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Abstract

Carbonin deep Earthas well aghe nature and extent afeep carbon cyctis essential
for understanding th@hysical andchemical evolution of habitable planeiEhis dissertation
includes hree projectdo addresscarbon in thekE a r tdéep mteriorfrom the perspectives of
high-pressuremineral phygs.

The first project(Chapter3) comprisesexperimental and computational results on the
structural evolution of iromickel liquids alloyed with carbomt high pressureOur X-ray
diffraction experiments up to 7.3 gigapascals (GPa) demonstrate thbliidiquids alloyed
with 3 and 5 w®6 carbon undergo a polyamorphic liquid structure transition at approximately 5
GPa. Corroborating the experimental observations, our-piinstiples molecular dynamic
calculations reveal that the structural transitions result from the marked prevalence-atahree
facesharing polyhedral connections in the liquids at >5 GPe. structure and polyamorphic
transitions of liquid iromickelcarbonalloys govern their physical and chemical properties and
may thus cast fresh light on the chemical evolution of terrestrial planets and moons.

The second projediChapter4) concernsthe high-pressurethermoelastic propertiesf
one ofthe E a r tinmdr s€ore candidase iron carbide, F€s. In this study, we performed
synchrotrorbased singkerystal Xray diffraction experimest using an externalieated
diamond anvil cell to determine the crystal structure and thermoelastic propertie€otip&®
80 GPa and 800K. Our diffraction data indicate thaiCkedopts an orthorhombic structure
underthe experimentally investigated conditions. The presswwtametemperaturagelationsof
FerCz wereobtained byfitting the high-temperature BirctMurnaghan equation of state. We also
observed an anisotropic elastic response to changes in pressure and temperature along the
different crystallographic directions. #& has strong anisotropic compressibilities with the
linear modli Ma> M¢> My, from zero pressure to core pressures at 308ealingthe b axisto
be themost compressible. The thermal expansior®s$ approximately four times larger than
that ofa® andb® at 600K and 700K, implying that high temperature may &iamitly influence
the elastic anisotropy of Kés. Therefore the effect of high temperature needs to be considered
when using F£Cs to explain the anisotropy tfieEar t hds i nner cor e.

The third project Chapter5) examinesthe high-pressurephase stability and melting
behavior ofthe Fe-C-(H) systemby both multtanvil press and diamond anvil cell experiments.

Metallic iron reactd with an organic GH compound, which served as carbon and hydrogen

\Y



source,under conditions ohigh pressure and temperatul®ith excess €H compound,Fe
carbide and molecular hydrogen formed first from the reaction at high pressures and relatively
low temperature With increasing temperature, Fe hydride and diamond were found to form.
With excess Fehy contrastthe presenceof hydrogen depress the melting temperature of the

FeC systemsuch thathe eutectic melting temperatures boththe Fe-C and FeC-H systens

are below the mantle geotherfhoseFerich melts may facilitate the cycling of subducted
carbon and hydrogen in the deep mantle. These melts may peowedessarynelt environment

for the growth ofmacro diamonsl in deep mantjehey couldalsoserve as a potential reservoir

for both carbon and hydrogen in the mantle.
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Chapter 1

Introduction

1.1 Carbon in deep Earth

Carbon(C), the fourth most abundant element in the Universe, playsssentiatole in
the sustainability of life on EartiCarbon is not only one of the primary building blocks of all
organic matter on Eartlit also exis$ in the atmosphere, hydrosphere andnanyrockssuch as
limestone. Because thenears ur f ac e carbon cycl e proé&ndundl vy
ecosystemsit has been the subject nfimerous studieffom various disciplinesBy contrast,
relatively little is known about deep carbon in tRea r tnfardtls and coreincluding its
abundance, reservoirs and occurrendé@e nmechanism of dep carbon cycigbh et ween Ear t h
surface and interioremain controversialFundamental resarch to understand carbondeep
Earthfocuseson the physical and chemical behavior of carbearing phases atlevanthigh-
pressure and higtemperature conditions.

Figure 11 shows a model ofdeep carbon cycles hr ough Eaframhpdote hi st o
Earth to modern Eartlearth is considered to possess a magma odedang the earliest stage
when the temperature was high and iron (&edl partof silicateswere molten(Rubie et al.,
2007) Therewould have beeanexchangeof C between the magma ocean dhdatmosphere
(Dasgupta, 2013)At the same time, wherhé high-density Fe melt was segregated from the
silicatemelt and snk to the center of Eartttarbon as an iretoving element ould have been
dissolvel into Feandsequestered intihe coreby liquid Fe(Dasgupta, 2013)rhe mechanism of
metal and silicate segregation will be discussed in section(Rubie et al., 2007)The
segregatedre with dissolved carborand otherFeloving elementdormed E a r tptinrslial
core.Due tothe secular cooling of Eartithe solid silicate mantléormed, and the solid inner
core crystallized fronthe liquid outer core The concentration of carbon in the outer core and
inner core highly depend on tlaenount ofC dissolved into the core durirthe core formation
processBetween the surface and mantiibduction slab brought carbdowninto the mantle

whereasyolcanism brought carbon back to the surf@gure 1.1)
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Figure 11. Cartoon illustrating deep carbon cycles through Eahis®ry. Figure modified after
(Dasgupta, 2013; Rubie et al., 2007)

l12Eart hds <cor e

Earthdés core and t he c odcarel® ineesftigated directty byp | an e
geophysical observationsyd as seismology and geomagnetism) and in most cases indirectly
by geochemistry, cosmochemistry and mineral phySisskEar t hds core occupi es
1/6 of the whole Earth by volumand1/3 by massAt the core mantle boundary (CMB) (289
km), where the pressure reasHE36 GPa,the density haa large jumpfrom silicate mantle to
metallic core. The compressional wave velocitjecreases at this boundamydthe shear wave
virtually disappear, only toeappearat inner core boundary (ICB3t 5150 kmand 329 GPa
(Figurel.2). These observationadicate thaEarthhas an outer core (OC) thatadiquid and an
inner core (IC) that isolid (Figure1.2 andFigure1.3). The presurein theE a r touted core is
136-329 GPa and the pressuie the inner core is 22-364 GPg based ongeophysical
observationsThe schematic layered structusepresented in Figure 1.3he emperature of the
core is less well constraingitlis estimated to b the range 08850 K- 4600K at the CMBand
5150K-6200K at the ICB(Fischer, 2016)
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Figure 12. Compressional velocity (y, shear velocity ¥ and density of AK135 model (solid
lines) (Kennett et al., 1995)nd v ,vs and density of Fe (dashed lines) as a function of pressure.
Vp IS presented in reds is presented in blue and density is presented in black. The sound
velocities of liquid Fe at 5000 Kreplotted(Anderson and Ahrens, 1994 he densitfMao et

al., 1990)and sound velocities of solid Fe at 30@teplotted without temperature effgdlao

et al., 2001)
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Figure 13. Layered structure of Earth. The pressures and depths of the boundaries are according
to the PREM modglDziewonski and Anderson, 1981)

Core brmation by metasilicate segregation is thought to have occuw#tin 30Myr of
the initiation ofthe solar system formatioasimplied by the hafniurtungsten(Hf-W) isotopic
geochronometer (reviewed Rubie et al. (2007) Three possible segregation mechanitiange
beenproposed 1) Rapid and efficienmetalsilicate separation im global magma ocegn2)
dyking or diaprism, and 3)percolationof liquid metal through a matrix of polycrystalline
silicates Figurel.1) (reviewed byRubie et al. (2007%)

As Earth cooled downron alloy solidified from the E a r tliquid sore separahg the
coreinto two parts: thdiquid outer core andhe solidinner core. Theiquid outer coremay be
compositionally uniformwith a ~5-10% density deficitith regard toiron (Hirose et al., 2013;
Litasov and Shatskiy, 201.6phear wave cannot be transmitted through tigpuid outer core. It
is generally acceptethattheEar t hds magneti c fi el dligudametgener at

within the ouer core. The generabn of the magnetic fieldequiresthis metalto be a good

4



conductor; this and evidence from meteorites and galactic elemental abundances strongly suggest
thatFe should be the predominant element in the (®teevenson, 2003)

The solid inner core has a ~5% density deficit compared WelfLitasov and Shatskiy,
2016) It mayrepulse some light elements to the outer core, which contributes to convection of
the outer coreThe inner cores found to be elasticallgnisotropic.Seismic waves travel faster
along the polar axis thahroughthe equatoriatlirections(Deuss, 2014 and papers withiithis
anisotropy is believed to e topreferred orientation afrystallineFe or Fe alloys. A review
paperby Deuss (2014summarize the mechanisméypothesizedor preferred orientation of
crystals in the inner corevhich involvesolidification and deformatigrbutno consensubas yet
emergedn thegeneralkauses.

The E ar t h Gsswidelyoacoeptedo consistprimarily of iron alloyed with ~5-8 %
Nickel (Ni). Ironis a cosmochemically abundant element in the univemsiéhe sound velocity
and density ofFe at core conditions close tothoseinferred fromseismic datgdMao et al.,
1990; Mao et al.,, 2001)Additionally, iron meteorite are considered to be fragmemts
planetary core The presencef Ni is inferred fromits similarity and highaffinity to Fe and the
prevalencef Fe-Ni alloys in iron meteorite

The presence ofight elements in the core nsidered to account ftine density deficit
and sound velocity discrepancies betén FeNi alloy and seismienodels of Eartlsuch aghe
Preliminary Reference Earth Model (PREM) and AK135 m¢Beth, 1952, 1964; Dziewonski
and Anderson, 1981Kennett et al., 1995; Li and Fei, 2014; Poirier, 19¢8ipure 1.2). A
considerableoncentratiorof light elementsuch asS, Si, O, CHis requiredntheEar t hés cor
to account forthese discrepanciéseviewed byLi and Fei (2014) Theidentity and abundance
of theselight elementshowever remain controversial. Similar to Earth, a number of terrestrial
planets and moons likely possess partially or fully molten cores that are compdsedaobf
alloys, i.e., Mercury, Venus, Mars, MooGanymede, lo and Europhacking of geophysical
measurementshe core compositi@of these planets and moons are even less consti(@hed
et al., 2008; Dasgupta et al., 20@fauck et al., 2013; Weber et al., 2011)

Our understading of the structure, dynamics, and chemical evolutiorthef cores of
Earth,and other planetsndmoonshinges on the physical properties of liquid and crystalline Fe
alloyed with light elements. The incorporation of light elements into Fe alloyexqaainthe

density deficit oftheE a r t h 6 s thesoundcevelacity dlifferencefrom seismic observation.



The melting temperature of core materials-fraalloyed with light elements) dhe inner core
boundaryat 329 GPa serves as an anchor point for the thermal profikedE ar t hés cor e.
exsolution of light elemesto the outer corduringsolidification ofinner coras considered as a

driving force of the geodynameh i ch gener at es .Evahrtheldevedopmeatgfnet i ¢
stateof-art techniquein seismology and mineral physics, w&n achieve hetter undestandng

oftheEart hés <cor e.

1.3 Carbon and other light elementsntheEar t ho6s cor e
Carbon has a high solubility iboth solid and liquidFe as well asa high cosmic
abundance, which makes it one of the leading candidHtéight elemens in Ear t hds cor
(Wood, 1993)In addition, iron carbidesuch as cohemtarecommonly found inFe meteorites
(Wasson, 2012)Based omc ompari son between carbon abundan
chondriic meteroritesthe coremayhost~90 % of Ear t h @MeDowroagh,l2@8) b ud g e
The concentrati on o fisstdl anddr debateByranalbdy with Enendritds 6 s ¢ o
it would be abou.2 wt% (McDonough, 2003)whereas its estimated to b2-4 wt.% fromthe
perspective omineral physicswhich shows that carbon is highly solublen Fe liquid at high
pressure and temperatures of the planetary accretion and differenti@iond, 1993) In the
outer core, carbon carccupythe interstitial sitesin Feliquid at carbonconcentratioa less tha
3 wt.% C. At higher concentrationihere are regions of E@-like structure (a deformed hdpe
lattice) in the liquid'Sobolev and Mirzoev, 2013for the inner core, EE was considered to be
a inner core candidatéGao et al. 2008; Wood, 1993)Recent studigeshowever,suggest that
FerCs instead of F¢C would bepreferredsince it is the first phase solidified from-Eemelts at
core conditiongccording tahe phase diagram of K& at core conditioné~ei and Brosh, 2014)
There are also some other light element candid&tgdrogenis one because of its
extremely high cosmic abundance, high solubility Fe at pressures higher thaB5 GPa
(Badding et al., 1991and high partition coefficient betwedfe and silicate meltfOkuchi,
1997) It is howeverchallengingto investigate the FEl system FeH) asH is an invisible
element to mogprobingmethods andre hydrides cannot be preserved at ambient conditifmms
analysis Sulfur isanothercandidatefor light element in the corbecausd-e sulfideis common
in meteorit§Wasson, 2012)ulfur can bebarely solublan Fe at atmospheric pressubsit can

form Fe sulfidesunder atmospheric pressui€ubaschewski, 2013)ts solubility reaches 8 at%



or 4.8 wt.%at 120 GPa, 2600kKamada et al., 2012probablybecause thatonic radiusof S is
similar tothatof Fe at high pressuresothatS can substitute Fe in the crystal struciixie et
al., 2002) Phosphorus iprobably presenn the core because fealloyis found in meteorite
ard the abundance of Pn  Ear t h 6 s dewdesgreatlg from the [dasetary volatility
trend (McDonough, 2003; Wasson, 2012)xygen andSilicon are also considered as light
element candidasebecause of theihigh cosmic abundancand high solubility in Feat high
pressure and tempure (Hirose et al.,, 2013)Previousstudies of the melting behavior and
phase relations the binary systeraof Fe alloyed with one of the candidate light eleméatge
beenreviewed(Hirose et al., 2013;itasov and Shatskiy, 2016)

1.4 Subducted and mantle carbon

A substantiaBmount of arbon can béransportednto the mantle trough plate tectonic
subduction process All the layersin the subdued slah i.e., sediment, ocean crust and
mantle lithospherecan carry carborin various foms, includingC-O-H fluid and carbon
(Dasgupta and Hirschmann, 2010; Peacock, 19983 carbon concentration in sediment varies
betweendifferent subduction zoseand the estimated amouwdries indifferent studiesThe
average bound COn sediment igstimated to b&2 wt.% and the carbon flux éstimated to be
1.6x1041 kg/year from a 20@n-thick column of sedimenby Peacock (199Q)but only 1.3
1.7x103° kglyearby Dasgupta and Hirschmann (2010he estimated Cfconcentration in
carbonatebearingoceanic crust is 0:0.3 wt%, corresponihg to a carbon flux of 66.1x13°
kg/year (Dasgupta and Hirschmann, 2010; Peacock, 19808¢ carbon concentration in the
mantle lithosphere is relatively unknoywone estimat of the carbon flux is 3.6x10 kg/year
(Dasgupta and Hirschmann, 2010)

In the mantlecarbonbearing phases change with depth. In the shallow upper mantle
(<200-250 km), oxidized phases suabk CQ-rich fluid, cabonatite, and carbonated silicate melt
aredominan (Dasgupta, 2013)At deptts greater than 250 km, Fedisproportionates into Ee
andFe**; Fe** is incorporate into silicate phases, making the marfesaturatedFrost et al.,
2004; Rohrbach et al., 200xidized carbon, such &sarbonatecan be educedo diamond or
Fe carbide asdemonstratethy many experimental studi¢Balyanov et al., 2013; Rohrbach and
Schmidt, 2011; Zhu et al., 2018)



1.5 Scope of this dissertation
The theme of this dissertation is carbon i
high-pressure experimental techniques and diagnostic methods used in this dissetajpoer. C
3 focuses on the effect of carbon on the physical propertiesf kguids with implicationsfor
the chemical evolution oterrestrial planets and moonsin Chapter 4,the thermoelastic
propertiesof a potentialinner core carbotearing phase;eCs, areexplored to understand the
Eart hdés i n msesmicanisotropyChaaptdr 5 concesthe phase relations and melting
behavior otthe Fe-C-(H) systento investigate theccurrenceof subducted carboin the mantle
Finally, Chapter 6 summarizes the conclusionstha three chaptermentioned aboveand

discusses further research those topics



Chapter 2

Methodology

This chapteintroduceshigh-pressuregeneratiordevices and probing methodstilized in
my research project§&irstly, the highpressure device®)iamond Anvil Cell DPAC) andLarge
Volume Pressl(VP), will be introducedHigh-pressure and higtemperature conditionsan be
generated by those deviaesorder b simulatethe conditions found ithe deep interior of Earth
as well as other planets and moddscondly, thdollowing analytical angrobe methods will be
introduced: The highpressuretechniques have beaombined with ariousin-situ or exsitu
measurements to understand the physical properties of the saRgufesularly, synchrotron
basedX-ray diffraction (XRD) was utilized to study the liquid structure ofNieC system
(Chapter3), density and compressibility of & (Chapterd), e well as theeactionand melting
in the FeC and FeC-H systens (Chapter5). Finally, a theoreticalmethodfor the Density
Functional Theory@FT)-based molecular dynamics calculat{@hapter3) will be introduced.

2.1 High-pressuredevices
Pressurecan be generatdoly dynamicshockwave compression and static compression
using DAC and LVPdevices Since only static techniques were employed in this dissertation,
only thestatic compressiodeviceswill be introducedin this chapterThe advatage of DAC is
that it can reach relatively high pressaed temperaturavhich may cover the entire pressure
and temperatur e r anfy@GPabubrovinsky eEa. r201B36dl07iGRat er i or
and 5960 K(Tateno et al., 201b)ompared with LVP(tungsten carbideubes: 25 GPa and
sintered diamond anvilsubes: 10 GPaYamazaki et al., 2014) The majoradvantage of LVP
is thatthe sample sizesn( millimeters) are orders of magnituddarger thanthosein DAC
experiments i micrors). The large quenched sampiecovered froman LVP experimentis

more convenienfor further analysssuch as composition anexture



2.1.1 Diamondanvil cell

The working principleof the diamond anvil cellis to compressa sample betweetwo

opposingdiamonds with smalpolishedculets Diamond is used as the anvil because it is the

hardest material in the world, and it is optigahnd Xray transparentA metal gaskete.g.

Rhenium(Re), Steelpr Beryllium (Be)is placed betweeaulets oftwo well-aligneddiamonds

and a hole is drilled on the gasket the sample chamber (Figurd)2Pressure transmitting

mediasuch asNeon or KClcanbe loaded ito the sample chambéo producea hydrostatic or

guasthydrostatic environment surrounding the samptessure generated by a force acting on

the diamondgan bemeasuredisingthe florescencef aruby spher€Mao et al., 1986)or using

the equation of state afpressure markesuch aKCl, Pt or Au(Fei et al., 2007)or usingthe

diamond edge methddkahama and Kawamura, 200@)igure 21).

Pressure medium

Diffracted
X-ray beam

Metal gasket

Pressure marker

Figure 21. Schematics of the core components dfaanond anvil cell

Backing plate

Focused X-ray beam

The equationP = F/A, where P is pressureF is force andA is area indicates that

increasingforce or reduang the area of the culet achievéigher pressure.In the DAC
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experimentthere are two way to apply force to tha@ets- by turning screws of thddAC or by
usng agasdrivenmembrane t@ontrol pressureemotely. Thetypical culet size of diamond can
be 1006100 mm, which can be used to reaepressure from several GR@ to 200 GPa. By
introducingdoublestageanvils with a contacting aredess than 10mm, the diamond anvil cell
can reachapressure above 770 GHaubrovinsky et al., 2015far exceenhg the pressure at the
center of the Earth.

There ardypically two ways toapply high temperature in DAQesisanceheating and
laser heatingExternaly resiganceheating uses resistive wire or foils around the gasket/seat to
heat the whole sample chambkmprovides the capability to heat the sample 8006-K without
protective gases and to 300 K with a protective atmospher&he advantage of resistance
heating is its small temperature gradient and accurate temperature measurbment
thermocouple However, the oxidation and fast graphitization of diamond at higher temperature
limit the available temperature ran€l300 K) BX90 DAC is commonly used in the externally
heated diamond anvil celhd is used in our study Chapter (Figure2.2).

Thermocouple

Heater

Figure 22. (a) Components of BX90 DAC. (b) BX90 DAC with ring heater and thermocouple
installed
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Pyrophyllite is typically used as the material of the ring heater hatee University of
Hawai @i .ARolaMIMDX4ACNC machine in Chends | abor e
ring with proper size (e.g. 22.30 mm OD, 7.94 mm ID and 2.25 mm thickness, for common
BX90 DAC), with grooves and holes on both side surface for the resistive (Wigese 2.3).

The machined bass then sintered ina furnace atl523 Kfor more than 20 hours. The Pt 10
wt.% Rh wires (0.25 mm diameter) are typically used as the resistive heating wires. After wiring
all the grooves and leaving two electrodes outsideor three timegFigure 2.3b)the wresare
covered by lasemilled mica sheets for thermal and electrical insaflatiThe heaterhave been
testedand utilizedin externallyheatedDAC experimentsnumerougimesand are found to be
reliable and reproducibld o date the maximum temperature reached was 900 K in open air and
the maximum pressure reached was 80 @GRaet al., 2018) After placing the thermocouple
near the diamond culet, the heater can be placéde piston side ofhe DAC fixed by Ultra

Temp 2300 °F ceramic tape str{jpsgure2.3c, d and .

i . . ‘.‘“ -
Figure 23. (a) Machining the ring heater base by the CNC machine. (b) The ring heater. (c) Two

thermocouples placed near diamond culet. (d) Ring heater placed on cylinder side, fixed by
Ultra-Temp Ceramic Tape strips. (d) Externgigated BX90 DAC during the heatgitest.

Anotherway to achieve high temperatuselaser heating. Depending ¢ime samplea
Nd-YAG laser or a C@lasercan beemployed. A NeYAG laser couples witlcolored materials
like metals anddark mineralsvery well, while the C® laser can be strongly absorbed by
transparent sample.only Nd-YAG lases areavailable, in order to heattransparent sampla,
heat absorber such asdttAu shouldbe mixed with the sample. In prepag the laser heating
DAC, a thermal insulatorsuch asKkCIl or Ne between the sample and diamondciscial to
effectively prevent heat loss through the diamond, which is a good conductor of heat.

Temperatures of several thousandc&n be obtained at high presres.Temperature can be

12



measured by the grey body approximat{@men et al., 2001)Compared withan externally
heaed DAC, laser heating can redulgher temperatureaé high as 7000 Xbut the temperature
fluctuates greatlyand it hasa large uncertainty. The temperature gradient in the heated sample
area sometimes may further introduce chemical heteroge(feligyten, 2006) In addition,
temperature <1200 Kareusually not measurabl@he symmetrical DAJs the most common
DAC type and it is widely used in laser heating experisydrgcausat is very stableat high

pressurs andtemperaturegFigure 24).

Figure 24. (a) Components of aymmetric DAC. (b)Symmetric DACon a watetcooling holder
for thelaser heating experimerft) Sample chamber during laser heating.

2.1.2 Largevolume press
Two typesof LVP wereusedin this work a ParisEdinburg(P-E) pressat beamline 16

BMB, Advanced Photon Source (AP&gonne National LafANL) anda 2000ton Walker

type Multi-anvil Press (MAPgttheUni ver sity of Hawai @i at MUnoa
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Paris-Edinburgpress

The P-E Pressat 16:BMB, APScannormallyreach up t® GPa and 2273 KThe setup
of the RE Pressis shown in Figure &. The RE pressusesaresistive graphite heatés heat the
sample to high temperature with small temperature gradients. Combined with synchnetrgy
dispersiveX-ray diffraction, itis anideal deviceto study the physical properties of liquids such
as liquid structure under high pressure and highpegature(Kono et al., 2014)Iin addition, he
doublestagesetup of this PE Presswas recently developed to compress large samples to Mbar
pressuregKono et &, 2016)

For P-E pressexperiments in Chapter, Bigh pressures were generated by a pair of cup
shaped tungsten carbide anvils wath2 mmdiameter cup and 3 muliameter bottomThe cell
assembly for liquid structure EDXD measuremantthe RE pressis shown inFigure 26. A
capsule for a samphd 0.2-2 mm in diameter and-2 mm in lengthwas used. Agraphite furnace
was usedo achieve high temperatures. A risgaped borompoxy composite was used as the
supporting gasket, which was surrounded by an outer polycarbonate plastic (Lexan) ring. The
Boron epoxy(BE) gasket and Zr@caps in the assembly are good thermal insulators for high
temperature experiments. A MgO ring was placed between the BE gasket and graphiteadurnace
sene as a thermal insulating lay€Figure 2.6) Temperature was estimated from the power
curve at eachoad and pressure of the sample in the BN capsids egtimated based on the
thermal equation of state of MgO as well as the calibrated pressure gradient in the cell assembly

at each temperatuf&ono et al., 2014)
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Figure 25. Experimentalketup ofthe ParisEdinburghpress at 18MB, APS.

£

ﬂé”!‘ o
‘\ll ol|.

sample

Figure 26. lllustration of the cell assembly for liquid structure measuresnent
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Multi-Anvil Press

For LVP experiments in Chapter 5, 2000ton Walkertype multtanvil pressat
University of wdsempgoyed(Walkert 19N Fiywe27a). A maximum of
2000 ton force can be inserted through the aihp system.It is a 68 two-stage multianvil
apparatuswhich meansa stage of six steel wedges and a stage of eight truncated tungsten
carbide (WC) cubesre used t@eneratepressurgFigure 2.7b). The six steel wedges form a
cubic cavity,into whichthe assemble@ight WC cubes are placed. The eight cudresprovided
with a [111] truncatiorforming an octahedrakpace where aceramicoctahedrorcontaining the
sampleis placed(Figure 27c). A hole is drilled through the center of the face of the octahedron,
wherea cylindercontaining thesamplecan be loadedCeramicoctahedra of 14, 10 or 8 mm
edgelength can be compressed using tungsten carbide cubes withcated edge of 8 mm,
5mm or 3mm, respectively. Thregandard COMPRE®4/8 and 10/5 assenid are shown in
Figure 28. High temperature igeneratedy resistive heatingf a graphiteor rhenium furnace
Temperature is measured ustihgrmocouple®r is estimated by the power curgEigure 2.8).
Pressure was calibrated using phase transitibpressure markesuch asBi (2.55 GPa and 7.7
GPa), ZnTe (9.6 and 12 GPa) at ambient temper@ileeker et al., 1972; Kusaba et al. 939
and SiQ, M@SiOs or (Mg,Fe}Sio, ( U t o ¢hand tifie decamposition aj phase to
bridgemanite & MgO or (Mg,Fe)O) at high temperat(hgee, 1998; Knibbe et al., 2018)he
maximum pressure that can be reached usied@000 tormulti-anvil press i25 GPausingthe
8/3 multi-anvil assembly High temperature up to~ 2000 K can beachievedunder high

pressureand maintainedor long duration (typicallyseveral daysr even longer)

16



Figure 27. (a)2000ton multi-anvil pressn HIG 116,Uni ver si t vy
sectionof the walkeftype module of the muHanvil pressexhibited in Smithsonian National
Museum of Natural Historyc) Multi-anvil assembly with one WC cube removed to show the

sample partsside
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Figure 28. Schematis showing the standard COMPRES assembl{ap14/8 andb) 10/5

without the ceramic octahedron.
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2.2 X-ray diffraction
X-ray diffraction is an elastic Xray scattering techniquéo obtain the structual
informationof materials fromsinglecrystals, powders anaelts. Atoms scatter Xay radiation,
primarily through the electrongroducing secondary spherical waves spreading out from the
electron. The scattered waves can amked constructively in a fewspecific directions,as
determined byBragg's law(Figure 29):
n/ = 2dnksing

where/ is the wavelength of thiacident bean{e.g. Xray, neutron, electrondn is the spacing
of the lattice planes with the Miller indices h, k and | gnsl the diffraction angle with respect to

these planes.

Figure 29. lllustrationof Br aggdés | aw

There are two kinds of Xay diffractiontechniquesAngle dispersive Xay diffraction
(ADXD) and Energy dispersive Xay diffraction (EDXD). In ADXD, a monochromatic beam
with a fixed wavelength is used. By measurangangular spectrumasing area detectors, thgq

valuesof a samplecan be determined y B r a g 40XBD méaauvementsombined with
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externallyheated and lasdredaed DACs were carried out inChaptes 4 and 5 respectivelyin
EDXD, awhite beam and point detector are usetheasue an energyspectrumat fixed angle
The d spacingvaluesof crystalsare alsodeterminedo y B r a g Qiquig structung can be
measuredisingmultiangle EDXDmethod which will be described detailin Chapter3.

X-ray diffractionexperimerg can becarried outin synchrotron facilitiesor in in-house
laboratories In synchrotron facilities X-rays are produced by high energy electrons as they
circulate aroundstorage ringsBecause ynchrotron Xray has the advantagesuch as high
brilliance, short wavelengthsmall focusandgood polarizationsynchrotron xray diffractionis
widely used in the field of mineral physics combined with DACs and L\¥Rgire 2.D). For in
house laboratory Xay systems, copper (Cu), molybdenum (Mo) and silver (Ag) are commonly

usedasX-ray sources.

Figure 210. Set-up of highpressure and higlemperature singlerystal XRD at beamline 13
BMC, APS.

Powder XRD is a rapid analytical technique primarily used for phase identification of a
crystalline material ando determineunit cell parameters Structure refinement of powder

diffraction can also give information of the atomic posisidyut with a limited accuraclgecause
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only a smallnumberof reflections can be used in the refinememd because afncontrolled
textural effects under high pressufelolzapfel and Isaacs, 1997he sample should be finely
ground and homogenous.

Single-crystal XRD can provi@ more detailedinformationon the crystal structersuch
asthe atomic positions. From the atomic positions, information of fengths, boneangles,
and details of sit@rdering can be obtainedCompared with powder XR[@xperimentssingle-
crystal XRD experimerg require high-quality singlecrystak assample. For a high-pressure
DAC experiment, the crystal neetb be less than 20 um to preventfibm bridging two
diamonds anthusbeng crushed into polycrystal§ingle-crystal XRDusually takes longer than
powder XRD.In ahigh-pressure singterystal experimentiarge openingof the DACand short

diamonds areequiredto obtain a wider @rangetar e c o n st r u c teciptotedatticer y st al 6

2.3 Theoretical calculations

In high pressure research, theoretical calculatiare an important complemento
experiments. As described above, hgglessure experimental tools have their own limitations in
pressuretemperature andtfito detectbn methods. Theoretical calculatgnusuallyab initio
method based on density function theory, provide the capabflipredicing the physics and
chemistry of materials under extreme conditions, and to examine and undersperimental
data.

Theab initio method, also known as firgrinciple calculation is a computational method
using only basic physical constants and the principle of quantum physics to calculate the physical
properties of atom, molecular, and condensedter (Friesner, 2005)It requires no additional
input of empirical parameters. The DFT is one of the most popular appssatiployed in
mineral physics research. As its nammlies the basis of DFT is that the groustite energy of
a manybody system is the unique functional of its electron density. It thus simplifies sthang
complex manybody problem with 3N spatial oodinates to solvinghe electron density with
only 3 spatial coordinates.

The DFT calculation has achieved great success in studying the structures, electronic and
elastic properties of crystals at ground state (0 Khpagh currentlyapproximationtreatmers
such as locatlensity approximation (LDA), generalized gradient approximation (GGA) or

hybrid functionals to describe the exchange and correlation interastitinsave difficulty in

20



describing the intermolecular force, the band gap of the-senductor, and the strongly
correlated systemg§Cohen et al., 2011)By introducing additional treatmentlike a quast
harmonic approximation, it can also predict properties at high temperbhe®FT method can
also be incorporated intdlolecular dynamicsNMID) calculatiors. MD calculationis one of the
theoretical simulationusedto study physical movements ofoats and moleculeAlder and
Wainwright, 1959) MD calculatiors simulate thenteractionof atomsand molecuksat a fixed
period of time MD can be performedith selected fixegparameters likeumber of particlegéN),
volume (V) andenergy (E), temperature (T), apdessure(P) to simulate the dynamics af
system under different statistical ensembles such as NVE, NVT andNNP€alculationusing
the DFT method to treatlectronc interactiors can be employedo study the structure and
physical properties of liquid and amorphous materialbigth pressure and high temperature
(HPHT).

The great advantage of theoretical calculations in mineral physics is that the
computational costs to calculate a system at ambient pressateextreme high pressusre
almostthe sameBy comparisongxperimentallymeasuring a physical property at lmigressure
may be much morehallenging much higher in uncertainty and sometimes even technically
impossible currently compared with measuring it at ambient pressure. The DFT calculations can
provide crucialmineral physicsdata including the structurgbhase transition, spin transition,
equation of stategndelastic constants of Earth materials. These data can guide experimental
desigrs andaddress controversiakperimental results. More importantly, we ecesereasonable
experimental data at low pmgeas a benchmarko check the robustness of the calculation
setup, and then use the successéilitulationsetup to extenthe resultg¢o high pressure, or we
can use some measured propertieseofy the calculation andise the calculation to extract
much more relevant unmeasured information. For example, the liquid structure meassurement
Chapter Zan give uonly the pair distribubn function (PDF) which is a statistical result for the
atomic coordination environment. If a DFT MD calculation can successfully reproduce the PDF,
it is reasonable to investigafarther the details of the liquid structurgy calculationand to
extend he pressure rangeThe calculations thugprovide us with the critical structural

information of the liquidsvhich isunavailable from the experiments.
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Chapter 3

Liquid Structure of Fe-Ni-C System: Implications for
Planetary Chemical Evolutions

This chapter has been published>daojing Lai, Bin Chen, Jianwei Wang, Yoshio Kono, and
Feng Zhu (2017). "Polyamorphic Transformations infW&C Liquids: Implications for
Chemical Evolution of Terrestrial Planets." Journal of Geophysical Research: BEalith,
122(12), 974754.

3.1 Abstract

During the formation of the Earthés core, the
should have left behind evident geochemical imprints on both the mantle and the core. Some
distinctive geochemicalignatures of the mantiderived rocks likely own their origin to the
metalsilicate differentiation of the primitive Earth, setting our planet apart from undifferentiated
meteorites as well as terrestrial planets or moons isotopically and compositionally.
Understanding the chemical evolution of terrestrial planetary bodies requires knowledge on
properties of both liquid iron alloys and silicates equilibrating under physicochemical conditions
pertinent to the deep magma ocean. Here we report experimenteb@pdtational results on

the pressurénduced structural evolution of iremickel liquids alloyed with carbon. Our-May
diffraction experiments up to 7@Pademonstrate that Hdi (Fe90Ni10) liquids alloyed with 3

and 5 wt % carbon undergo a polyamorphiquid structure transition at approximately 5 GPa.
Corroborating the experimental observations, our-firgtciples molecular dynamic calculations
reveal that the structural transitions result from the marked prevalence ehtbneéacesharing
polyhedral connections in the liquids at >5 GPa. The structure and polyamorphic transitions of
liquid iron-nickelcarbon alloys govern their physical and chemical properties and may thus cast

fresh light on the chemical evolution of terrestrial planets andsioo

22



3.2Introduction

The | arge majority of the Earthos core i
volume surrounding a central solid inner cfPeirier, 1994) The core is generally considered to
consist primarily of Fe alloyed with ~-8% Ni and a considerable amount of lighter elements
(Anders, 1977; Birch, 1964; Li and Fei, 2014; McDonough and, 21995) The leading
candidates for the lightlements are sulfur (S), silicon (Si), oxygen (O), hydrogen (H) and
carbon (C)(Birch, 1952, 1964; Li and Fei, 2014; Poirier, 1994)number of terrestrial planets
and moons in our Solar System also likely possess patrtially or fully molteniétonores as the
Earth(e.g., Chen et al., 2008; Dasgupta et &l02, Hauck et al., 2013; Weber et al., 20IHe
knowledge on the structurdynamics and chemical evolution of the planetary cores thus hinges
on the physical properties of liquid Fe alloyed with light elememder high pressuresind
temperatures

The actual identity and abundance of light elements in planetary cores remaihief a
unsolved question in Earth and planetary sciences, although it is crucial for our understanding of
the chemical evolution of the planets. TheSsystem is commonly assumed as the composition
of planetary cores and its liquid properties are ofteeduto construct models for the cores of
terrestrial planets and moons, such as Mer{@@hen et al., 2008; Hauck et al., 2018)ars(Fei
and Bertka, 2005; Stewart et al., 200GanymeddHauck et al., 2006)and the Moor{Jing et
al., 2014) Other systems involving Fe with one or more light elements such as O, C, and Si,
however, are likely as important based on our cumiadierstanding of planetary evolution. In
the present study, the #&-C system is considered, because of the high cosmochemical
abundance of carbon, frequent occurrence of Fe carbide phases in meteorites, and high affinity
and solubility of carbon in FHli liquids under the corenantle differentiation condition&hen
and Li, 2016; Dasgupta and Walker, 2008; Wood, 1993; Wood et al., .20Qi8j)ed
experimental data on the thermand visceelastc properties of the FNi-C liquids however
have restricted our discussion of cartimaring planetary core compositional mod#&lswabara
et al., 2016; Sanloup et al., 2011; Shimoyama et al., 2013; Shimoyama et al., 2016; Terasaki et
al., 2010)
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The structure, physical and chemical properties of molten Fe and its alloyblivatid
light elements wouléddvanceour understanding of the chemical and physical processes during
the coremantle differentiation in the early history of the Earth and other terrestrial tgnet
bodies(Stevenson, 1981Pne of the striking but controversial phenomena otir@ Felight-
element liquids is the possible existence of a presadrgeed polyamorphic transition, primarily
based on characteristic features such as changes in bond distance and densitypayBy X
diffraction measurement§anloup et al. (200Qkported a structural change in liquid Fe from
bcclike to becfec-like local order structure in the vidty of thet-a-liquid triple point at ~5 GPa,
based on the appearance of two distinct peaks of the second peakPiDRhim contrast, the
splitting of the second peak of PDF was not obvious in the other two measurements of liquid Fe
up to 6.4 GPgKono et al., 2015pnd 58 GPgShen et al., 2004yespectively. Further, the
incorporation of certain light elements such as C in liqeedmay significantly alter the liquid
structures and properties. Notably for the@system Shibazaki et al. (2015hferred a liquid
structure transition in F8.5wt.% C liquid at ~5 GPa from peak distance changes in their
experimentally determined PDFs, but detailed structural information of the liquid was lacking
Liquid structural transitions may also be inferred from some observed changes in physical and
chemical behaviors of liquid Fe alloys at high pressures. The densities-¥ Fet.% C
(Sanloup et al., 2018nd Fe3.5wt.% C(Shimoyama et al., 2018pth showed marked changes
at ~5 GPa. The nelnear systematics in the metslicate partitioning behavior for trace
elements (i.e., Ni, Co, and W) were also assumed to result from the polyamorphic transition,
inferred from a liquid compressibility ange in the R€ liquid (Sanloup et al., 2011)

Despite numeroustte@mpts, the polyamorphic transitions of irach liquids, however,
remain elusive, largely due to subtle changes of the liquid structure and the ambiguities of liquid
structural data such as the observed PDFs reported in most previous studies foanaidgrst
liquid structure transitions. The intrinsic nature of the structural evolution of the liquids with
pressure, crucial for our understanding of the liquid properties, has been hardly investigated
thoroughly.In the present study, we repdite structue evolution of liquid F&Nii-5wt.% C
and FeoNi1o-3wt.% C (hereafter referred to as FeNi5C and FeNi3C, respectively) alloys up to
7.3 GPaand 1773 K, using a synergistic approach by combining ertispgrsive Xray
diffraction experiments with firgbrinciples molecular dynamics simulations. The cooperation

between experiments and calculations provides critical structural informatioe bdds for
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our understanding of the intrinsic nature of the pressuhaced structural rearrangements of the

liquids and the resultant effects on the liquid properties

3.3Materials and methods

3.3.1 High-pressure experiments

Our starting materials foFeNi5C and FeNi3C were Fe (99.9+% purity, Aldrich
Chemical Company) and Ni (99.99% purity, Aldrich Chemical Company) powders mixed with
graphite (99.9995% purity, Alfa Aesar Company) powder. The mixtures were ground in acetone
using an agate mortar forare than 1 hour to achieve composition homogeneity, and then dried
in a vacuum oven at high temperature (~383 K) for overnight before being sealed in glass vials.
The powder samples were cold pressed to cylinders of 1 mm in diameter and 1 mm in length and
placed in the BN capsule. The highessure experiments were carried out at the High Pressure
Collaborative Access Team (HPCAT) SectorBMIB beamline of theAPS, ANL, using the
VX-3 type Pari€=dinburgh press Higure 31) (Kono et al.,, 2014) The temperature was
estimated from the power curve at each I@&ono et al., 2014and the pressures of the sample
were estimated based on the thermal equation of state of MgO as well as the calibrated pressure
gradient in the cell assembly at each temperafkiomo et al, 2014) The uncertainty of the
pressures is estimated to be up to 0.15 @Rhthe temperature uncertainty is approximately 25
K (Kono et al., 2014)
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Figure 31. Crosssection of the cell assembly for liquid structure measurements in a Paris
Edinburghpress modified after (Konet al., 2014). The FHi-C sample is encapsulated in a
boron nitride (BN) sample chamber.

At each experimental run, the cell assembly was cold compressed to the target load in the
P-E press, and then sintered at 1073 K for at least 0.5 hour to minmeip®s$sibilities of liquid
sample leaking. The sample was further heated to the target temperature at the rate of
approximately 1 K per second. The disappearance of crystalline diffraction peaks was utilized as
the criterion of the onset of sample meltiffggure 32). The multtangle EDXD measurements
were used to determine the liquid structure of the FeNi5C and FeNi3C alloys up to 7.3 GPa
(Table3.1). The EDXD data were collected at varioasa®gles (4°, 5°, 7°, 9°, 12°, 16°, 21°, 27°,
33°) (Figire 3.3). For each set of EDXD measurements, the total structure f&&tyr, was
obtained by merging the fragmented structure factor at thdsangles with respect to the
highest angle fragment. An evenly spacgd) was obtained after erraveighted spline
smodhening of overlapped structure factor fragment Feg8.3 and 3.49. The reduced PDF,
G(r), were obtained by iteration of the Fourier and inverse Fourier transformation Sfg)he
using a maximung range of 18.0 & by an Igor Pro\(vaveMetrics, Lake Oswego, OR, USA)
procedure byono et al. (2014fFigure 3.4b). As the oscillatory features of the structure factor
persist at th@max, a resolution broaghing correction function, known as the Lorch function, was

utilized to remove t he gKonoiettap 204 ighost rippl e
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Figure 32. EDXD patterns before and after melting the sampleotfien)-5wt.%C collected at
15°. The EDXD pattern before melting can be indexelddzyFe (Space groujmn3m) andfcc-Ni
(Space grouprm3m) phases. Graphite phase is not shown in the EDXD pattern beétiragn
because the carbon atom has ara)X scattering factor 50 times lower than Fe and Ni. THayX
diffraction pattern for the liquid was scaled up for clarity.
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Table 31. Peak positions for thategrated 1st and 2nd atomic shells.

P(GPa) T(K) ri(A) ras (R) ram(A)
FQ)oNilo-5Wt.% C
1.5 1523 2.561 (.004) 4.299 (.019) 4.950 (.015)
2.6 1473  2.555 (.004) 4.292 (.018) 4.946 (.015)
3.8 1573  2.552 (.003) 4.261 (.021) 4.921 (.016)
4.8 1573  2.547 (.003) 4.193 (.018) 4.883 (.013)
5.7 1573  2.546 (.004) 4.207 (.020) 4.886 (.014)
6.3 1673 2.544 (.003) 4.216 (.020) 4.884 (.014)
6.7 1673  2.545 (.006) 4.197 (.045) 4.910 (.031)
6.3* 1673  2.543 (.002) 4.219 (.019) 4.895 (.013)
6.8* 1673  2.541 (.002) 4.234 (.022) 4.897 (.014)
FeyoNi1g-3wt.% C
3.4 1773  2.546 (.003) 4.289 (.019) 4.935 (.017)
4.2 1773  2.552 (.003) 4.271 (.024) 4.919 (.018)
5.1 1773  2.543 (.003) 4.203 (.020) 4.885 (.014)
6.3 1773  2.544 (.003) 4.182 (.022) 4.876 (.014)
7.3 1773  2.542 (.003) 4.179 (.020) 4.872 (.013)
Note: Ther; peak position for the first NNs near 2.55 A at each pressure was fitted by an exponentially

modified Gaussian (ExpModGaussian) function in the npdétk fitting package of the Igor Pro software
(WaveMetrics, Lake Oswego, OR, USA). The peak for the seldislat 45 A were fitted by two
Gaussian peakssandram Uncertainties were estimated from the standard deviation of the fittings
enclosed in parentheses. Pressure uncertainty is typically about 0. BhicRanperature uncertainty is
about 25 K(Kono et al., 2014)

* Data collected from a different experimental run with 80% of the collection time of the other data points.
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3.3.2 Theoretical calculations

The first-principles MD simulations were based on the Density Functional Theory and
plane wave basis sets as implemented in VAABnna Ab initio Simulation PackagélKresse
and Furthmduller, 1996)The ProjectcAugmented Wave method and exchaugerelation as
parameterized by theBE (Perdew, Burke and Ernzerhof) functionare applied in the GGA
(Blochl, 1994; Perdew et al., 1992 supercell containing 140 Fe, 14 Ni and 38 C was created
for calculation. For Fe, 8 electrons (3d and sk treated as valence electrons and the core
electronshad[Ar] configuration. For Ni,10 electronsveretreated as valence electrons and the
core electrons lh[Ar] configuration. For C, 4 electronseretreated as valence electrons and
the core electrons ddgHe] configuration.

All the calculations were performed with a system size @f dt®ms and the energy eut
off for the planewave basis was set to 520.00 eV, @nploint Brillouin Zone sampling for the
molecular dynamics simulations. Ferromagnetic ordering was initiated at the start of molecular
dynamics simulations but allowed to éw® during the equilibration simulations. Molecular
dynamics simulations were performed using a NVT ensemble with thetNes@ostat for ~3 ps
for equilibration, which was checked by monitoring a number of parameters including electronic
cycle convergencetemperature, pressure, potential energy of the systems, the partition of the
kinetic energy of Fe, Ni and C subsystems, and displacement of atoms, among other system
parameters. The time step is 1 fs. The total energy drift wids m2V/atom/ps. Extensivtests
were performed to balance between the accuracy and duration of the simulations by
systematically tuning simulation parameters including those related to convergences, real space
projection, and time step. After equilibrations, simulations run u¥tps for statistical analysis.
For comparison with our experimental results, the intensities of radial distribution functions
(RDFs) of different ionic pairs (FEe, FeNi, Ni-Ni, Fe-C, Ni-C and CC pairs) are scaled using
the scattering factors derivedider the experimental conditions.

3.4Results

3.4.1 Structure measurements for FeNi-C liquids

The total structure factd®(q) of the FeNI5C and FeNi3C liquids at each pressure was
obtained by analyzing the mulingle EDXD patterns collected at anglesgiag from 4° to 33°
in the RE large volume press (Figur8s3 and3.4 for representative data). The first sharp peak
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or the main peakg:, of §q) characterizes the shadnge order in the fluid. Thg. peaks of

FeNi5C and FeNi3C at all pressures were fitted by Lorentzian functions and we observed an

apparent change in its positions at approximately 5 G¥gure 35a, 3.5c and 3.6). The
observed evolution ofjy position with pressure implies that boteNi5C and FeNi3C liquids
may undergo structural change at approximately 5 GPa, similar to t8e&5Wweo0C liquid
(Shibazaki et al., 2015)

The PDFsG(r), were obtained from the Fourier transformatiors@)) using a maximum
qrange of 18.0 & (Figure 35b, 3.5d andFigure 34b). The first peaksrg) of the PDFs near 2.56
A for both FeNi5C and=eNi3C liquids are sharp and simple, which are associated with the
shortrange orders (SRO) of the first nearestghbor shell (NNs)Rigure 35b & 5d). As shown
in Figure 37, the peak positions, (~2.56 A at 2 GPa) for both FeNi5C and FeNi3C liquids ar
slightly lower than that of Fe (~2.58 A at 2 GREpno et al., 2015; Sanloup et al., 200Bpr
both the FeNi5C and FeNi3C liquids,deadeases almost linearly with pressure and no notable

changes were observed up to the pressure of 7.3 GPa.

b o 20=4
® 20=5
B ® 20=7°
P 20= 9°
L~ ® 20=12
g ® 20=16°
A - ® 20=21
Ko} ® 20=27°
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C
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Figure 33. Representative experimental data and total structure f&cfoof FeoNiio-5wt.% C

liquid at 1.5 GPa and 1523 K. (a) Energy dispersivaydiffraction spectra of keNiioc-5wt.%

C liqguid collected at 2d anglSgpoftherFeoNne-4 U t o
5wt.% C liquid at 1.5 GPa and 1523 K composed of structure factor fragments from
measurements at differend 2ngles. The red solid curve is obtained after en@ighted spline
smoothing of the overlapped structure factor fragments.
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Figure 34. Total structure facto®(q) and reduced pair distribution functi@{r) of FeoNiio-

5wt.%C liquids at high pressure and temperatureS((g) and (b)G(r) of FeoNiio-5wt.%C
liquids at 6.3 and 6.8 GPa.



Figure 35. Representative total structure fac8q) and reduced pair distribution functi@qr)
of FeoNi1o-5wt.% C and FeNiwe-3wt.% C liquids at high pressure and temperatureS((g)and
(b) G(r) of FeyoNi1o-5wt.%C liquids up to 6.7 GPa , (8§)q) and (d)G(r) of FexoNiio-3wt.%C
liquids up to 7.3 GPa.

At each pressure, the second NNs peaks ({[5-A9 in G(r) for both liquidsshow much
richer features than the first NNs peak at rl, indicating the SROs of the second NNs become
more complex. IFigure 33, we observed an obvious splitting of the second NNs peak of G(r) at
each pressure. The second NNs peaks were fitted by twss@ashaped suipeaks: a shoulder
peak at r2s and a main peak at r2m (T&ieandFigure 34). The r2s and r2m values for both
liquids were found to drop markedly ab GPa the magnitude of the change in r2s is
approximatelyi 0.1 A at ~5 GPa, a factor of 2 of that for r2fFigure 34). The change and
differentiation of r2s and r2m are indicative of a polyamorphic transition. As shokrgure 34,
previous studies reportesimilar but somewhat ambiguous changes of r2 associated with the
second NNs for FéKono et al., 2015; Sanloup et al., 20@@)d Fe3.5wt.%C liquids(Shibazaki
et al., 2015)in which the second peak was treated asiglesipeak in the PDFs and observed to
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noticeably shift to lower values at 6 GPa. The previous observations of the changes in r2
with pressure for the Fech liquids, however, were not sufficient to provide critical information

on liquid structure andsg evolution with pressure. The underlying nature of the liquid structure
and structural transition at ~5 GPa may be unveiled by interpreting the rich feature of the second
NNs peak observed in our study for FeNi5C and FeNi3C with the aid from our MDat&los.

3.04
0 FegNijg-5wt%C, this study
B FegNijg-3wt%C, this study
Fe-3.5wt%C, Shibazaki et al., 2015
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Figure 36. Pressure dependence of the nt{u) peak of FeNi-C liquids. Solid red symbols
denote data for the FeNi5C and FeNi3C liquids from the present study. Open gray symbols
denote the data for the 865 wt%C liquid Bhibazaki et al., 2015The peak position at each
pressure was determined liyihg the first§q) peak with a Lorentzian functioshibazaki et

al., 2013. The dashed line serves as a guide for eyes to show the change at approximately 5
GPa.
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Figure 37. Pressure dependence of peak positions fottamd 29 nearesneighbor shells

(NNSs) from reduced pair distribution functio@gr) of FeoNiio-5wt.% C and F&Niie-3wt.% C
liquids (this study), F8.5wt.% C liquid, andreliquid (Kono et al., 2015; Sanloup et al., 2000;
Shibazaki et al., 2015Yhe first peaks oB(r) at 2.52.6 A are fitted by one single pealk)(in

all the studies in the figure. The second peakS(of are fitted by one single ple# ) in other
studiegKono et al., 2015; Sanloup et al., 2000; Shibazthl.e2015) but are best fitted by two
subset peaks shown as a shoulder pegkat ~4.24.3 A and a maingak ¢2m) at ~4.874.95 A

for the FeNi-C liquids in this study. The uncertainties were estimated from standard deviations
of the peaking fittings.
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3.4.2 Molecular dynamics calculations for FeNi-C liquids

We performed firsprinciples MD calculations foithe FeiNie-5wt.% C liquids to
decipher the nature of the observed polyamorptaasition. Our computational results can
reproduce the peak positions and peak shapes of PDFs for the FeNi5C kguale 88): The
first NNs peaks of the FeNi5C liquid shownras the PDFs and the second NNs peaks a4
are dominated by FEe and FeNi pairs(Kono et al., 2015; Sanloup et al., 200Rptably, our
computational results indicate that the peak at approximately 1.8rdsponds to F€ and Ni
C pairs Figure 38). This peak, however, becomes considerably small after normalizing the
computed PDFs using their-bay scattering factors, because the carbon atom has-ray X
scattering factor 50 times lower than Fe and Nir &perimental PDFs of FeNi5C and FeNi3C
liquids also show a weak but visible peak at -1L8 A at each pressure of the measurements
(Figure 34 and Figure 35). As suggested by our MD simulations and previous MD results
[Soblev and Mirzoev2013], this pak is associated with the -Bepairs. The calculated PDFs
from MD simulations yield no peak or zero intensity fox1.6 A. It should be noted that the
peaks forr <1.6 A in the experimentally determined PDFs have no physical meanings and are

likely due b the artifact from the Fourier transformationsXwf) data at limitedj ranges.
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Figure 38. Computational total and partial RDFs obféio-5wt.% C liquid. The RDFs are
normalized by the scattering coefficients of corresponding faierimental results of
FeoNi1o-5wt.% C at similaP-T conditiors were also appended for comparison.
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Similar to our experimental results, the computed sedts peaks inG(r) for the Fe
Ni-C liquid at 1.3, 8.4 and 16.1 GPa (at 1673 K) are asymmetric and may imply complex SROs
of the second NNsH{gure 38). The splitting of the second NNs peaks appears to be intrinsic to
the liquid structure, from which critical liquid structural information can be retrieved for better
understanding the nature of the liquid structural transition at ~5 GPa. The origin splitting
of the second NNs peak has been computationally investigated for metallic glasses and liquids
from the perspective of different connection schemes of atomic packing feotifing et al.,

2015) That is, four diffeent schemes of coordination polyhedral connections with the shared
atoms from 1 to 4 contribute to the complex features of the second NNs peak. The linked
coordination polyhedra are corrglmared for the -htom scheme, edgghared for 2atom scheme,

and fae-shared for 3and 4atom schemes. The ideal positions of the second NNs peak of the
four schemes areg2Wor1, yifori and/cri, respectivelyDing et al., 2015)

The atomic correlations contributing to the second NNs peaks in PDFs of-theG-e
liquids were evaluated using the connection schemes of Fe/Ni atomic packing motifs. Fe/Ni
atomic packing motifs in the liquids are the polyhedra of the first Hed\ili NNs with a
coordination number (CN) ranging from 11.8 to 12.2 from ambient pressure to 8.4 GPa, which
reflects the near optimal packing of hard spheres of Fe/Ni attigwge 36 shows the calculated
partial PDFs for the Fe/Nte/Ni pairs and the decompose®Fs for the first NNs and second
NNs via atom, 2atom, 3atom and 4atom coordination polyhedra connections at 1.3 and 8.4
GPa. The PDF peak for theaBom faceeshared connection appears to be stronger in intensity
and thus markedly favored at higheegsure of 8.4 GPa, whereas those for other connection
schemes, the intensities of the peaks became relatively wéagere( 39). The peak for the-3
atom scheme has lowervalue, likely responsible for the marked reduction in theandrom

values at 5 GPa observed from our experimerfgy(re 39).
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Figure 39. Total RDFs and decomposed RDF for the second coordination connection schemes at
(@) 1.3 GPa, 1673 K and (b) at 8.4 GPa, 1673 KIn@3t: snapshot of MD simulations with the
computational super cell highlighted in dashed lines. The highlighted polytwediatom
cornershared (red),-2atom edgeshared (blue),-&tom faceshared (magenta), aneadom

distorted faceshared (green) connections of Fe/Ni atom with their second nearest neighbors.
Center atoms in the polyhedra are Fe/Ni atoms, with their sidasged for clarity.

With the guides from the MD calculations, we further illustrated the spectral analyses of
the experimentally determine8(r) within the framework of the connection schemes. G
peaks of liquids are characteristically broademtithose of metallic glasses, normally resulting
from the vibrational thermal contributions by high temperatures in ligiidsre 310 illustrates
the representative spectra analyses of the FeNi3C liquid at 3.4 and 7.3 GPa. It is extremely
difficult, if at all possible, to deconvolute the second NNs peak to 3 or 4 peaks of the liquids
related to the four connection schenfPing et al., 2015)As shown inFigure 310, the ideal
peak positions of the-@&tom and &atom schemes are close to each other, wiloih scheme at

yifo r1 and 3atom scheme a0 r1. At <5 GPa, as represented by the 3.4 GPa data, the fitted

position of ros locates in between the ideal positions the 2atom and 3atom schemes,
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indicating that the fraction of the&om peak is comparable to that of that@m peak. However,

at >5 GPa, the fitted peak positionref as represented by the 7.3 GPa data, locates almost on
top of the ideal positiofor the 3atom scheme, implying an increased contribution from the 3
atom polyhedral connections compared to that from #aofh connections in the liquid,
consistent with the theoretical results as demonstratétgure 39. Nevertheless, the observed
splitting of the second NNs peaks in the PDFs infers the inherent structure of the liquids that
could be characterized by the different connection schemes of atomic packing motifs and their

relative fractions in the liquids.

FeNi3C 3.4 GPa

5

S -
G}

T

P, { "; by E

Figure 310. Representative experimentatigtermineds(r) for FeNi3C liquid at 3.4 GPa and

7.3 GPa and fittingesultsof the first and second NNs peaks. The first NNs peak was fitted by
the ExpModGaussian function (gold color) and the second NNs peak was fitted with two
Gaussian peaks (dark magenta and blue color). The ffitpabition and the derived ideal
positions br 1-atom, 2atom and &atom connection schemes were illustrated using grey vertical
lines. See text for the detailed discussion.
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The fitted positions ofs andram plotted against: from our experimental data provide
further support for the liquid steture and the inferred motif connection schemes changes at
approximately 5 GPaFgure 311). Therom data points are between the ideal positions for 1
atom and Zatom connection schemes, but closer to those for #®@rh connection scheme.
Before the structural transition at around 5 GRa/f2s data points are between those for the 2
atom and d&atom onnection schemes. After the transition, bothrthér: andradry ratios drop
noticeably. Particularly, the,s peak positions mostly fall towards the line for theat8m
connection scheme at >5 GPa. This is probably caused by the favoring edttita@nnection
scheme after the liquid structural transition. As indicated by the computed partial PE)§sra

3.11, theras peaks can be explained by the contributions mainly from th®® faceshared
connection scheme with its ideal position &ffori ard partly from 4 atom facshared and 2
atom edgeshared connection scheme. The favoring of tketoB1 connection scheme with

relatively low idealr values can thus cause the reductionranacross the liquid structure

transition.

Our MD simulations prode critical information on @&e/Ni and Fe/Nie/Ni
coordination environments. The calculated average coordination number (CN) of first NNs for
the GFe/Ni coordination continuously increases from ~6.5 at ambient pressure to 7.0 at 8 GPa,
7.9 at 30 GPa, anfl.5 at 67 GPa, whereas the -offt distance for the &e/Ni coordination
decreases from 2.81 to 2.76 A, 2.73 A, and 2.71 A at respective pressures. Our calculated partial
CN of the Fe/NiFe/Ni second NNs with-&tom connections increases prominently fre8i5 at
1.3 GPato ~10.0 at 8.4 GPa across the structural transition, whereas the calculated partial CNs of
other connection schemes of the second NNs decreased slightly in the pressure range studied.
The calculated total CNs for the Fe/Re/Ni coordinatbn have an initial increase from 11.8 to
12.2 across the liquid structural transition, but remain almost constant at 1267 &Ba. A
previous study suggested that regions witsCHe&e structure (a deformed epsil@wFe lattice)
exist in the FeC liquids when the carbon concentration is higher than 3 wt.% at ambient
condition (Sobolev and Mirzoev, 2013)As revealed by our MD calculations, theF&/Ni
polyhedra are also found in the liquid structure and they become Isedisterted as compared

to crystal FeC structure at high pressure (Figure 3.12).
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Figure 311 Peak positionszsandromas a function of1. Solid symbols are peak fitting results
from this study and open symbols are peak fitting results from previous StKdreset al.,

2015; Sanloup et al., 2000; Shibazaki et al., 20D&¥hed lines represent the ideal positions for
1-atom, 2atom, 3atom and 4atom motif connections. The data in the green shaded areas
represent the higpressure liquid phase >5 GPa.
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Figure 312. Structure information of F&Nis-5wt.% C liquid and F£€ from firstprinciples
molecular dynamics simulations) Snapshot of MD simulations with the computational super
cell highlighted in dashed lines. The highlighted polyhedra @@ cornesshared (red), -2
atom edgeshared (hie), 3atom faceshared (magenta), anebdiom distorted facehared (green)
connections of Fe/Ni Fe/Ni pair with their second nearest neighbors. Center atoms in the
polyhedra are Fe/Ni atoms, with their sizes enlarged for clarity. Fe: brown, Ni: olita&gdR.

(b) Carbon coordination environment of crystalline FeLCarbon coordination environment
of FeyiNio-5wt.% C liquid at 5.1 GPa, 1673 K, the center atoms are carbon. In B, C, green
polyhedral are the Voronoi polyhedral of the center carbon.
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3.5Discussion andgeophysicalimplications

The viscoelastic properties, such as the density, sound velocity, and viscosity of the Fe
Ni-C liquids may be affected by the observed structural change at ~5 GPa. Indeed, recognizable
compressibility behavior amalies reported for liquids F&7 wt.% C(Sanloup et al., 2011fFe
6.7 wt.% C(Terasaki et al., 201@nd Fe3.5wt.% C(Shimoyama et al., 2013}t ~5 GPa can be
readily explained byhe liquid structure transition. Measurements for viscadigrasaki et al.,
2006)and sound velaty (Kuwabara et al., 2016; Shimoyama et al.,@0br Fe-(Ni)-C liquids
are limited to <5 GPa or extremely sparse, and the effedtructural transition on these
properties remains unclear. On the analogy of metallic glass systems in which clusters with 3
atom connections are stiffer than thatdm and 4atom counterpartéDing et al., 2015)higher
viscosity is anticipated for the Hdi-C liquids with higher fraction of-&tom connections above
~5 GPa.

The understanding of the structural evolution of metallic liquids upon pressure is
essential for modeling the structed dynamics of terstrial planets and moons with relatively
low coremantle boundary pressures of-8%5Pa, such as the Moon, Mercury, Ganymede, and
Europa(Chen et al., 2008; Dasgupta et al., 2009; Garcia et al., 2011; Hauck et al., Air13)
larger terrestrial planets suds Mars, Venus, and the Earth, the extrapolation of liquid
properties measured at low to moderate pressures needs to be performed with extreme caution
and structural evolution of Fech liquids needs to be considered so as to construct realistic and
reliable geophysical models for the outer cores.

Liquid structure and pressuireduced polyamorphic transitions of the-ReC liquids, as
revealed by the cooperation between experiments and calculation, may have important
implications into the physicochemicalolution of terrestrial planets and moons$eTdistinct
isotopic compositions of bulk silicate Earth (BSE) in comparison with other terrestrial planets or
planetesimals (i.e., Vesta and Mars) and primitive undifferentiated meteorites (chondrites) may
own their origin to the metadilicate differentiation during the core formation. Earth, Mars and
Vesta have all undergone core formation and therefore should exhibit similar isotopic signatures.
However, many mantiderived rocks of the Earth have relativeiehments of heavy carbon and
Fe isotopes, related to Mars, Vesta and primitive undifferentiated meteorites (chondrites)
(Poitrasson et al., 2004; Polyakov, 2009; Wood et al.3R0l0he metakilicate equilibration
under different pysicochemical conditions that prevailed during core formation could have left
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behind distinct geochemical signatures in the silicate mantles; the pressure at the bottom of deep
magma ocean in protéarth is likely ~5660 GPa whereas the pressure is likefy GPa for

smaller terrestrial planets, moons, and planetary bodies such as Mars an@Wasdaet al.,

2013) The equilibration might have taken place between thefrigbsure forms of liquidFe-

rich metals such as the #&-C liquids and mantléorming silicates for the Earth. The lew
presure forms of metallic liquids might have been involved in the rsdtehte separation in

Vesta and Mars. Our calculated resultstfer G Fe/Ni coordinatiorshow that the higipressure

liquid phase has &N of ~7.0 at 8 GPa, an ~8% increased from 6r3He lowpressure liquid

phase, while the e cutoff distance decreases by ~2% from 0 to 8 GPa. For the 4Fe/Ni
coordination, the CN increases from 11.8 to 12.2 (~3%) from ambient pressure to 8.4 GPa, while
cut-off distance decrease from 3.49 A tat3 A (~2%).Schauble (2004hoted that generally

lighter stable isotopes preferentially occupy the higher coordinated sites with long and weaker
bonds and heavier isotopes prefer lower coordinated sites with short and stronger bonds. The
profound changes in CNs of bothF&/Ni andFe/NiFe/Ni coordination environments enhanced

by the polyamorphic transition at 5 GPa may lead to intriguing isotope signatures 4in core
forming and mantldorming materials in terrestrial bodies. Compared to thepgozgsure Féi-

C liquid phase, the higpressure liquid phase with higher-Eeand FeFe coordination, involved

in the formation of the Earthés cor e, i's abl ¢
into the coreDistinct geochemical traces in the BSE may have been rendered psetiseire

induced structural change of the céoeming metals during formation of planetary corgguid

structure and onset of pressimduced structural change depend on the species and
concentrations of light elements in liquid Fe. Further investigat are thus needed to
understand the structural evolution and determine the viscoelastic properties of Fe liquids alloyed

with other light elements at high pressures.

3.6 Conclusions

The cooperation between experiments and computations has providead riirmation
on the structural evolution of the #&-C liquids with pressure. Xay diffraction measurements
on FeNi5C and FeNi3C liquids have been conducted in a-Pdmburgh press up to 7.3 GPa.
The notable changes of the rich features of thergebiiNs peaks in the derived PDFs were used

as primary indication of a polyamorphic liquid structural transition at ~5 GPa for both liquids.
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The changes are manifested as notable reduction in peak positions of the subpeaks of the second
NNs at around 5 GPéor both the liquids. The structural evolution of the liquids upon
compression was further investigated by the-fastciples MD calculations. We found that the
liquid structural transition is due to the notable favoring of Ha#oBn polyhedra connectis of

Fe-Ni atomic motifs in the higipressure liquids at >5 GPa, in comparison to theposgsure
counterpart. The computed CNs for the FeAdiNi coordination environment show a slight
increase up to 5 GPa and become almost constarat®a. In camast, the computed CNs for

the GFe/Ni coordination environment exhibit a significant increase from 6.5 at ambient pressure
to 8.5 at 67 GPa. The structural evolution of lige&lalloys upon compression, as exemplified

by the FeNi-C liquids in this stug, may have significant effect on the liquid properties, such as
viscosity, sound velocity, and density. The liquid structure change may also influence the
partitioning behaviors of major or trace elemesutsl isotopic fractionation between metal and
silicates during planetary core formations. As such, our findings may provide unique insights
into the core formation processes that set the Earth apart from other planets efophainegt
bodies, particularly in terms of geochemical signatures. The distocthgmical imprints (i.e.,
FeandCi sot opes) |l eft behind by the formation
terrestrial planets or planetary bodies (i.e., Mars and Vesta) and primitive undifferentiated
meteorites (chondrites), may own theiigins to the liquid structural change. The knowledge of
the polyamorphic transitions in ceferming liquid Fe alloys is thus crucial for our
understanding of the chemical evolution of terrestrial planets and moons.
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Chapter 4

Thermoelastic Propertiesof Fe;Cs at High Pressures
by SingleCrystal X-Ray Diffraction

This chapter has been published>daojing Lai, Feng Zhu, Jiachao Liu, Dongzhou Zhang, Yi
Hu, Gregory Finkelstein, Przemyslaw Dera, and Bin Chen (201&).highpressure anisotropic
thermoelastic properties of a potential inner core cardbaaring phase, F€3, by singlecrystal
X-ray diffraction American Mineralogist, 103(10), 154%74.

4.1 Abstract

Carbon has been suggested as one of the light elements exidtiedzia r t hedWndec core
conditions, iron carbide F€s is likely the first phase to solidify from an f&&melt and has thus
been considered a potential component of the inner core. The crystal structw@phé&eever,

is still under debate, and its thermoelastic properties are not well constrained@ekgires. In

this study, we performed synchrotrbased singkerystal Xray diffraction experiment using an
externallyheated diamond anvil cell to determine the crystal structure and thermoelastic
properties of F&€3 up to 80 GPa and 800K. Our diffraat data indicate that F€s adopts an
orthorhombic structure under experimentally investigated conditions. The presfure
temperature data for H&s were fitted by the higlbemperature BirciMurnaghan equation of
state, yielding ambiergressure unitell volumeVy = 745.2(2) &, bulk modulusko = 167(4)

GPa, its first pressure derivati@d = 5 K/@T(=20)02(1) @Pa/K, and thermal expansion
relation ar = 4.7(9§ 10°+3(5pF 10% (T-300) K. We also observed an anisotropic elastic
response te@hanges in pressure and temperature along the different crystallographic directions.
Fe,Cs has strong anisotropic compressibilities with the linear mddul> Mc > My, from zero
pressure to core pressures at 300K, rendering #xés the most compressihlgon compression.

The thermal expansion ofis approximately four times larger than thaedaindb?® at 600K and

700K, implying that the high temperature may significantly influence the elastic anisotropy of
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Fe:Cs. Therefore the effect of high tempetare needs to be considered when usingCk¢o
explain the anisotropydheEar t hés i nner cor e.

Key words iron carbide, thermal equation of state, anisotropy, inner core, temperature effect

4.2 Introduction

Earthdéds inner core is considered to consi s
or more light elements e.g. sulfur, silicon, oxygen, hydrogen and carbon, as informed by
numerous geophysical and geochemical constréietently reviewed by Hirose et al., 2013; Li
and Fei, 2014, Litasov and Shatskiy, 20IB)e FeC system has been proposed as a candidate
composition fotheEar t hds core | ar gel y abundande of carbloretheni g h
frequent occurrence of iron carbide phases in meteorites, and the high solubility of carbon in Fe
Ni liquids under the corenantle differentiation conditionfWood, 1993) If the liquid core
contained carbon, the iron carbide phaseCkanay be the first phase to crystallize from the
iron-carbon melt under core conditions rather than other iron carbide phases sueft,aasFe
suggested by previously published€ghase diagram$ei and Brok, 2014; Lord et al., 2009;
Nakajima et al., 2009)he extrapolated density and sound velocity eCkenay account for the
density deficit and low 8vave velocity ¥s) of the inner cordChen et al., 2012; Chen et al.,

2014; Liu et al., 2016b; Nakajimaetal.,,2011) I n addi ti on, its high Po
conditions was suggested to be comparable to that of the inne(Rresther et al., 2015)
Moreover, the melting experiments lyu et al. (2016c)suggested that F& may be a
constituent of the innermost ian core for carbotearing core composition due to its high

melting temperature.

The crystal structure of F&: has remained controversial over the last few decades.
Previous experimental studies reported its structukgthsrhexagonal P6smc) (Herbstein and
Snyman, 1964pr orthorhombic Pnma Pmr2;, Pm@1, Pmcnor Pbcg (Barinov et al., 2010;
Bouchard, 1967; Fruchart et al., 1965; Prescher et al., 20h&pretical calculationsalso
comparedhe stability of hexagonal and orthorhombic phaBasg et al. (2009) determined that
the orthorhombic phas®img is more stable than the hexagonal ph&&nic), whereaRaza
et al. (2015)alculated that the orthorhombic phase (space grtnap) is thestable phase below
100 GPandthe hexagonal phasecomesnore stable above 100 GPa.
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The elastic constants of #& were also calculated at OK for the two crystal structures
with space grops of P6smc and Pbca (Mookherjee et al., 2011; Raza et &015) There has
been however, onlyone study that calculated the thermoelasticity ofCs&vith the space group
of P6amc(Li et al., 2016) Most of the higkpressure experimental studies of the density eCfe
were performed at room temperatuf@e thermal equation of staiEoS)parametersiave only
beendeterminedbelow 30 GPgLitasov et al., 2015; Nakajima et al., 201thich lead to a
large uncertainty wheextrapolaing the experimental data the pressure and temperatuper]
conditions of the inner core. Accurate knowledge on the crystal structure and themoelastic
properties of F&£3 under core conditions is needed to camdtra comprehensive and
seismologically consistent & inner core compositional model.

For the inner core, seismic waves travel faster along the rotational axis than in the
equatorial plane; one possible explanation for this anisotropy is the presence of preferentially
orientated iron with strong singt@ystal elastic anisotropy theEarh 6 s i n(Deuss, 201d;r e
Hirose et al., 2013)The alloying of light elements with iron often leads to different crystal
structure and elasticityLitasov and Shatskiy, 2016)Thus, quantification of the elastic
anisotropy of iron alloys i®ssential for us to understand the inoere anisotropy. Fohcp
metals and isostructural iron alloys such as\Nr&i system, the elastic anisotropy is related to
the c/a ratio, that is, the compressibilities and thermal expansion ofathed c unit cdl
parameters under high pressure and high temperétiseher and Campbell, 2015; Steinle
Neumann et al., 2001; Wenk et al., 1988)r orthorhombic F€3, theelastic anisotropy is also
correlated with the different compressional response to applied pressure of each primary
crystallographic axis as reported in a calculatiorRlga et al. (2015)Therefore, it is crucial to
constrain how the compressibility and thermal expansion along individual crystallographic axes
respond to pressure and temperature, so as to understand the potential for this material to
contribute to the seismic anisotropysebved in the inner cor@®euss, 2014)In this studywe
determined the thermal EoS and the thermoelastic properties ¥ FBdong different
crystallographic axes up to 80 GPa and 800K by employing an extehealtgd diamad anvil
cell with synchrotrorbased singlerystal X-ray diffraction.
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4.3Methods

The FeCs single crystal sample was synthesized at 18 GPa and 1773 K in aanwilti
press(Prescher et al., 2015pinglecrystal XRD characterizations of the sample at ambient
conditions were conducted la¢amline 138MC, APS, ANLand at the Universit
MUOnoa wusing a Br u-énstaldiffstonvetem(t 05669 Ak The sainpe was
mounted on a MiTeGen micromesh that was attached to a goniometerAbhdsimline 13
BMC, the samplevas rotated from60° to +60°. 120° widangle exposure and 1° step exposures
were collected. For the ambient characterization of the sample at UHM, a preliminary matrix run
was first completed with 1° steps through orthogonal slices of reciprocal $pdering of
diffraction peaks from the matrix run was used by Bruker APEX 3 software to determine an
optimal data collection strategy that ensured 100% completeness to a resolution limit of 0.65 A.
This strategy was then used to collect a full dataset.

ABX90 DAC wi t h -aulepdamand amvils wassuBed fomthe hjglessure
XRD experimentgKantor et al., 2012)A cubic boron nitride seat on the upstream side and a
large-opening tungsten carbide seat on the downstream side were used to maximize access to
reciprocal space for the singteystal XRD measurements. A pyroplitd ring-heater base was
fabricated using a milling machine and sintered in a furnace at 1373 K for 20 hours. Fhree Pt
10wt.%Rh (0.01") wires were wound around the heater base and covered ‘gnipghature
cement. Two Ktype thermocouples (Chromegdomega 0.005" and Chromegéomega 0.010")
were mounted near the diamond culet and in touch with the downstream diamond to measure the
temperature. The rhenium gasket was-ipdented to a thickness of ~3%n and a sample
chamber of 15@m in diameter wadrilled by an electrical discharge machine (EDM). Ach0
thick FeCs singlecrystal grain and two pressure calibrants, a small ruby sgMae et al.,
1986)for the neon gas loading and a piece of gold foil near the sample as the primary pressure
scale in experimeni$-ei et al., 2007)were loaded in the sample chamber. Neon gas, which was
used as a pressdm@ansmitting medium, was loaded in the sample chamlieg tise gas loading
machine at GeoSoilEnviroCARS of the APS. The pressure uncertainties were estimated by the
pressure difference of gold and n€éei et al., 2007)

The highpressure and higtemperature synchrotrdmsed singkerystal XRD
experiments were conducted at beamlindBMC, APS, Argonne Natigal Lab. The typical size
of the focused monochromaticedy beam|( = 0.4340R) was 161 1 2sAMMAR165 charged
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coupled device (CCD) detector was used to collect the diffraction patterns.-ftyea¥cessible
opening angle of the DAC was +20°. The rotatiaxis for the singkerystal diffraction
experiment was placed horizontally, perpendicular to the incideaty>beam. A series of 10°
wide-angle exposures and 1° step exposures 0% and 20° were collected at four different
detector positions for eacpressure and temperature point. The investigated range of pressure
was 1 bar to 79.2 GPa and range of the temperature was 300K to 800 4Fig.
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Figure 41. P-T coverage of the XRD experiments of/€gin the diamond anvil cell.

To analyze the synchrotrdrased single crystal XRD data, we utilized the ATREX
software package for peak fitting and intensity correcti@era et al., 2013)The unit cell and
orientation matrix were determined by the CELL_NOW software (Bruker AXS Inc.). Lattice
parameters were refined by leaguares fitting in the RSV softwaf®era et al., 2013)The
structure refinement was performed using SHEL{Gheldrick, 2008) The ambient pressure
datacollected at UHM were analyzed using the Bruker APEX 3 software package to solve the
complexity in the crystal structure. TheV-T data andP-x (i.e a/b/c axes) were fitted by the
EosFitZGUI program(GonzalezPlatas et al., 2016)
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4.4 Results anddiscussion

4.4.1The crystal structure of FeCs at room pressure and temperature

The indexing of singkerystal XRD patterns of F€3 at ambient conditions indicates an
orthorhombic lattice with space groupbca (Z = 8), and with unicell parameters o& =
11.979(1) Ab = 4.5191(8) A andt = 13.767(2) A. However, the ambient data indicate some
structural complexity beyond the simple ideal structure described previ(Riggcher et al.,
2015) and consistently present in all of the several single crystal specimens that we have
examined. This nordeality involves the presence of twmicro-domains, but seems to also
include structural modulation.

The presence of peaks that could not be indexed using a single orientation matrix to the
initially indexed domain indicates a likely twinned crystal structifigure 42). The second
domainis significantly weaker than the first. A total of 1651 peaks from the dominant domain
were utilized to refine the crystal structukggure 43), which is generally consistent with that
reported by Preschat al. (2015). In thePbcastructure, three distted CFe triagonal prisms
form triads by sharing corners. The triads are stacked parallel to dkis to form a column.

Each stack is rotated ~60° relative to its neighbors. Columns are oriented inversely along the
axis compared to their neighbor aoins. Columns with the same direction are edge sharing and

columns with the opposite direction are corner shafingufe 43).
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Figure 42. All the peaks harvested from singteystal XRD measurements of#&3 at UHM.

The green peaks were used for indexing and refinement of the crystal structure at ambient
conditions and may correspond to a dominant twin domain (as described in the mairheext)

white peaks are unique to the secondary twin domain. This corresponds to a 180° rotation around

the [F1 0 2] axis.

Figure 43. Crystal structure of F€3 projectedalong theb axis (left), thea axis (upper right)
and thec axis (lower right) at ambient conditions (space grBbpa Z = 8). Blue balls represent
Fe.One carbon (pink) is located in the center of eachs @Rgonal prism colored in pink.
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The quality of structuratefinement was highRn: = 7.26% andR: = 4.97%), however,
we noted some artifacts that may be related to the twinning and/or the additional disorder within
the structure. Three noticeably large peaks appeared in the difference Fourier map with heights
albove 2.5 e/A, located about 0.8 A from carbon atoms, and 1.6 A from closest Fe atoms. We
attempted to reduce the symmetry to allowed orthorhombic and monoclinic subgrdripsaof
but couldnot find an alternative space group that would better accounthi®rdifference
electron density. We also noted that the residual electron density reported by Prescher et al.
(2015) was also quite high (2.022 &Awhich may indicate similar structural complexity in
their samples. Proper refinement of such complexitthe structure may require a description
using a 4dimensional space group and the introduction of an extra basis vector or modulation
vector. Additional ambient pressure experiments at varied temperatures are needed to confirm
the likelihood of the modation and whether the modulation is commensurate or
incommensurate. Detailed crystallographic studies will be required to determine the exact origin
of this difference electron density, but this is out of the scope for the present study which is

primarily focused on the thermoelastic behaviors.

4.4.2Thermal equation of state of FeCs

The unit cell volumes of F€s along various isotherms from 300K to 800K were
determined by synchrotramased singlerystal XRD measurements up to 79.2 GPigyre 44,
Figure 45 and Table4.1). No discontinuous crystatructure change was observed over the
entire pressure and tentpture range. The room temperatix®/ data were fitted by the third

order BirchMurnaghan Equation of State{B):

~
5

0 -0 — — Zp -0 @1 — p Q)

whereKro, K00 &/t are the isothermal bulk modulus, its first pressure derivative and the unit
cell volume at ambient pressure and given temperdturespectively. The 1@-V data were
weighted by the uncertainties in both pressure and volume and fitted by thertier&-M EoS

with Ko = 165(4) GPaKod = 5. VYo(=2Z45.3(2) RdKo, Ko® aVmade for T = 300K).
Normalized stresg) as a function of the Eulerian finite strafg)(is also plotted as an inset of
Figure 4.5, wherefe=[(V/Vo)?3-1]/2 andFe= P/[3fe(1+2fc)*?] and the EoS can be simplified as
Fe =Ko+3Ko/2(KoG4)fe, neglecting the high order terng&ngel, 2000) Thef-F plot can be used
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to verify which order of the B/A EoS is sufficient to satisfactorily represent the compression
behavior of the sampl@&ngel, 2000) The quaslinearf-F relationship suggests the adequacy of
using the thirdorder BM EoS and its positive slope indicat&€sd > Figdire 45 inset).
Previous studies reported that the slope of ftReplot changed abruptly as a result of the
magnetic transitions of hexagonal;€e (Chen et al., 2012; Liu «l., 2016b) but we did not
observe this, potentially due to the sparsity of our data at 3BigKire 45 inset).

Figure 44. Representative singlerystal XRD image at 28.8 GRad 700 K(left) and projections

of the FeCs crystal structure in reciprocal space along different crystallographic directions
(right). Red labels in the measured patterns correspond to Miller indices (hkl) of the reflections.
The upper right projectiorsiperpendicular to the-kKay beam.
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Figure 45. Density of the orthorhombic F&s at 300K in this studgompared with other studies.

The fitted density using the thiatder BirchMurnaghan EoS is also displayed as the solel |

The solid circles represent the density of orthorhombi€He this study. The pressure and

density uncertainties are mostly within the symbols. The open symbols are from other studies for
comparisor(Chen et al., 2012; Liu et al., 2016b; Nakajima et al., 2011; Prescher et al., 2015)

Inset is the~-f plot of data in this study.
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Table 41. Lattice parameters of &z obtained by higipressure and higtemperature single
crystal Xray Diffraction.

Pressure (GPa) a(R) b (A) c(A) Volume (&%)
300 K
0.00001 11.979(1) 4.5191(8) 13.767(2) 745.3(2)
0.8(1) 11.954(2) 4.513(1) 13.76(3) 743(2)
1.9(1) 11.936(2) 4.503(1) 13.71(3) 737(2)
12.1(1) 11.766(2) 4.416(1) 13.47(2) 699.5(9)
13.1(1) 11.752(2) 4.405(1) 13.49(2) 698.4(9)
17.2(5) 11.701(2) 4.375(1) 13.37(2) 684(1)
43.5(7) 11.432(3) 4.228(1) 12.97(3) 627(1)
61.9(1) 11.266(3) 4.159(1) 12.83(2) 601(1)
64.7(1) 11.244(3) 4.150(1) 12.81(2) 598(1)
75.6(8) 11.178(3) 4.112(1) 12.68(2) 583(1)
400 K
6.3(1) 11.872(2) 4.465(1) 13.63(2) 722(1)
12.8(1) 11.768(3) 4.407(1) 13.53(2) 702(1)
23.5(7) 11.636(2) 4.341(1) 13.27(2) 670(1)
47.7(3) 11.389(4) 4.219(1) 12.94(4) 622(2)
63(1) 11.264(3) 4.159(1) 12.83(2) 601(1)
500 K
9.3(1) 11.839(3) 4.439(1) 13.65(3) 717(2)
13.6(1) 11.777(2) 4.407(1) 13.50(2) 700.8(9)
26.3(9) 11.607(2) 4.329(1) 13.38(2) 672(1)
49.3(6) 11.391(3) 4.213(1) 13.01(2) 624(1)
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Table 4.1. (continued) Lattice parameters afk@btained by higipressure and high
temperature single crystatbay Diffraction.

63(1) 11.264(3) 4.158(1) 12.85(3) 602(1)
67.4(3) 11.237(3) 4.145(1) 12.85(2) 599(1)
77 (2) 11.178(3) 4.113(1) 12.71(2) 584(1)
78.2(2) 11.167(3) 4.108(1) 12.72(2) 583.3(9)
600 K
11.9(1) 11.809(3) 4.423(1) 13.62(3) 711(2)
14.3(2) 11.779(2) 4.406(1) 13.55(2) 703.4(9)
27.1(9) 11.607(3) 4.328(1) 13.39(3) 672(1)
64(1) 11.268(2) 4.163(1) 12.90(2) 605.0(9)
68.7(6) 11.231(2) 4.144(1) 12.88(2) 599(1)
76 (1) 11.188(3) 4.119(1) 12.75(2) 587.4(9)
700 K
13.4(1) 11.798(4) 4.418(1) 13.58(4) 708(2)
28.8(9) 11.600(2) 4.320(1) 13.36(2) 669(1)
57 (1) 11.323(2) 4.190(1) 13.04(2) 618.4(9)
69.1 (7) 11.237(3) 4.144(1) 12.87(3) 599(1)
70(1) 11.332(4) 4.139(1) 12.90(3) 599(1)
78.7(9) 11.161(3) 4.115(1) 12.83(4) 589(2)
800 K
79.2(8) 11.171(3) 4.116(1) 12.80(3) 589(1)

Notes: The 10P-V data at 300K were utilized in the BEoS fit. The 10P-x (i.e a/b/c) at 300K
were utilized in the linear EoS fit. All the 38V-T data were utilized in the higiemperature
BM-EoS fit. All the data were weighted by the uncertainties in both pressure and volume in the

fittings.
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Due to the similarity between the orthorhombic structure withPtheaspace group and
the hexagonal structure witR6smc space group, the compressibility of;E€e was compared
with the compressibility of both orthorhombic and hexagonalCfen the previais studies
(Table4.2 andFigure 45). Our bulk modulus is consistent with the orthorhombigCEg@hase
from Prescher et al. (2015), but its pressure derivaiide, is smaller (5.1(2)
6.1(1) inPrescher et al. (2016)The discrepancy may be caused by two reasons. First, we used a
gold pressure standard wherddsescher et al. (2015)sed ruby as their pressure standard.
Second, our experiment involved external heating while the experimeitssoher et al. (2015)
were conducted at oon temperature. Thelarggb i n t heir study may i nd
sample chamber with increasing pressure (this is seen in other materiaiSnietstein et al.
(2017) High temperatures could help to relax the deviatoric stress present in the sample chamber.
Comparing with the hexagonal &2 shownin Figure 45 and Table4.2, our density as a
function of pressure and compressibility is similar to the values reportédilst al. (2016b)
who argued that the pressure calibration in his study might be more accurate because the Au

pressure standard was placed on the top of the sample.
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Talde 42. Thermoelastic properties of f& compared with previous studies.

Prange Trange " Normalized Thermoelastic
(GPa) ) Ko (GPa) Kob Vo (A%)? oroperties Method Reference
Orthorhomic(Pbcg
0-79.2 300 165(4) 5.1(2)  93.2(3) . SCXRD+DAC  This study
dK/dT =-0.02(1) GPa/K
0-79.2 300800 167(4) 5.0(2)  93.2(3) a=4.7(9)*10°K*  SCXRD+DAC  This study
a, = 3(5)*108 K 2P
Prescher et
4-158 300 168(4) 6.1(1) 93.1 (1) . SCXRD+DAC al. (2015)
Hexagonal P6smc¢
, PXRD+DAC+ Nakajima et
fm  0-18 300 201 (2) 4 (fixed) 93.2(2) L multianvil press  al. (2011)
@=2.57(5) ,
; h PXRD+DAC+ Nakajima et
pm 1871.5 3001973 253 (7) 3.6(2) 92.1 (3) g=920 (140) K multianvil press  al. (2011)
q=2.2(5)
fm 231 4.4 91
nm 291 4.5 88
pm 753 300  201(12) 8.0(14) 92.4(2) o SCXRD+DAC C?Zegl‘;t)a"
nm 53167 300  307(6) 32(l1) 915 (4) L SCXRD+DAC C?;glezt)a"
ap=3.1(6)*10°K? Litasov et
0 297911 — — a1 = 1.2(6)*10°K = PXRD al. (2015)
Liu et al.
fm 0-7 300 186(5) 6.9(2.2) 93.1 (1) _ PXRD+DAC (2016b)
nc 720 300  166(13) 4.9 (1.1) 93.5(4) PXRD +DAC  Luetal
AT ' — (2016b)
m 2066 300 196(9) 4.9(2) 923 (5) PXRD +DAC  uetal
P ' ' — (2016b)

Note§ SCXRD and PXRD are acronyms of singlystal XRD and powder XRD, respectively.
fm, pm, nm and nare acronyms of ferromagnetic, paramagnetic, nonmagnetic and noncollinear,

respectively.
aNormalizedVo represents volume per % formula.

bThe coefficient of thermal expansion was calculated asio + a:® (T-300).
“Thecoefficient of thermal expansion was calculate@asao + a3 T.
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In our study, Equation (1) was used along various-teghperature isotherms at 300K,
400K, 500K, 600K, 700K, and 800K (Tabkel and Figure 46). Assuming that K/dT is
constant through the temperature ranggsandktod can be descri bed as:
Ko = Ko+ dK/dT 3 (T-300) (2)

K00 Kgd 3
and the temperature dependence of volume lwa expressed by the empirical polynomial

equation(Berman, 1988as:

Vo = Vo(1+ao(T-300)+-a1(T-300) ) (4)

Taking the first derivative of the Equation (4) gives the thermal expansion coeftigient
aot+ai(T-300) by approximationThe fit to theP-V-T data (Tablet.1) usingEquations (14)

results inKo = 167(4) GPakod = 5. \&¥ 45.2(22 & dK/dT =-0.02(1) GPa/K and
thermal expansioar = 4.7(9% 10°+3(5F 10% (T-300) K Ko, Kod  a/mobitained by the high
temperature BirciMurnaghan EoS are consistent with the values by only fitting the 300K data

within the uncertainties.
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Figure 46. P-V-T data of FeCsfitted by the hightemperaturdirch-MurnagharEoS. The
pressure and volume uncertainties are within the symbols. Solid curves are the fitting results.

4.4.3Compressibilities and thermal expansions of the, b and c axes
The compression data of tlae b and c axes at 300 K were fittedy the EosFit7GUI

program(GonzalezPlatas et al., @.6) The program fits the cube of the lattice parameters to

obtain the linear moduli and its pressure derivative, typically denotbtieasi Mo |, respectiv
(Angel et al., 2014)M is the inverse of the linear compressibilitybi = x( XJ F)r) and three

times that of the volumkke K value(Angel, 2000) The fitting yieldsMa = 577(14) GPaM«b6 =
18.6(9),Mp = 438(9) GPaMy6 = 1 R.=7490432),GPaanMcd6 = MEXNL)P My

indicates that the axial compressibilities of/Geare anisotropic (Figre 4.7). Considering the

tradeoff betweenM and M6 , compr es sa bandcakes are distinfuishaliieefrom

each otherKigure 47a inset). Given thafl.0 M0 M0 a msdderimgtheir magnitudes, the

axis would stay the most compressible, ~17.4% smaller thamakis and ~26.5% smaller than

thea axis in linear modulus at 33864 GPaltigure 47b). The reason that tteeandc axes are

less compressible than tleaxis is that Fe ions are distributed more densely in the samne

62



plane than in thdé direction, which makes the Hee bonds shorter and strongerarand c
directions Figure 43). Similar to our results, theoreticedlculations byRaza et al. (2015Iso
indicated that the axial comgssibilities of the orthorhombic #&s; are discernably anisotropic,
and the compressibility of tHeaxis is most obviously different from those of the other axes. The
calculated sound velocityy) of Fe:Cz in b direction is the slowest, while the sound velocities in
the a andc directions are relatively similar at 360 GfRaza et al., 2015which is consistent

with our linear incompressibility results.

20
1.00
C axis
18 a axis

s 16f

ﬁi&baxis

PN I I
440 480 520 560
M, (GPa)

0.98

0.96

xIx,

= blb,

092
A c/cg

0.90 -

L | | | 1 | | | |
0 10 20 30 40 50 60 70 80 90 100
Pressure (GPa)

o)
o
o
o

4000

3000

2000

Linear Modulus (GPa)

1000

e I | 1 1 | 1 |
0 50 100 150 200 250 300 350
Pressure (GPa)

Figure 47. Compressibilities of the, b andc axes of F&Cz as a function of pressur@) The
variation ofa/ap, b/bp andc/co as a function of pressure were fitted by the linear EoS. The
uncertainties are mostly within the symbols. Inset: the confidence ellipses &bthrdc axes,
illustrating the tradeff betweernMo andMé (b) The calculated and extrapolated linear moduli
of thea, b andc axes as a function of pressure.
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Thermal expansion af®, b® andc® are also calculated using the Equatior(RBure 48
and 4.9:

3 3
_ Xrp) T Xop)

“" x2 o (T =Tp)
op) \! 7 1o
(5)

We found that the thermal expansionsbfabout &10° K1) from 300K to 600K or 700K were
larger than that o&® andb® by a factor of approximately 4, indicating that there are anisotropic
responses of lattice expansion to high temperature alongedifferystallographic directions
(Figure 49). The anisotropic response was also reflected by an increase a/atratio upon
heating Figure 410). The b/a ratio was nearly unchanged with temperature andotbeatio
decreased with temperatueiqure 410). This means that the significant change ofdtaeratio

with temperature can be mainly attributed to the large expansion oathe upon heating.
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temperature data were fitted by the linear EoS.
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The distinct anisotropic responses could influence the compressibility and sound
velocities of FeCs. For hcp iron, the c/a ratio also increases upon heating and the elastic
anisotropy changes, showing that the corresponding longitudinal modules aafs, Cas
decreases and becomes smaller tkdan (SteinleNeumann, 2001 This suggests that an
expandedc axis may result in aktic softening along this crystallography direction. One
consequence might be a large sound velocity reduction alongdkis than the other axes at
high temperatures. Although the crystal structurbagfiron is different from that of F€3, the
change of thec/a ratios upon heating in F&s, resulted from the compressibilities change of the
crystallographic axis, may still indicate the change of the elastic anisotropy.

Along the isotherms, the/a ratio gradually decreases up to ~40 GPa and thenases
abruptly (Figire4.10), probably due to the higbpin to lowspin transition of F&3 (Chen et al.,

2012; Chen et al., 201450r higher temperature data, the change occurs at higher pressures: this
is consistent with that high temperature would promotedpim to highspin transition in 3d

metal compoundgGutlich et al., 1994)and probably idicates a positive slope for the spin
transition(Liu et al., 2016h) The spin transition may have led to the kink in d&fgeratio at ~40

GPa at 300K (Figre 4.10). After the spin transition, it appears that tie ratio decreases at a
similar slope as before the spin transition. The effect of the spin transition on the
compressibilities of crystallographic axes is not obvious in this study. We found it was
reasomble to use one linear equation of state to describe the compressibilities of crystallographic
axes (Figre4.7). Further studies with denser data coverage and to higher pressure are required
to further confirm that.

Temperature may significantly influem¢he elastic properties of && at high pressures.
When only pressure is taken into account, ahend c axes of FgCs have relatively similar
compressibility but thd axis is more compressible. According to theoretical calculationd) the
axis is alsahe direction along which acoustic waves travel the slofiResta et al., 2015Vhen
temperature is considered, theaxis expands more significantly than the other axes and thus
becomes elastically softer at high temperatures, which suggests that the acoustic wave traveling
along thec axis may also slow down and influence the ttasnisotropy. At high pressure and
temperature conditions like in the inner core, theaxis of FeCsz will stay the most

incompressible and thus has the highest sound velocity @oergs. Our data implies that
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temperature is an important factor whemsidering the anisotropy of #&s at core conditions

and caution needs to be exercised for extrapolating to thedoneiconditions.

4.5 Geophysical implications fotheEar t hés i nner cor e
Seismological data suggest tthéeEar t h 6 s i n n stiong elasticanisetsopy bi t s

an anomal ously high Pavave setocitp®) (Deuwss (ROd4pradrihé | o w

papers cited within). These seismic features are possibly linked to the crystallographic anisotropy

of the innefcore crystals. According to the theoretically calculatedCHghase diagram at 330

GPa, if an FeC liquid has >2wt.% carbon, F&s would crystallize first toform an iron carbide

inner core(Fei and Brosh, 2014Yhe innermost inner core has been further suggested to be

Fe,Cs based on the melting pgriments of the F€ system to core pressurgsu et al., 2016c)

With decreasing core temp@dure and the depletion of carbon in the outer core by the growth of

FerCz in the inner core, the F& melt will approach the eutectic compositiond@ped Fe and

FerCz would crystallize from the eutectic composition and form the outer part of the inner core

which surrounds the innermost inner core. Our results on the anisotropic compressibility and

thermal expansion of the different crystallographic axes gEfimay povide an explanation for

the seismic observations of the inner core, particularly the observed inner core anisotropy. The

effect of temperature on the elastic properties and anisotropy of Fe alloys suciCasrEe

crucial for us to construct a seismolegly consistent core compositional model and thus inform

better understanding of the composition and structure of the innerT¢wehermal expansions

of iron carbides at high pressures are crucial for modeling the jplease relations at extreme

condifons (Fei and Brosh, 2014), which may inform our understanding of the mineralogy of the

inner core and the role of carbon during inner core crystallization.
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Chapter 5

High-pressureMelting in the Fe-C-(H) Systemwith
Implications for the Fate of Subducted Carbon

This chapter will besubmittedas Xiaojing Lai, Feng Zhuy Jing Gaq Yingxin Liu, Eran
Greenberg, Vitali B. PrakapenkandBin Chen High-pressure meltingn Fe-C-(H) systenwith
implications for the fate of subducted carbon.

5.1 Abstract

The subducted oceanic crust delivers significant ansoahtcarbon and hydrogen from the
surface into the deep mantle. Through sitamntle interactions, subducted carbon and hydrogen
react with netallic iron in the metasaturated mantléo form various reduced species such as
diamond, GH fluids and iron alloys. Therefore, the phase stability and melting behavibe of
FeC-(H) system has been one of the foci of controversy regaodirigpn and hydrogen cycling.

Here we report higipressure results on the phase relations and melting behavior of@arkk
Fe-C-H systens by both multianvil press and diamond anvil cell technigudetallic iron was

found to react withan organic GH compound, which served as source forcarbon and
hydrogen, at high pressure and temperature conditions. With exdésso@pound, Fe carbide
formed first from the reaction at relatively low temperagie<2000 K;the sample then reacted
further to form Fe hydride at higher temperatgravith diamond exsoled up to 57 GPa
Conversely, with excess Fe, the existence of hydrogen was found to depress the melting
temperature of the F€ system, and the eutectic melting temperatures of both &ed FeC-H

systen are below the mantle geotherm, facilitating the cycling of subducted carbon and hydrogen
as molten iron alloy in the deep mantle. These metallic melts may pravigecessary
environment for macro diamond growth and serve as a potential reservoir Hocasbbn and

hydrogen in the mantle.
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5.2Introduction

The arbon and hydrogen cyden deep Earthhave attractedignificant attention in
recent years because C and H are not only important light element candiddtesHa r t h 6 s
inner and outer core, budre also essential elements ftife on our habitable planet. The
subducting slab, one of the most active regions in demphEplag a significant role in
transporting carbenand hydrogerbearing materials such as carbonates, hydrocarkzomd
hydrous minerals into the mant{Pasgupta and Hirschmann, 2010; Peacock, 1980)ecent
years, the meltingpehavior of carbonand hydrogenbearing phases, as well as their reactions
with mantle and core materialsas been extensively studied to understand the deep carbon and
hydrogen cyclegDasgupta and Hirschmann, 2010; Mao et al., 2017; Rohrbach and Schmidt,
2011)

As the mantle may become metal saturated from 250 km to the (EMBt et al., 2004;
Rohrbach et al., 200,7/fhe redox coupling between mantle and slab may reduce carbonates in the
slab into diamond or iron carbidéBalyanov et al., 2013; Rohrbach and Schmidt, 2011; Zhu et
al., 2018) Diamondhas beeronsideredo befi f r o z &snlid phase in the mantle (Rohrbach
and Schmidt, 2011). However, the state of iron carbide is still under délbetedetermined
eutecticmeltingtemperatures dhe FeC systenmvaryin previous studies. Some were lower than
the mantle geothermvhich leads to the formation afmetallic pockets in the mant{&ohrbach
et al., 2014) while the others were higher than the mantle geothsuth that F& phases
remain solid from the upper mantle to the bottom of the lower mértleet al., 2016a)Laser
heating experimentin the FeC system havesuallyyielded higher melting temperatusehan
large volume press experimsifEei and Brosh, 2014; Hirayama et al., 1993; Liu et al., 2016a;
Liu et al., 2016c¢; Lord «el., 2009; Morard and Katsura, 2010; Rohrbach et al., 2014)

Methane and tgrogen associated with metallic iron melt have been found in a group of
superdeep diamonds origiimag from deep upper mantle to transition zone def8mith et al.,

2016) Carbon and hydrogen were inferred to dissolve in the metallic iron phase in the deep
mantle. The existence of H, even a small amount, can lower the melting point of Fe and its alloys
dramatically(Fischer, 2016; Murphy, 2016The incorporation of H may also lower the melting
point of the Fe-C system, facilitating metallic melt in tlmeantle for diamond growth. However,

the effect of H inthe FeC-H ternary system hasarely been studied. In this study, we

determined the phase relations and melting behavior of t#i& &el FeC-H systens at mantle
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conditions using mukanvil press anthserheated diamond anvil cell techniquasd discuss the

occurrence of C and H in the carbon and hydrogen cycles between surface and mantle.

5.3Methods

5.3.1 Multi-anvil press experiment

Our starting materials were fewt.%C and Fd-6 wt.%C0.211.26 wt.%H by mixing Fe (99.9+%
purity, Aldrich Chemical Company) powders with graphite (99.9995% purity, Alfa Aesar
Company) powder and 1@Hi> powder (scintillation grade, Matheson Coleman & Bell
Manufacturing Chemists), respectively:1481> served as both carbon and hydrogen source. In
run PLO74 and PLO75, TiH+ Mg(OH) was used as hydrogen source and graphite wasassed
the carbon source. Experimemere conducted ira 2000ton Walkertype mdti-anvil press
(Walker, 1991)attheUni ver si ty of .My®waahdiia ofd4 or MUnedyea
length were compressed using tungsten carbide cubes with truncated eade ayf 5mm,
respectivelyPressure ir14/8 and 10/fxperimentavascalibrated using the phase transitions of
Bismuth(l-1l transition at 2.55 GPa and transitionINM at 7.7 GPa)(Decker et al., 19723s well

as ZnTe 9.6 and 12 GBa(Kusaba et al.,, 1993)Temperature was measured using a
W97%Re3%W75%Re25% thermocoupleThe Cell assembly is standard COMPRES
configuration(Leinenweber et al., 2012MgO was used as the sample capsule and it was dried
and sintered ira furnaceat about 1273 K for at least 12 h. After loading the sample, the cell
assembly was placed avacuum oven at 383 K fahe Fe-C sample and 353 K fdahe Fe-C-H
sample to get rid of moisture. The sample was cold compressed to target pressuberirst
temperature was increased to the target temperature in 20 mkepted thattemperaturdor a
minimum of 15 min. The sample wd#sen quenched byutting power. The quenched sample
was mounted in epoxy and ground longitudinally to expitseross sectin. The polished
samples were surrounded with silver paseslectron conductor and analyzeda}EOL JXA
8500F fieldemission gun electron microscope (EPMA)ni ver si ty of umawai @i
operatng conditions of 15 kV and 10 nA. The samples wehenfinum coated and analyzég

a JOEL-7800FLV scanning electron microscope (SEM)tts Electron Microbeam Analysis
Laboratory of the University of Michigamnderoperatng conditions of 15 kV and 12 nA.
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5.32 Laser-heated DAC experiment

High-pressure experiments were performed in BXgte and symmetric DACs with
di amonds of 250 or 300 & m cindéntedto sthickress ofR30eni um
45 em and sample chambers of 120 and €50 em
configurations of the sample loadings: The first one consisted of7 gu® thick iron foll
(GoodFellow, purity 99.85%) sandwiched between two ~10 pm thick disks of compressed
Ci4H12 powder (scintillation grade, Matheson Coleman & Bell Manufacturing @tenGaHi2
was characterized by XRD and Raman spectroscofheéatni ver si ty of . THeeawai ai
Ci4H1o served as a reactant, thermal insulator, and pressure medium. Ruby was also toaded in
the DAC forthe pressure calibratiorin the second loadg, the thickness of compressed:&;.
disksusedin the first loadingwas reducedndKCI disks were added as thermal insulators
both side of the first loading to make the heating more stable. The third loadimgpriseda
small piece of5-pum-thick synthetic FeC alloy (1.2 wt% C) foil synthesizeat theGeophysical
Lab of the Carnegie Institution for Science, with one cormercontact withtwo pieces of
compressed € mCi4H12 disks asa hydrogen sourceTwo 10 um thick KCI disks were also
loaded as the thermal insulator. In the second and third configurations, KCI serveel as th
pressure markerubies were also loaded in the DACs as pressure marker for offline compression
to the target pressure&. micro-manipulator at Sector 13, GESCARS, APS, ANL was used to
load thesecomplicated multlayer samples.

High-pressure lasdneated XRD experiments were conducted at beamlin®D3 APS,
ANL using a wavelength of 0.3344 U wibBh a be
APS, ANL using a wavelength of O0.4066sidd with
laser heating spot is 10 um x15 um atID® and ~30 pum in diameter at ABB. A fastreading
Pilatus detector was used atlDD and a MAR165 chargedoupled device (CCD) detector was
used at 18DB. Samples were heated at an interval of-200 K usirg continuous or burst
heating technique&urst heating was commonly used to detect meltirgkapenka et al., 2008)
|t can effectively minimize the sampleds expc
exchangedetweenthe heated sampland the surrounding materialSamples were quickly
heated to high temperature by setting the estimated powers of the lasers and quenéhsd in 1

The laser shutter, temperature readarg XRD measurement were synchronized ia teating

74



processPowder XRD spectra were integrated using Dioptas soft{Rnescher and Prakapenka,
2015) The synchrotron XRD patterns were fitted by PDindexer soft{&et, 201Q)

5.4 Results and discussion

5.4.1Multi -anvil pressexperiment

Multi-anvil pressexperiment®n theFe-C and FeC-H systens were conducted at 8 GPa
and 14 GPaStarting materiad comprised~e mixed with graphite fathe Fe-C experimerg, and
Fe mixed with GsHi2for the FeC-H experimend. Concentrations of mixed carbon were close to
the eutectic pointn the FeC phase diagram to obtaalarge proportion of melt above the
melting temperature according to the lever rtde phase diagram(Fei and Brosh, 2014;
Nakajima et al., 2009)At each pressure, a series of experiments over a range of temperatures
was carried out to determe melting temperatures. Melting temperatures were bracketed by
textural analysis of the quenched run products which were analyzed by SEM or @rRblA
5.1, Table5.2 and Figurés.1).

Table 51. Experimental conditions and run productsnalti-anvil pressmelting experimentsor
theFe-C system

Run # P (GPa) T (K) Heating time (min) Phases
PLO& 8 1423 30 Fe+FeC
PLO& 8 1473 30 Melt
PLO58 14 1473 30 Fe+FeC
PLO78 14 1523 15 Fe+FeC
PLO40 14 1573 15 Melt
PLO35 14 1673 15 Melt
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Table 52. Experimental conditions and run productsnalti-anvil pressmelting experimentor
theFe-C-H system

Run # P (GPa) T (K) Heating time (min) Phases

PLO75 8 1373 15 Fe+FeC

PLO84 8 1423 20 Melt

PL0O85 8 1433 45 Melt

PLO74 8 1473 45 Melt

PLO54 14 1373 30 Fe+FeC+diamond
PLO50 14 1473 30 FesC+eutectic melt
PLO68 14 1473 30 Fe+eutectic melt
PLO79 14 1523 30 Melt

PLO87 14 1573 30 Melt

PLO34 14 1673 15 Melt

The representative backscattered electron (BSE) images of the quenched samples in the
FeC runs at 14 GPa are shown in Figbrea ands.1b. The quenched texture of Run PLO78 at
1523 K is a typical subsolidus textugranular FeC with straight gren boundaries ira ground
mass of Fe (Figure 5.1a). The quenched texture of Run 040 at 1573 K was a dendritic melt
texture composed of Fe carbide as the dendrite and Fe as the ground mass. This indicates that the
onset of melting is between 1523 K and 1¥73Ve chose the midpoint548 K as the eutectic
melting temperature. The same processing also applied tar@&Pawhich obtained 1448 K
asthe eutectic melting temperature. (Figure 5.2a and Figure 5.3). The slope of meld®RyTin
diagram was daulated to be 16.7 K/GPa, but it may have significant uncertainties due the
limited pressure coverage.

Melting pointsin the FeC-H system were determined similarly. RepresentaB&E
images from experimental runs at 14 GPa are shown in Figure 5.1c and 5.1d. Hydrogen was not
detectable in the quenched product because iron hydride is not quenchable at ambient pressure
(Baddng et al., 1991)In Figure5.1c, the sample of ruRL054 at 1373 Ks not molten. Similar
subsolidus texture were observed at 1373 K. A diamond grain was found surrourateidoly
carbide phase iaground mass of iron, likely formed from a large piece oH loaded in this
run. Carbon and hydrogen im4E1> can both diffuse into Fe, forming iron carbide and iron
hydride. Due to the slow diffusion rate of carbon compared with hydrogen, elenmabiath can
form before it fully equilibratewith iron through the surrounding carbides. Figbied shows a

eutectic FeC melt with the intergrowth of Fe and3&ein the quenched sample of run PLO50 at
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1473 K, which can pin down the eutectic melting terapee. The eutectic melting temperature
of the FeC-H system was determined to be 1398 K and 147atkK8 GPa and 14 GPa
respectively (Figur®&.2b and Figur&.3). The slope was estimated at 12.5 K/GPa.

carbide

Fe /
P

100 um

Fe carbide

Figure 51. RepresentativBSEimages of quenched texture of the run products. (a) Run PL0O78
conducted at 14 GPa and 1523 K. (b) Run PL040 conducted at 14 GPa and 1573 K. (c) Run
PLO54 at 14 GPa and 1373 K (d) Run PL0O50 at 14 GPa arglKL4a) and (b) are the quenched
products of melting experiments of-Eesystem. (c) and (d) are the quenched products of
melting experiments of FE-H system.
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Figure 52. Summary of the experimental runs of (a) the@system and (b) the Fé-H system.
The solid symbols represent runs in which the sample was molten or partially molten. The
symbol with a cross inside represents the run in which eutectic melt was observed. The open
symbols represent runs in which the sampas not molterMiddle point of solid and open
symbol was chosen as the eutectic melting temperature dacépe FeC-H system at 14 GPa.
Dashed grey line and solid black line represent the meltingdstenated from the melting
experimers.
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Figure 53. Melting temperatures of F€ and FeC-H determined by large volume press
experimers compared with melting temperatures ofEgFeH in previous large volume press
studies. Mantle geotherm (red dashed line) and cold slab surface (blue dashere dilse)
plotted for comparison.

The eutectic melting temperaturestioé Fe-C system at &Pa and 14 GPa in this study
agree well with the work oRohrbach et al. (2014Yhey arealso consistent witlesults of
Hirayama et al. (1993 ndNakajima et al. (2009)lthoughthe slope is slightly steeper. It has
the same slopas thatof Fei and Brosh (2014put the melting temperatures in this study are
~100 K lower Figure 53). It is apparenfrom the multianvil press experiments in trstudy and
previous workghat the sequence of melting temperature KCFeFeH > FeC-H (Figure5.3).
This indicates that a eutectic point may exist in the ternarCHe system.The average C
concentration in the eutectic melttbe Fe-C-H system (run PLO50) was measured by EPMA at
theUni ver si ty of tdee ®.86(18) iwt.%This isMOse toahe eutectic melting

79



composition in the F€ system within the uncertainti€sei and Brosh, 2014)he tydrogen
concentration cannot be estimated due to the dehydrogenation of iron hydride during
decompressio(Badding et al., 1991)

The lower melting temperature of the-EeH system indicas that hydrogen decredse
the melting temperature of the-Eesystem by 50 to 75 K at pressures of 8 GPa and 14 GPa in
this study. Our results show that the eutectic melting temperaturdse ¢e-C and FeC-H
systems are above the cold slab surface and ~1Z580KK lower than the mantle geotherm at the
investigated pressure range (Fig&8). This could result in the melting or partial melting of
these two systems, depémgl on the carbon conog&ation. When carbon and hydrogen in the
subducted slab meet the irsaturated mantle, iron carbide or iron hydride will form. There is a
gradient of carbon and hydrogen concentration from the camdowh hydrogerenriched slab
surface to the mantle. Wheron becomegxcessFeC melt can be formedndthe presence of
H will reduce the melting point of F€ to form FeC-H melt below themantle geotherm. Both
FeC and FeC-H melts providea new way of transporting C and H from the surface th®
mantle The LVP experimestwere carried oubnly up to 14 GPa, which represeithe upper
mantle pressuré&xperimens underlower mantle conditionstil need tobe conducted.

5.4.2Laser heating experiment

In order to study the phase relationstloé Fe-C-H system andhe melting behavior of
FeC and FeC-H at lower mantle conditions, laser heating experisiardre conducted up to
65.6 GPa. Three types of sample loadings were performed as described inhibe $eetion to

serve different purposes.

Reactions between Fe and:812 at HPHT

The DAC experiments, ruh and rur2, were performed to study the reaction between Fe
andCysH12with the first type of sample loading at-1BB and 13IDD, APS, ANL, respectively.
The configuration is an iron foil sandwiched betweenHz disks, which seves as C and H
source as well as the thermal insulator. The disadvantage of this loading is that after several runs
of heating, the insulating layers will be gradually consumed, leading to low heating efficiency
due to fast thermal conductivity througladiond culetsThereforethis loading wasisedonly to

obtain phase relations theFe-C-H system at HPHT.
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In this reaction,the carbon and hydrogeprovided by the @H1> layers werdn excess
compared with iron, meaning themasnot enough iron to react with alh12. At 10 GPa and
1200 K, Fe reacted withi@¢H1> and only FeC was formed (reaction 1) with no sajrof hydride,
which confirmed the deficiency of iron compared withski.. Fe pefers to combine with
carbon to form iron carbide more than hydrogen to form iron hydride atpthssure and
temperaturéFigure5.4). This preference to form carbide was confirmed up/t&Pawhen the

heating temperatungas low.

42Fe+GsH12 = 14FeC+6H (1)

Interestingly, when iron carbide was formed, we found that free hydrogen combined with

Feaway fromthe heatg area to form FeHFigure5.5):

2Fe+xhh = 2FeH )

The high diffusivity of H in hcp/fcc Fe may phin this observation. When heating the
region with FeH+ CisHi2, the intensity of Feldpeaks decreased while the intensity of Fe
carbide rose (Figurg5), indicating the following reaction:

42FeH+CraH12 = 14FaC+(6+21X)H; 3)

This confirmed our observation above that C has higher priority to form iron alloy and
can drive H out from hydride when starting from keBi4H1> at high pressure and relatively
low temperaturé< 2000 K)

When the sample was heated to higher temperature,dfeHtliamond became the more
stable phase assembly (reaction 4 and Figu6a). This observation is consistent with
Nar ygi n dNaygina ¢t al.d2011; Thompson et al., 20I8)e diamond formed from the
reaction is powdewith a shae of rings in 2D image (Figure 5)histinct from the single

crystal diamonaf thediamond anvilwith a shape opointsin the 2D imagéFigure 5.6b)
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2FeC+3xH, = 6FeH + 6C 4)

In this sample loading, becausarbon and hydrogeare excess compared with irghe
produced iron alloyphaseare iron carbidewithout hydrogen(FesC/FeCs) or iron hydride
without carbonFeHy) depending orthe phase stabilityThe melting temperature tanmeasure
would bethe melting temperature of end member ogG7Ee/Cz and FeH rather than the
eutecticmelting temperatureof the FeC-H ternary systemDifferent sample configurations, as
discussed below, were designed to ensurexéessn the heating area, in order to measure the

eutectic melting temperature thfe Fe-C-H system.
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Figure 54. Reactiors of Fe and @H12(a)up to 130K at 10.7 GPa in rud and (b) up to 1672

K at 21.4 GPa in ru@. Vertical bars represent the phases identified. The XRD peakstdf.C
were blocked by the doubkded heating mirrors so that it was not shown in the XRD spectrum
at 300 K.
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Figure 55. Reaction between iron hydride angi812in run-1. Vertical bars represent the phases
identified fromXRD.
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Figure 56. Reaction of Fe and gH1oup to 188K at 42.6 GPa in ru. (a)Integrated XRD
patterns upon heating at 42.6 GWartical bars represent the phases identified. (b) 2D image of
the XRD patterns at 1880 K246 GPa.
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Melting of FeC-H system
Melting experiments (ru3 and rum4) were conducted using the second and third sample
loading configurations at beamline-13D of APS.In run-3 we used the second sample loading
configuration, which is #ayer loading by adding a KCI disk on each sidetted GaHi>-Fe
sandwich. Less GHi> was loaded to make Fexcess KCI serves as thermal insulator and the
heating is more stabko thatsimilar temperature can be reproduced by applying similar power.
Run4 was carried out using the third sample loadings & synthetic Fenterstitial 1.2
wt.%C (FeC hereatfter) disk with one corner contacted with pieces of compressed#i2in
a DAC.KCI served as the pressure transmitting medium and thermal insidagorg 57). The
FeC alloy has the same structwrgpure Fe, while carbon occupies the interstitial sithefron
structure The sample was cold compressed to 24.8 GPa first. From XieBe-C alloy adopted
an hcp structure. Weontinuouslyheated the GHi2 in conta¢ with one corner of F€ alloy
(blue box in theFigure 57) and found tat hydrogen was released into the-Eealloy and
gradually diffused to the FE€ far away (green box in thEigure 57), as confirmed by the
observation of unitell expansion ofan hcptype FeC phase Kigure 58). This indicates
formation of a FeC-H alloy. Hydrogen content can be calculated using the equation:

X=(VFec-Hx-VFec)/DVH

whereVeec andVrec.Hx are the atomic volume of initial K& alloy and newly formed Fe
C-H alloy. DV4 is the volume expansion caused by hydrogen per dbvm= 1.9 Awas used
according to the previous work on Fefflarygina et al., 2011)n the FeC-Hy, x was calculated
to be 0.1. The formed Feé-Ho: alloy was used as the starting material of the melting

temperature measurement.
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Figure 57. Third sample loading configuration usted the FeC-H melting experiment. By
heating theegionof theblue box, hydrogen was released to Fel.2wt%C in the green box.
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Figure 58. XRD patterns of hcp FE before and after diffusion of hydrogen in it 131DD.
Inset shows the volume expansion ofG-after gradual diffusion of hydrogen.-EeHx were
formed after adding hydrogeathe crystal structure.
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Melting behavior was invatigatedby burst heating experimentghe first observation of
diffuse scattering, which is indicated by the elevated background, wasousdetéctthe onset of
melting (Figure 5.9)Melting temperature were bracketed by the higkesiperature at which
the sample was solid and the lowest temperature at which the diffuse scattering eregs w

observedAs meltingoccured the crystalline sample peaks shrank.
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Figure 59. Series of representative integrateaay diffraction patterns at HPHT showing the
evolution of melting. Purple pattern is a solid phase. The baseline was gradually elevated with
increasing temperature. The elevated baseline was caused by the theusalstifttering,

which indicaesthe onset of meltingaccompaniedy agradually deeasdn theintensities of

the crystalline peaks.

In the melting experiment of rd®, the carbon and hydrogen content in the starting
material cannot be well controlledy kdirectly reacting Fewith CisHi> compound. Ifthe
guenched products examined by XRbnsisted of both iron carbide and iron hydride, we

consider itresults fromthe eutectic melting of FE-H system (Figure 5.10a). the quenched
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productsconsist of ony iron carbide phases, we considereisults fromthe melting ofthe FesC
phase (Figure 5.10b). The melting temperaofe-e-C-H and FeC were summarized in Table
5.3.
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Figure 510 Representative XRD patterns of theenched product after the meltingadfFeC-H

system in rufB. b) FeC in run3. ¢) FeC-H in run4. Vertical bars represent the different phases
identified in XRD patterns. In c) the volumes of fcc and hcp phase are larger than the fcc and hcp
Fe.Thisindicates that there are C and/or H in the interstitial sites of the crystal structure of Fe.
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Melting experimerg (run-4) on Fe-C-Ho.1 were carried outip to 51 GPaThe quenched
products at about 25 GPa after melting consist offat hcp Fe alloys as well aszEe(Figure
5.10c). The compositions of the fcc and hcp phases can be infiemetheir unitcell volumes.

The observation ofhe FesC phase indicates that some C was exsolved from the starti@g Fe
phase. With less carbon the interstitial sites of the Fgé alloy, its unitcell volume should be
smaller. The volume ofthe quenched hcp phase li®weverslightly larger than the hcp Fe
before heatingThis indicates hydrogenation in the interstitial sites of the hcp phasiécell
volume of fcc FeC at theseP-T conditions was not available from previous studies. At this
pressure, the volume per atom of fcc Fe is 1.3% larger than that of hcp Fe. Asthatimdre

alloy the volume othefcc and hcp phasdas the same tia, we scaled the uniell volume of
thefcc phase to compare with hcp-Eebefore heating. The scaled volume is slightly smaller, so

it is difficult to know whether there was any hydrogen in the fcc phase after heating. In all, the
existence of hydrogem the quenched hcp phase proves that there was still hydrogen in the
system during the melting experiment. The melting points e€fein run4 agree well with
those in rur3 (Table 5.3).
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Table 53. Melting points of FeC and the eutectic melting pointsthe Fe-C-H system
Pressure (GPa) Temperature(K) Run#

FesC

19.0 2016(93) Run3
23.8 2188(22) Run-3
24.0 2156(131) Run3
28.7 2250(135) Run3
33.1 2236(55) Run3
44.7 2301(90) Run3
52.1 2477(56) Run3
55.6 2508(77) Run3
65.6 2629(44) Run3
Fe-C-H system

13.1 1821(40) Run3
34.8 2154(68) Run3
41.3 2172(85) Run3
47.6 2123(87) Run3
51.6 2268(107) Run3
53.6 2251(49) Run3
56.5 2131(86) Run3
56.7 2065(76) Run3
62.6 2257(49) Run3
25.9 1954(71) Run4
33.5 2056(83) Run4
41.8 2103(41) Run4
43.9 2147(51) Run4
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5.4.3Melting temperature of the Fe-C-(H) system by LVP and DAC

The melting temperatures frothe LVP andlaserheated DAC experiments were plotted
as a function of pressure, together with data from previous studies (Figure 5.11). The melting
points in the FeC and FeC-H systens determined by lasdreated DAC experimestwere
systematically higher than thodetermined by resistively heated LVP experinsdit 300400
K, phenomenonvell recognized in previous studies on determining the melting point by XRD
using laseiheated DAC(Liu et al., 2016a; Lord et al., 2009; Morard et al., 20a@yl by
guenched texture using LMPlirayama et al., 1993; Nakajima et al., 2008 example would
be Fe the nelting temperature of Fe determined using the appearance of diffuse scattering
(Anzellini et al., 2013)s higher than thoseéetermined by other newly developed methodologies
to detect melting, such as XANE&quilanti et al., 2015)synchrotron Mdssbauer spectroscopy
(Zhang et al., 2016\ndthe internal resistive heating DAC technig(einmyo et al., 2019y
7001200 K at inner core pressure.

There are everal reasonthatmelting temperature in the laseeated DACusing diffuse
scattering signals as the criterjas systematically overestimatdgrstly, the intensityof diffuse
scattering depends otine volume of melt. Ina eutectic melting experiment, if the initial
composition is far from the eutectic composition, the portion of melt produced at eutectic
melting temperature is small and may limow the detection limit. In addition, the generated
melt may migrate out of the detection area. Secondly, the axial thermal gradient can be large due
to minimal penetration of the las@alamat et al., 2014; Sinmyo et al., 20IR)e temperature
measurement only reademperature on the surface, which is the hottest part of the sample.
When the measured temperature on the surface reaches the melting temperature, the bulk sample
in the center is still below the melting point, theking the melting signal undetectable in
XRD. A detectable melting signal requires further heating to higher temperature ta largler
volume of the sample, resulting in overestimatainthe real melting temperature. Compared
with the DAC experimentthe melting temperature determined by L¥¥Rperimentsmay be
more accurate because the thermal gradient is smallea Hretmocouplas usedto measure

temperature.
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Fe-C, MA, this study
Fe-C-H, MA, this study
Fe,C, LH, this study

Fe-C-H, LH, run-3, this study
Fe-C-H, LH, run-4, this study

Figure 511. Original data for melting temperatures ofEdred circles), F€-H (black circles,
squares and hexagons) and®eged hexagons) in this study compared with the melting
temperature of €, FeH and FeC in previous studies (Grey symbols and dashed)lines

Mantle geotherm (red dashed line) and cold slab surface (blue dashed line) are also plotted for
comparisonMA, LH and Theo are abbreviations miilti-anvil press experimenkaserheated

DAC experiment antheoretical calculations, respectively.

Although there were some discrepancies between exteimediyed LVP and laséreated
DAC experiments, curvatures were similar in the-lo@ssure range&Comparing resulté both
LVP and DAC experiments conducted at very similar pressure, a shgs8fK was applied to
data from the lasdneated DAC experimesito correct the systematic overestimatiomudlting
temperature in thiaserheated DAC experimesit
After correction, the melting temperature of the samples as a function of pressure were

fitted by the SimorGlatzel equation (Figurg.12):

VY vV
o p
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