et al., 2015). Therefore, the combined incorporation of S atal C i

the Martian core presents another promising solution for explaining seismic observa-
tions of the Martian core. However, the simultaneous incorporation of large amounts of

H and C may be limited, as hydrogen reduces the solubility of carbon in liqiiti-Fe

rose et al., 2019Further systematic studies on the§-€ and FeS-H ternary thermo-
dynamic systems are necessary to explore these hypotheses and place more compre-

hensive constraints on the composition of the Martian core.
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The I nfluence of Sulfur on the Elastic Pr o]
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Summary of equations for thermodynamic modelin
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respectively. The macroscopic order parameter
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