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Zusammenfassung

Die vorliegende kumulative Dissertation beschreibt eine experimentelle Untersuchung der elastischen
Eigenschaften und Kristallchemie von rhombohedrisdiarbonaten bei fir den Erdmantel relevanten
Druck und Temperaturbedingungen. Ziel dieser Arbeit ist es, das Stabilitatsfeld fur einige Endglieder der
Kalzitgruppe (FeGO MnCQ, CoC@ ZnC@ NiCQ), sowie fir FeMagnesitZusammensetzungen
(Fe,Mg)C® zu uwntersuchen, um kristallchemische GesetzmalRiigkeiten zu erforschen und deren
Hochdruckpolymorphe unter extremen Bedingungen zu beschreiben. Zuséatzlich wurde die seismische
Nachweisbarkeit von Fealtigen Karbonaten im Erdmantel untersucht, in dem die
Schallgschwindigkeiten dieser Minerale mit den Geschwindigkeitsprofilen des Mantels verglichen
wurden. Vorrangig wurden fur diese Arbeit lagmheizte Diamantstempelzellen verwendet, um die
hohen Druckund Temperaturbedingungen des Erdmantels zu generiereasdthund Strukturen, sowie

in situ Charakterisierungen von neuen Verbindungen, wurden mithilfe von Réntgenbeugung an Pulvern
und Einkristallen bestimmt. Zuséatzlich wurden molekulare Vibrationsmoden anhand von

Ramanspektroskopie und akustische Geschwindigkelurch nukleare inelastische Streuung gemessen.

Die Zustandsgleichungen synthetischer Einkristalle der Zusammensetzungen Siderits), (FeCO
Ferromagnesit [(Mg4a.2¢CQ], Rhodochrosit (MnC{p Spherocobalit (CoG)Y) Gaspeit (NiC und
Smithsonit (ZnC@) wurden durch statische Kompression bei Raumtemperatur bestimmt. Alle oben
genannten Karbonate bleiben in der KaBttuktur {Yoc) bis mindestens 4&Pa bei Raumtemperatur
stabil. Bei diesem Druck findet eine Strukturumwandlung von MzG@er tiklinen MnCGI (0 p) Phase

statt. Der Fé&-Spintbergang in Fealtigen Karbonaten fiihrt auRerdem zu einer drastischen Reduktion
des Volumens. Obwohl sich der elektronische Zustand von Fe verandert, konnen Siderit und
Ferromagnesit bis 70 GPa und Raunmpenatur immer noch deiYyooStruktur zugeordnet werden. Cog,0

NiCQ und ZnC® sind in der KalzSBtruktur bis mindestens 56, 82 und 110 GPa stabil. Die
kompressionsabhéangige Verformung der Polyeder wird fir alle Proben beschrieben und miteinander
verglilen. Nachdem die Proben mit dem Laser auf relevante Drucd Temperaturbedingungen
gebracht wurden, konnten mehrere dichtere Karbonatpolymorphe und Zersetzungsprodukte festgestellt
werden. MnC@® unterlauft einer komplexen chemischen Veranderung mit detstehung von CQ
polymerisierten Einheitend(¢ 60 ,0 € 0 0 ) und der Zersetzung in verschiedene -Waitige Oxide
WeEO,0e0,A0L DEV,] ©¢&DO),vergleichbar mit dem Phasendiagramm von Fa@@ Fe
haltigen Karbonaten. Zusatzlich zu zuvor beschriebenen Strukturen mit tetraedrisch koordiniertem C wird

die viel diskutierte Struktur von Magnesitbeschrieben, die aus {G&}*-Karbonatringen aufgebaut ist.



Konkret wird FesMg» 6GOs (0¢Fa ) nach der Laserheizung bei 2500 K bei 95 GPa gellde®, ZnCQ

und CoCe formen unter einem Druck von 100 GPa und einer Temperatur von 2500 K keine
Tetrakarbonatstrukturen. Stattdessen durchlaufen sie thermische Zersetzungsprozesse und bilden Oxide
(NiQ Co0O, Cax) oder neue Karbonate (ZnglD. Diese Dissertation demonstriert sowohl den
komplexen Charakter einiger Ubergangsmeiatbonate, als auch die Stabilisierung von Karbonaten mit

kleineren Kationen im Erdinneren, was einen grol3en Einflusseautiefen Kohlenstoffzyklus hat.

Nattrliche Proben, besonders solche aus dem tiefen Erdmantel, die Anhaltspunkte Uber den tiefen
Kohlenstoffzyklus mit sich tragen, wurden zwar gefunden, sind aber extrem selten. Deswegen werden
Szenarien fur die Nachwemitkeit von Karbonaten durch geophysikalische Methoden diskutiert. Die
Wellengeschwindigkeiten von fealtigen Karbonaten werden mithilfe von nuklearer inelastischer
Streuung bis ~70 GPa bestimmt und die Vorziige dieser Methode hervorgehobegichtere Prben, in

diesem Fall (Mgrde.26)CQ, haben bis zu ~19% schnellere Wellengeschwindigkeiten als das reine Fe
Endglied. Zusatzlich ist eine signifikante Zunahme der Geschwindigkeiten nach depiligergang
sichtbar. Eine deutliche Abnahme der Geschvgkeliten wurde nach dem Laserheizen der FeR©be

bei Drucken des tiefen Erdmantels festgestellt, was mit der thermischen Zersetzung von Siderit zu einer
oder mehreren Phasen in Verbindung gebracht werden kann. Wenn man den jahrlichen Kohlenstofffluf3,
die Aufldsung von seismischen Abbildungsmethoden und Phasenstabilitatsdiagramme berticksichtigt,
kann darauf geschlossen werden, dass bis zu 22 Gew,% Gabduzierenden Platten vorhanden sein
muss, um 1% Abnahme in den Scherwellengeschwindigkeiten im Margle nichikarbonathaltigen
Lithologien in der Ubergangszone und dem unteren Erdmantel zu erklaren. Es existieren heutzutage
Subduktionszonen, besonders in Zentralamerika, die einen so hohen Antei} Brigl@lten und welche

bis in den tiefen Erdmantsubduziert werden. Diese oder &hnliche Regionen sind von grol3er Bedeutung,
wenn man in der Zukunft geophysikalische Untersuchungen durchfiihren mochte, die Karbonate in der

tiefen Erde erforschen wollen.



Summary

The present cumulative thesiescribes an experimental investigation of the elastic properties and crystal
OKSYAailiNER 2F NK2Y02KSRNIf OIFINb2ylFGSa G LINB&aadz2NBa
goal of the thesis is to investigate the higressure behavior and determeé the stability fields of several
endmember minerals that represent the calcite group (Fe®MCQ, CoCQ ZnC@ NICQ), as well as
ferromagnesian [(Fe,Mg)GJOcompositions, in order to determine crystallochemical regularities and
describe high pressurgolymorphs and dissociation products at extreme conditions. In addition, the
seismic detectability of Fée S NAy 3 OF Nb2yl G4Sa Ay GKS 9 NIKQa Yl
velocities and comparing them to the velocity profiles of the bulk mantle. mkin tools used in these

studies are: laseneated diamond anvil cells for generating the high pressures and temperatures that
SEAAG Ay GKS 91 NI K Qéysta Kgydiffréction foidpbaReSdeatificatioh, stuktyra f S
solution and refiements, and in situ characterization of the chemical compositions of novel compounds;
Raman spectroscopy for the investigation of the molecular vibrational modes; and nuclear inelastic

scattering for the determination of acoustic velocities.

The equation®f state of synthetic single crystals of siderite (F@Cferromagnesite [(Mgrde .26/ CQ],
rhodochrosite (MnCg), spherocobaltite (CoG) gaspeite (NiC{) and smithsonite (ZnGP were
obtained during cold compression. All of the above carbonates irestable in the calcitéype structure

(Yod) up to at least 44 GPa at room temperature. At this pressure, Mn@@ergoes a structural
transformation to the triclinic MNnCg&ll ©p) phase, while Feearing carbonates experience a sudden
volume collapseinduced by F& spin crossover. Despite the Fe electronic change, siderite and
ferromagnesite remain calcitetructured upon compression at ambient temperatur&milarly, CoGO

NiCQ and ZnCe@are stable in the calcitéype structure at least up to 5&2 and 110 GPa, respectively.

The evolution of polyhedral distortions during compression is described for all samples and comparisons
FY2y3 GKSY IINB RA&OdzaaSR® ! FGSNI fFaSNJ KSFGAy3a i
mantle, several denserarbonate polymorphs and dissociation products are observed. Mualidplays
complex chemistry with formation of G@olymerized unitsi{ € 60 , 0 € 6 0 ) and dissociation to
various Mroxides® € 0 ,0 € 0 ,n0 0 &0 ,5 0 & 0 ), whichmakes it comparable to the phase
stability diagram of FeG@ndFebearingcarbonates. In addition to the previously reported structures
with tetrahedrallycoordinated C, the mucHebated crystal structure of magnesite which is based on
{GQq}® carborate rings, is presented here. More concretelyo Mg, 6GOs (0¢Fa ) formed after laser

heating at 2500 K and 95 GPa. The NiZ6C®and CoCedo not form tetracarbonate structures upon



compression and after higlemperature treatment up to about 100f& and 2500 K. Instead, they either

thermally dissociate with formation of oxides (like NiO, CoQOg@r they transform to new carbonates

(ZnC@& I in particular). The thesis demonstrates the complex character that some transittals

carbonates havecompared to others, as well as the significance of small size cations in stabilizing
OFNb2ylFiSa Ay (GKS 9INIKQa AYUGSNRA2NE 6KAOK Ay (dzNYy

Natural samples that carry evidence of the deep carbon cycleicp&atly from the lower mantle, have
been discovered, but they are extremely rare. Therefore, scenarios for the detectability of carbonates
from geophysical methods are discussed. The sound velocitiesh#dfing carbonates were derived up

to ~70 GPa usg the nuclear inelastic scattering technique and the merits of the method are highlighted.
More Mgrich samples, in this case (Mg .2)CQ, have ~ 19 % higher sound velocity than the pure-end
member Fe composition. In addition, a significant velotitrease is observed following the#Fepin
transition. A dramatic velocity drop is observed after laser heating of fatd@wver mantle conditions,
which is associated with the thermal decomposition of siderite to another phase(s). Taking into account
factors that include annual carbon flux, resolution of seismic imaging methods, and phase stability
diagrams, it is concluded that nearly 22 wt% of @0st be present in the subducting slab in order to
show a 1% shear wave velocity decrease comparedtecarbonated lithologies at transition zone to
lower mantle boundary depths. A few subduction trenches exist today that contain such a high amount
of CQ, mostly located in Central America, and they are all-wediwn examples of subducting slabs that
peretrate into the lower mantle. These or similar regions are of high interest for possible future

geophysical surveys looking for carbonates in the deep Earth.
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1. Introduction:Carbon through space and time

Chapter 1

Introduction

? OOwWEI |1 OPEEOuwI O1 O1 OUUWEUI wUx 1 E b EsS aatuially beaudiGgdlongided | wOOUIT w
elements on Earth, carbon stands alone. As the basis of all biomolecules, no other element contributes so centrally to

R. Hazen & C.M. Schiffries, 2013

Carbon in Earth, Reviews in Mineralogy and Geochemistry

1.1.Carbon through space and time

Next to hydrogen, helium and oxygen, carbon is the most abundant element in the universe and
plays an important role in the chemical evolution of galaxies, stars, planets aridsifgenerally accepted
that carbon genesis is connected with the sloending of a star@ life [1, 2]. Following the Big Bang
substantial amounts of He, H and a little bit of Li were created, while all other elements were formed by
nucleosynthesis in starfs]. Nuclear fusion powers a star for most of its lifeitially, the energyis
generated by theleuterium(D +11  fHe) and lithium (Li +}I  fide) burningat the core of the main
sequence staMhenthe star runs out of hydrogen to fuse in its coreyégins to collapse until the central
temperature rises to 10K H]. At this temperature and density, alpha particles can fuse fast enough to

produce significant amounts of carbon and restore thermodynamic equilibrium in thelooegh helium

11



1. Introduction:Carbon through space and time

burning (also known athe triple-alpha process) (Figure 1).

During this proces$’C is formedWith further increases of
temperature and density, fusion processes produce furtr >;<' /

nuclides. Often, andepending on their mass evolution, star
deathis characterizedby supernova explosiorthat disperse 12C
the newly formed elements to the solar nebula, which in Figurel. The triplealpha process.

turn condense into polyatomic compoundsat formed the
cosmic dusf{5].

Accretion of cosmic particles in protoplanetary disks formed small chondrules or large
planetisimals. It is suggested that theetrestrial carbon might has been supplied byarious
cosmochemical reservoirsuch as the protostellar nebula, the comets and the meteoriteS][ On the

basis of their isotopic signatures, terrestrial volatilesttamaght to have derived from carbonaceous

i et aturf;: gVoIa tileg
(3 S €
& 553 "G
stes & stey .2 :
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O /‘?'(y i, C-depleted 5
Y T mantle i
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Figure2./ I Ni22y Affdz2aGNI GAy3a GKS Yl 22N S@Syida Ay
of the carbon is in the core) Cosmic material accretes to form the Earf).Any carbon left on ear
mainly resides in the core, leavingCalepleted mantle. Carbon that was incorporated in volatiles es
the planet due to their low condensation temperature3 A Mars size impactor delivers volatile elem
(GO-H-N-S) on Earth and forms the Mood) Today, carbon is the basis of life thre surface of the eartl
but actually ~90% of all carbon on Earth may be in the mantle and core.
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1. Introduction:Carbon through space and time

chondrites, while the isotopic compositions of nrweolatiie majorand trace elements suggest that
enstatite chondritelike materials are the primary building blocks of E4#6, 7]. This has cause many
difficulties in reconstructing a model for the primordial Earth and study its evolttidne modern days
(Figure 2)However, it is generally accepted that the early Earth was largehetdpin carbon §-8].
During the first stages of accretion and céoemation, gaseous-Bearing phases must have escaped the
Earth due to their low condensation temperatured] [[Figure 2a,b). On the otherhand, carbon
incorporated in solid phases, such as carbides or as elemental carbon (graphite/dianmsnidave been
partitionedA y 12 (G KS 9 NI K Q aepedidaatle fFigure@).yTEs séehaddis stipparted
by experimental and theoretical works that demonstrélte high solubility of C in liquid ir¢a.g.6-8, 10]
and the existence of graphite and cohenite (Fe@lin iron meteorite§11]. These evidences additionally
suggestthat carbonO2 dzf R | O02dzy i F2NJ (G KS R Saoagivit® other3ight OA G 2
elements [e.g8, 12]. It was repeatedly suggested by many authors that frequent and violent collisions
GAGK 20KSNJ LI IFyYySGiFNE 02RASa Rd2NAYy3I GKS 9 NIKQa St
that make our planehabitable today [e.g7, 13]. One of these collisions resulted in the formation of the
Moon (Figure 2c).

Since that timeour planethas maturedand carbon haglay aprotagonist role in several phases
ofthe9 | NIl KQa S @2t Hoiéxanple, i i€ posbsildliBat carBan May have aided the formation
of the liquidouter and soliénner layers of the core through solidification of iron carbides as the Earth
was cooling down. Thisintutedtothe Sy SN G A2y 2F GKS 9 NIKQA14Yl Ay S A
In addition, arbon is a key component of all known life on Eaktfithout CQthe life of photosynthetic
organisms and animals would have been impossiBlenthough it seemsii K & OF Nb2y Qa ai
LI NODAOALI GA2Yy Aa 2y 2dz2NJ LX FySiQa adaNFIFOS:I Ay NBI f
interior [6]. However, many open questions remain ahtw the deepcarbon influenceshe geological
processes inside Earth. With respect to these questions, the deep carbon science emerged to explore the

guantities, movements, forms, and origiobcarbon on Earth.

1.2. Carbonate mineralogy and the carbon cycle
1.2.1. Carbonate mineralogy and formation (important concepts)

The International Mineralogical Association (IMA) recognizes more than 380 eaeaoimg
minerals; among those are native carbon polymorphs, carbides, carbonates, organic compounds and
many others. However, nearly 300 out of the total discovered speceesabonate minerals. Those are

the minerals that incorporate the carbonate ian0 . Carbonate rockorming minerals in massive
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1. Introdwtion: Carbonates mineralogy and the carbon cycle

sedimentary and metamorphic formations account for at least 90% of the crustal carbjor(Jarbonates
classificatiorat ambient conditiongs usually done with respect to theirystal structurgFigure3). The
calcitectype structure describes rhombohedral carbonates that crystallize i tfespace grougFigure

3a). Calcitetype carbonates usually incorporate divalent eaatkaline or transition metal cations that
have abmic radius smaller than €41.00 A). These cations occupy octahedral sites and are coordinated
by oxygens, while théd O units form planar equilateral triangles. The topology of caitifee
carbonates is similar to that of Na@bwever the orientation of thé& 0 units are 180 out of phase in
successive layerthus doubling the repeat distance along thexas relative to the NaCl analoGommon
mineral examples in this group are calcite (CgC@agnesite (MgC{D siderte (FeCg), rhodochrosite
(MnCQ), otavite (CdCg) smithsonite (ZnCf)) spherocobaltite (CoGPand gaspeite (NiGP However,

d. Calcite-type b. Aragonite-type

R3c Pmcn

e.g. aragonite, cerussite, witherite

e.g. calcite, magnesite, siderite

C.  Dolomite-type d. Hydroxyl carbonates
R3 I

e.g. dolomite, ankerite e.g. malachite (here)

Figure3. Classitation of carbonates with respect to their crystal structures. Four major categories are unde
a) the calcitetype, which contains rhombohedral carbonates crystallizing inbé@space groupp) the aragonite
type, which includes orthorhombic carbonates that crystallize in thé @ space group,c) dolomite-type
carbonates, which consists of rhombohedral carbonates with more than one metal cations (e.g. dolomite |
Ca and Mg) arranged @specific order within the lattice ard) carbonates that incorporate the hydroxyl groug
halogens and crystallize in the monoclinic system (space groups may vary in this case).
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1. Introdwtion: Carbonates mineralogy and the carbon cycle

very rarely these minerals occur as pure endmbers in nature. The aragonitgpe structure carbonates
includes orthorhombic c#monates that crystallize in th® I Adpace group(Figure3b). This type of
structure prevails for carbonates that contain a metal cation of the same size or bigger fi&h.G&A)

The divalent metal cations are®ordinated by oxygens forming tricapgperigonal prisms. Common
mineral representatives of this group are aragonite (denser form of gaC&ussite (PbGD witherite
(BaC@), and strontianite (SrGP The dolomitetype-structure groupincludes a series of rhombohedral
carbonates that are indexed in tt space grougFigure3c). The topology of the dolomite structure is
identical to the calcite structure. However, in dolomiigpe at least two metal cations (usually a
combination betwen Ca and Mdre,Mn or Zn)occupy alternate layers perpendicular to theudas (see
alternations of blue and orange octahedra in Fig@®. Famous representatives of this group are
dolomite [CaMg(C&y], ankerite [CaFe(GYJ] and kutnohorite [CaMn(C4R]. Note how deviations from

the chemical composition dhe dolomite minerakestablish new minerals. This is due to the substantial
substitution of Mg by 3d transitional metals, in particular?Fand Mr?* in different geological
environments For examplen naturalferroandolomites Fe substitutes for Mg up to an Fe/(Fe+Mg) ratio

of 0.2 [L6]. Finally, a major carbonate category is the hydrous carbonates, which incorporate the OH
group and crystallize in the monoclinic system (Figeole The type of metal cationspresent in the
structure can vary a lot, while usually they occupy octahedral crystallographidsitieis. category belong

G 0 Al laMdhBe min@rals with mixed amic groups, such amixtures of carbonates with silicates,
phosphates, sulfates or containing uranyl, arsenate or halogen ionic groups. The most typical mineral
examples of this group are malachite fC@(OH}] and azurite [C4CQ).(OH}].

The genesi processes of carbonate minerals and rocks may vary, but they all require somehow a
g1 GSNI 6 NI Ay saChQSidlyixtige@osphiergpRrce Limestonefor exampleis the most
famous example of a carbonate rock and its formatietates tothe sedimentation processes the
oceanswhile it can have both biogenic and abiogenic charagtigrureda). During this chemical process,
carbon dioxide from the atmosphere (or other sources) is dissolved in seawater and reacts to form
carbonic acid ((CQ), which is unstable (in seawater) and thus releaet one H" to form the
bicarbonate anionic group@6 0) and later the second Hn formation of the carbonate ioro(0 ). The
latter combines with C4(or other divalent cations dissolvedtine seawater) anddrms calcite (CaC{
Bivalves, corals, foraminifera and other s@ganisms benefit from this chemistry, too. The slow
precipitation of calcium carbonate along with the deposition of skeletal fragments of marine organisms

create the tyical layered formation of limestones (Figusa, b). In the meantime,the weathering
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1. Introdwtion: Carbonates mineralogy and the carbon cycle

processes of surface rocks promote the calcification processes in the oceans {Bighreugh the Urey

reactiors:

O0OWWQ ol V0O 6 ¢O60 "YI O 1
Ow® o060 ™O0P 0 ¢0060 (0]::4
In these reactions, G@issolved in meteoric watdorms carbonic acid that weathers ®aaring silicate
rocks and carbonatesn the surface of the Earth and releagesy ionsandO6 0 that are in turn carried
by the river networks into the oceans similarway, CO-enriched meteoric or underground wateycling
in ore deposits zondeads to formation of many scondarycarbonates that have rarer occurrence than
calcite such as MnCQFiguresd). In other cases, meteoric or ocean water enriche@®id 0 can navigate

in fractured plutonic rockaind react with he silicate minerals, leading the formation of large-scale

b.

@ Weathering

Coé. ‘e

Ca** + HCO3 + Si0,

Carbonate
Dykes

Altered host-rock

Mg,Si0, MgSiOs

Volcanism

Passive Tectonic Middle Ocean
Margin Ridge

Active Tectonic
Margin

Lithosphere

t Oceanic Crust

%, Mantle |
9}6 Wedge
% "

s Fet
@ + . Na'— Carbonates

H,0 M™%y
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Figure 4. Explanatory sketch of important geotectonic settingdanf the various reactions that lead to carbon
formation and finally to its subduction in the deep EadhCarbonate rocks, such as limestones, form in the botto
the ocean as a result of biogenic and abiogenic procedures. The calcite comperisgtib(CCD) is strongly affect
the composition of carbonate rocks that form below it and, thus controls the chemistry of the subducted carbdi)
Other arbonateminerals form due to weathering processes of surface rocks. In addition, the products of wee
reactions are washed into the ocean, which in turn promotes the calcification process. Similar to the latter proc)
some carbonates form in expenséother mineral. For example, cracks developed in peridotitic and pyroxenitic
due to plate tectonics, allow seawater to alter them and form magnesite dykes.
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1. Introdwtion: Carbonates mineralogy and the carbon cycle

carbonate veimetworks (Figure4c). Such is the case for example, of the carbonated peridotifeen
found in ophiolitic series dn deepdrilling cores of the ocean flogFigurebe).

Although the sedimentation rates of carbonatesd in particular calcitén active and passive
tectonic margins are very highlimestone cannot always precipitate over the whole ocean floor. Calcite
FT2NXEFOGA2Y Ad NBAGNAROGSR RISAHEIEE WOKI 500 fUBAES AE@E2 YIKS)
below which CaC{ecomes soluble ivater and therefore no calcite is preserved. The CCD \avrids
from one ocean to anotherut alsoover geologic timg17]. For examplethe CCOevel is placed today
at about 4500 and 5000 m below the sea surface in the Pacific andtthetic oceansrespectively.
However, due to increase concentration of LLQ@e. increased volcanismgnd the higher water
temperatures during the Cretaceoyriod (i.e. 66145 Mya) the CCD is believetthat waslocated at
shallower depth$18]. The dissolution of calcite into seawater begins before the CCD level is reanlded
thus rocks from this depth range.€. CaC@dissolution start depth to actual CCD deptre often
characterized by high Fe and Mn conte[it$-19]. Below the CCD levadlay and radiolarit€Strich rock
composed of radiolarians remainformations dominatehe ocean floor (Figurée). It is clear, that he
position of the CCD levelose to the subduction zonés very crucial for theype (and chemistry)of

sediments that contribute to the deep carbon cyf®, 21].

1.22. The deep carbon cycle (fluxes and buddets

All the following are carbeBourcerepresentatives in a subduction zar@arbonate rocks (mainly
limestone and dolomitehat graduallybecomeenriched in Fe and Mn with increasing ocean dépth
carbonated mafic to ultramafic plutonic rock within the oceanic crust(e.g. carbonated
peridotited dunites/ eclogites containing mostly magnesite)seawater (enriched in C®or 00 0),
elemental carbon (graphite) and hydrocarbdesy.CH, petroleun), other organic carbon (e.g. oxalates)
the deep biospherand others Fromall the above, carbonates are believed to be the major cesriaf
carbon into the deep Eartr2p]. On the contrary, arbon returns tod K S 9 | NJi/&tfaspheiedzNF | O S
through the followingmechanismsvolcanism (mainly G@egassingn arc, backarc, oceanisland or
middle-oceantrift volcanoe$, and diffusion venting. However, the most effective way fatarbon
outgassings via volcanoes, such as the Mount Etna, which currently accountd % of the global GO
emissions (Figursf) [23]. In additiorE Ol NB 2y OlFy 0SS aiGNI LILISRE @A dSd y ¢
the following settingsthe deep Earth {pper/lower mantleand corein the form of diamonds, ftlids,
carbonate melts,solid carbonates anaarbide3, and the lithosphere and crus{recycled Gbearing

material that was never exhumaeah the surfacg Carbon ingassinigto the mantle through subduction
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1. Introdwtion: Carbonates mineralogy and the carbon cycle

cycling within the Earth andutgassing in the atmosphexe | LJN

Figureb. Selected representative photographs of carbonate systems and otherae characteristic layered structt
of a limestone intruded by an andesitic dyke forming a Skarn zone (Sounio, Gige8ampling a fossilifero
limestone that contains a hippurite fossil, characteristic of the upper Cretaceous p&lluakonea Greece).c)
Excavation site of a magnesite ore deposit, showing the complex framework of magnesite dykes inside its higd
peridotitic hostrock (Gerakini, Greece}l) Sampling a galenpyrite-sphalerite hydrothermal ore deposit, whe
rhodochrosite is a veifilling material (Stratoni, Greeced) A radiolariteformation found on top of an ophiolitic serit
indicating se@mentation at ultradeep ocean environments, where calcite cannot form anymore (Pindos, Grék
The Mount Etna is degassing great amounts of i6@e background during the®early career workshop organis
by the Deep Carbon Observatory (photo dte@DCO i Sicily, Italy).
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1. Introdwtion: Carbonates mineralogy and the carbon cycle

is a very complex proceduttbat requires the expertise of many different scientific disciplinasthis
framework global researclprograms, such ahe Deep Carbon Observatory (DC®¢re launchedhat
are dedicatedto the intensiveand versatilestudes2 ¥ O ND 2ayfidpatheB&th.S Ay

One of the most important challenges in the deeggrboncycle research ithe quantification of
carbon fluxes andeservoirs(i.e. what goes in, what goes out and what stayEfis has been proved to
be a very difficult taske.qg. 6, 22, 24-27]. Twostudies have beeby farthe most popular on this field
namely by Dasgupta and Hirschmann (2022 and a reevaluated versiooy Kelemen and Manning
(2015) p4] (Figures, Table ). Such studies are bagen large databasebat includecharacterized rock
samplesand inclusiongrom multiple locationsn Earthand datasetsfrom monitored volcaric emissions
globally,while they alsoincorporate results fromexperimental studiesnd ab initio calculations(e.g.
phaserelations melting curves, elements partitionirgic.X). Their goal is taescribe the expectedpper
and lowerC concentratiorimits in various geotectoisettings

Dasgupta and Hirsatann (2010) suggested that 90 % of thé NJiakbndas segregated into
the mantle anccore (Figuréa).More concretely the authorsgproposedthat the modern mantle and core
have atotal carbon budgeof 80-1250 and 2006000 Pf respectivelyln addition,they estimated that
every year 588 Mt of carbon are introduced to the deep Earth in subductiones ], but only 31.246
Mt return to the atmosphere. Ae study concluded th&0-70 % of theoriginal carbon input to subduction
zonesis returned to theatmospheref S RAy3 (G2 GKS OF Nb2y &LJI NI R2E¢

subducted carboitif not recycle®). Although other studies recognize the carbon paradox, they disagree

70-100 Back 18-37 1.2-3 12-60 1 1 1
Continent  Arc Arc Ocean Island MOR
— diffuse arc volcanoes 18-43 tidge and
5 r it 9 [k ocean island
. O 4 ‘\ 4-12 S sediment 13-23 volcanoes U
or more solid storage 0-47 8-42
= crust 22-28
13-17 t mantle 4-15
Sediment p
> rom subducting plate into
24-48 1%6511 shallow mantle, crust, ocean
% & atmosphere 14-66
. 80-1250
Mantle
from subducting plate
to convecting mantle
2000-8000 —— b
.
nner Core

Figure 6 Estimations of thenajor fluxes otarbon according ta) Dasgupta and Hirschmann (2012%][andb) Kelemel
& Manning (2015)74]. All the shown values reféo Mt of C per year (x28g of Clyr) except fiothe red text ina) which
are the total C budget in Pt (x3@ of C).
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Table 1. Simplified summary of the carbon annual fluxes and total reservoirs reported in [22] and [24].

Dasgupta & Hirschmann  Kelemen & Manning
(2010) (2015)

Input (Mt of C/yr)

61(?)-114(?) [22]

Subducted material (sedi t t & lithosph £

ubducted material (sediments, crus ithosphere) 54.88 [6]* 40-66
Output (Mt of C/yr)
Volcanoes (arc, back-arc, ocean-ridge and island) 31.2-46 26-85
Diffuse outgassing N/A 4-12
Reservoirs
Budget in continental crust (Pt of C) 70-100 N/A
Trapped in the lithosphere & crust while trying to

pp p rying N/A 0-47

escape (Mt of C/yr)
Subducted into convecting mantle (Mt of C/yr) 24-48 0.0001-52
Budget in the mantle (Pt of C) 800-1250 N/A
Budget in the core (Pt of C) 2000-8000 N/A

(?) stands for uncertain values; * authors revised values; N/A = not available

on the percentage of carbon that mutgassed (40% 2], 1870% in 27]). However, recentlKelemen
and Manning (2015presented reevaluated carbon fluxes values taking into accoemt estimates of
carbon concentration in subduag mantle peridotites, the carbonate solubility in aqueous fluids and the
diapirism of carbonated metasediments (Fig6ék®. The authors proposed that 4B Mt of carbon goes
down via subduction zonesvery year but most of itends upcomingback to the atmospherddowever,
a substantial amount of (1466 Mt of C/yr)[24] isd (i NJ whil8 tR/ing to escapéhe subduction slab
through the mantle wedge and the overlying crustal lithologies (FigireTherefore, the athors
concluded that a scenario where littearbonresidesin the convecting mantle (0.00€82 Mt of Clyr) is
plausible. However, they do argue that many uncertainties exist in these calculatidribat future data
on Gbhearing minerals in eclogite figs and mantle wedge lithologies would be extremely valuable.
Carbon fluxes probably could have been different in previous geological periods. This is due to
variations in seawater temperature, the atmospheric p@@er periods of increased/decreased val@
activity, subduction rates, sedimentation rates, ocean depth, water turbulence, life evolution and others
(Figure?) [28, 29]. For example, it is well known that theweas an extraordinary active volaam during

the Cretaceous period that lead to increased, @@nospheric content (intense greenhouse effects) and
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thus, extremely high sedimentation rates (nearly 1.5 times faster than today) that lead in the formation
of huge oceaniglateaus BO]. Another example is the shift from formation of shelf carbonates to
deposition of pelagic carbonates in deep oceans due to the Mid Mesozoic revolution (i.e. pregidtors
perfected bodymechanisms feed on more shells) (Figddee) [28]. The latter must have beentarning

point in the nature of carbon subduction (from periodic fluxesteady state)74].
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Figure7. Changes) in tropical sea surface temperatures and the atmospheric z88@e theCambrian and Cretacec
periods,b) seawater carbon isotopic compositions inferred from carbonates,cadawater Mg/Ca molar ratio can affi
GKS RSSLI OFNb2y Oe Of $)péaadcguienc lofarborates irkaphiolitetnilExds anti&) the
changes in the total areaf platform (shallow water) carbonates indicate the Aftsozoic shift from formation of sh
carbonates to deposition of pelagic carbonates in deep ocean. Grey and orange shaded areas point at the ap
time of the AtlanticOcean opening and peidoof enhanced continental activity, respectively. Figusesand d-e are
slightly modified afterZ8] and P9, respectively

1.3. Carbonates in the mantle
1.3.1. Natural evidences

Over the years, several discoveries of mineral inclusions and xenoliths have provided evidences
of the deep carbon cycle. It is known that when carborsgdimentary rocks are subjected to relative
high pressures and temperatures they are metamorphosed (e.g. limestone recrystallization forms

marble). Becker and Altherr (1992) reported one of the first evidence of marble formation from sediments

21



1. Introduction: Carbonates in the mantle

recyced in sublithospheriaepths in the western Alpg31]. The
authors suggested that these carbonate rock formations tage

result ofsubductedcarbonate sediments in uppenantle depths, S

orogenic belt[32]. In this case, petrological and geochemi ;e
Figure8. Carbonatitic xenolith exhibits

analysis of carbonatitic xenoliths in basalts (FigBreuggested sharp boundary with the host basalt.
that sedimentary limestone can be subducted to at least >120 IAGL’leDteGlfrorn 32
depth, while their composition was fourtd be only slightly different from the mother carbonate rock.

The great majority ohatural evidences supportiripe deep carbon cycle comes from diamonds
and their mineral inclusiongiowever, it is impressive how iy such evidences come in the hands of a
researcher Diamondscrystallize atdepths at least greater than 120 km. They are commonly found in
cratonic areas worldwide and are normally hosted in volcanic rocks, known as kimbéalitds
lamproiteg. A greatpart of the carried diamonds is destroyed (graphitized) if the upwelling of the
kimberlitic body is not fast enougihe median concentration of diamonds in economic kimberlite
deposits is about 17 ppb, while the average concentration in honeconomic KRitebds negligible (@
ppb) B3]. Only 1 % of all mined diamonds come from sublithosheric depths, mainly fromd55b&m or
even less from the 66800 km window. Diamonds associated with lovreantle-depth originsarrive in
the surfacecarrying all signs of their torturous travel. Asich as asthetically poor such diamonds
appear, the information they carry is t€mendous value for geoscientists; this is our only direct window
into the deep Earth.

The Juia kimberlitic complg Brazi) has offered some of the most precious samples in the deep
carbon research34-40]. The great diversity of mineral inclusions found in diamonds of this complex, have
led scientissto believe thatthe Juina kimberlites may be sampling material from depths below 1,700km.
In reality, several populations of diamonds exist in the region, originating from different kindisolifies,
but they are all washed away together in nearby rimetworks(i.e. alluvial deposits}Some diamond
populations carry an upper mantle signature, while others originated from lower mantle depths; the latter
being the dominant subgrou@BY]. Carbonate mineral inclusions have beenadpd enclosed in Juina
lower mantle diamonds, the most popular example of which is illustrated in Figarp9]. An Fe
magnesite and a dolomite phase coexist with sodium phosphate phases, while the pores indicate the
presence ofluid(s) phase(s) as well. The most important characteristic of this section is theesieghal
angles, which implies that inclusion and hdsve 1 KS ay S3I GAGS¢E¢ Y2NLIK2f 238
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magnesite >
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Figure9. a)Dolomite,magnesite and phosphate mineriaklusions in a Juina diamond, as reported ¥8].[The euhedr:
faces of the inclusion suggest that the carbonates and the host diamond are syngbrgtdemental map showing tl
spherical inclusions of wistite (core) and ptase (rim) in a dolomite matrix as described B§].[ d) Carbon isotop
compositions of Juina diamonds investigated 36][ Note the great population of diamonds that carry organic ca
signatures fronsurface or neasurface origin (biogenic or abiogerarbor), but also diamonds that have characteri
mantle and carbonate isotopic signatures.

syngenetidi.e. formed togetherat the same timejnineral inclusions in diamondCaMgcFecarbonates
have been found iseveral Juina diamonds, but thegcur mainly as micrclusionsthus making their
chemicaknalysis difficulf37]. However, it is common that some carbonates have up to 33 Nantent
or even NaCQ mineralscrystallize T, 11]. It was also found that the pores of some dolomitic inclusions
contained euhedral shaped wistite and periclase nanolusions which suggest formation at lower
mantle conditiong(Figure9b,c) B8, 41]. Thecarbon isotopic signatures (expressedid¥ :':ofthese

diamondssuggesthat surface sediments areansportedin the lower mantlevia subduction(Figure 9d)
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[35, 39, 42, 43] and they provide the carbon fahe diamond formation through redox melting and
freezing reactions34, 44, 45].

1.3.2. Carbonates, diamonds and the oxidation state of the mantle

The mantle is estimated to contain fawindreds of ppm by weight of carb¢a6]. Carbon in the
mantle is stored largely in accessory phases, sudiessentd carbon, carbonates, carbidesd fluid
components (e.g. GOCH) [47] due toits low solbility in mantle minerals48]. Underthe shallow oceanic
upper mantle, carbonate is the stable crystallin®éaring phase47]. However, its chemistry may vary
as we move to greater depths. More concretely, at shallow depths (<90 km) the stable crystalline
carbonateis generally Gaich (dolomitic composition)49]. At greaterdepths, the very strong partitioning
of Ca in silicates suggests that magnesitbetter say Fdearing magnesites the stable carbonate in the
presence of silicateim the Earth's lower mantlesD].

The presence of carbonate in mantle lithologies has a tremendous influence in partial melting in
the mantle. However, not all the mantle domains may be favorable for storage of carbon in thefform
carbonates. The very shallow part of the oceanic mantle are considered too hot to allow stability of
crystalline carbonate and thus carbon would dissolve in melts or flaids@n the other hand, the deeper
part of the mantlecan be too reduced to favor stable carbonates and thus carbon shall adopt a more
reduced form, such as diamond. As we previously reviewed, diamonds are indeed often hosts of carbon
in the mantle §i2]. However, the recent suggestisrthat the Earth's lower mantle is saturated with
metallic iron andthat the F&Ni metal saturation may occur as shallow as the shallow upper mantle
guestion the mutual stability of metal and reduced carbon in the Earth's méitlle [

Experiments have shown that carbonate melts are unstable when infiltrating the ambient mantle
and are soon reduced to diamond or graphite (Figb@g which is immobileand its effect on melting
relations in the mantle would bminimal B4, 44,45,47].¢ KA a LINRP OS&aa Aa (yz26y I a
leads to diamoneknriched domains in which the Feesulting from F& disproportionation in perovskites
and garnets, is consumed, but the*Fis preserved. More concretelgarbonate melts are generated
when the carbonatébearing subducting slab (carbonates in oceanic crust and sediments) deflects into
the transition zoneabove the 66ekm discontinuity or when stagnating in the lower mantle. On a local
scale, oxidized carbonatite melt migrating into the mantle will consume metd) {Edirst form iron
carbide in an intermittent stage, and then further oxidize the Fe ancbNtained in the carbide to leave
a mantle domain that contains all iron as?Fand Fé" in silicates (e.g. bridgmanite) and ferropericlase

and all carbon as diamongi4]. Owingto its low viscosity and high wetting propertiesny excess
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Figure 10/ I N2yl GAGAO NBR2ZE FNBSTAy3I YR NBR2ZE YStia
panel, cartoon illustrating a possible sequence of redox freezing and redox melting events driven by oxidat
contrasts between subducted lithosphere and ambient asthenospheric mantle. Right, potential fzaté line
and redox buffer capacity (blue line) as function of depth. Adafreah [44].

carbonatite not consumed by redox reactions would percolate upwards along grain boundaries and
exhaust further (Fe,Ninetal and carbide until complete redox freezifigmobilization due to reduction
of CQto @)is achieved. This presumably very efficient procefiwentually exhaust all buffering metal
and carbide through precipitation of diamond, and result in a métg mantle domain where diamonds
coexists with F&-bearing garnets, perovskite and possibly*'feariched ferropericlaseThe inverse
processporedox melting, occurs when such mantle domaiage entrainedby the upwelling mantle and
cross the 66&km discontinuity(Figurel0). In this scenario, the ebstabilizationand increased activitgf
Fe*will lead b the reoxidation of diamond to C{i.e. production ofcarbonatitemelts once again)n
account of the redox freezing and melting reactions, a recent study has provided an explanation for the
rarity of diamonds originating from the transition zone depths as oppose to the often occumwénpper
mantle or even lowemantle-depth diamonds (Figurgl) [34].

Despite the carbonate melt/mineral stability condition due to iron disproportionatiwuced
redox freezing, local carbonatich environments could proceed cn K SA NJ 22 dzNy S& (i K NB dz3
AYGSNR 2N Sy idSNRyYy3I 53)K6is sednadvidi i gportedby r&deit expeyintientsSon the
stability field of FeC§) demonstrating that selfedox reactions in Fbearing carbonates capreserve
OFNb2ylF(iSa Ay KS 54p InNddiKan,aexpéritheén Mo thel Mg@eysiem ib the

presence of metallic iron (Pesuggest that oxidizing conditions and slow kinetics within the subducting
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1. Introduction: Carbonates in the mantle

slab will faciliate the transport of carbonates at the near carantle-boundary depthsg5]. However,

the role of the oxygen fugacity conditions in such experiments remains unclear. This is of high importance,
since different experimental worksan reach contradictory results, such is the case of experiments by
[56], suggesting that CaG@ill be the stable carbonate phase in the bottom of the mantle as oppose to

the conclusions off4] and p5].
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Figure 11.a) The frequency of diamonds formed at different pressure intervals reveegap at about 1822 GP
(~450600 km).b) Schematic illustration of diamond production through metafbonate reaction at the sla
mantle interface. Diamonds are produced from réac between carbonates in the subducting slab (yellow c
and iron metal in the ambient mantl&he reaction rates are high at depths <450 Kmocumulation of unreacte
carbonates in the base of the transition zone increases the diamond production dghipted from 34].

1.4. Motivation for this thesis
1.4.1 Crystal chemistry of carbonates at extreme conditions
1.4.1.1. Highpressure spcarbonates
The spcbonding of the carbonate iond U defines the carbonate minerdismlts. Years of
research on the higlpressure and higitemperature behaior of the rhombohedral carbonate minerals,
in particular, represent the challenges of understanding the deep carbon mineralogy. A variety of

reversible transitions to denser $metastableforms have been reported. However, each carbonate

mineral has a different story ttll.
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Figure 12. The phase diagram of CagOThe phase stability fields
thermodynamically stable phases are represented by different colours. Sim
after [60].

Calcite (CaCfis one of the earliest testubjects to demonstrate a phase transformation to a
metastable higkpressure carbonate fornb[/, 58]. Namely, the second order strugtl transformation of
calcite {Yod) to aragonite § @ &) &t about 800°C and above 2 GPa is the most poputarj9]. Since
then, a great number of transitions occurring at various pressure and temperature conditions te&ve be
reported, and today the complexity of the Cafffbase diagram (Figure?) [60] nearly reminds us the
phase diagram of icé&5]]. CaC®transform to the CaCQGB above 1.7 GPand at room temperature,
which after a lot of debate was found to crystallire the monoclinic systend¢ #G) using the single
crystal Xray diffraction(SCXRLCtechnique[57, 62, 63]. CaCO3l is stable until 2.5 GPa and above this
pressure it transforms to the CaCOBRand the CaCg&lllb phases. Both phases are indexed with a triclinic
space group((p), but CaC@lllb is slightly denserOnce again, following many argumeti® structures
of CaCO3ll and the CaCG@lIb were untangled using the SCXRD metledl [The story is repeated for
the transition of CaCO3Il to CaCO¥I above 15 GPand eventually the crystal structure is solved
(indexed in the) p space groupby[63]. The newongoing mystery is the transitions of aragonite to CaCO
VIl and later to posaragonite B0, 64]. Although not at high pressuresuyt at high temperatures instead,
the formation of CaC£&V and its structure solution is by far the best example of how necessary the use
of the SCXRD method fgarticularly in the case of lowsymmetry systems [e.g5-69]. It took nearly a
centurybeforethe SCXRD methadasusedand the CaC£V mystery phasevas finally solveddd).
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Figurel3. Possible phase relations of Mgg&l®the deep mantleAdapted from[73]
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Magnesite (MgC¢) has received less attention compare to calcites to its incredible stability

nearly in the pressure and temperature conditions of the entire mafklgurel3). According to powder

X-ray diffraction(PXRDand IRspectroscopy experiments and DFT calculations, magnesite remains stable

in the "Yoostructure up to at least 115 GPa and ~2500/&76]. As much as all studies agree on the

stability of magnesite up to Mbar pressures, they disagree on what happens to magnesienaigher

pressures. Namely, magnesite transforms to magndsi{Eigure13), which in a first approximation is

believed to catain carbon in tetrahedral coordination with oxygefig{/6]. Several energetically favored

space groups have been suggest@diic) 5¢fa , 6¢ ¢ , 0 ® &S JibPab-initio calculation studie$74-

[Ar]3d®
e2+
mcreasmg
pressure
High-spin State Low-spin State
e —
1l 1l 1 dl
I | | by [ | P

Figurel4. The transition of F&from high spin to low spin state.
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1. Introduction: Carbonates crystal chemistry at extreme conditions

76] and a few of those can explain most of the powder diffraction peaks observed experimentally. The
structure of magesite-ll is an ongoing debate that possibly a SCXRD study couldleisds precisely
what we did inChapter 8

Siderite (FeC#is a carbonate that has received a lot of attention mainly due to the spin crossover
that it exhibits at high pressurg§4, 77-83]. The electronic configuration of Fds [Ar]3d. According to
| dzy Ril@siandsince iron occupies octahedral sites in carbonates six 3d electrons split in two energy
levels(ey and tg) in the highspin (HS)state configuration (left side of Figufief). When high pressure is
applied, it is energically favorable for the electrons to form pairs and transition to thetastablelow-
spin (LS)state configuration (i.e. presswiaduced spin transition, right side of Figutd). The electron
pairing ofthe LSstate is inducing an instant shrink of tlien atom radius, which in turn causes and abrupt
volume collapse of the Fectahedra and of the unit cell in overall (Figurd). Although the spin
transition influences the electromagnetic propertie®)] 81-83] and the compressibility of siderit&'T-
79], it doesnot induce a structural transformatioriThe pressurénduced spin transition of Eein Fe
bearing carbonates has been documented by several methods, includisgbsluer spectroscof0],
X-ray diffraction[77-79], Xray Raman scatterin@2], and Raman spectroscof80, 81, 83]. There is much
discussion in the literature concerning the exact pressure that the spin transition takes place, whether it
is sharp or not, and how impurity elements in a natural samplectffee transition. Despite the
arguments, most of the previous studies agree that the spin transition in @@ around 4014 GPa
(Figurel5), while the onset of the transition can shift to slightly higher pressures with the addition of Mg.
In addition, experimensin laserheated diamond anvil cells have revealed tezompositionof siderite

in several Fexides, such as K&, FeOs, FeOr [54] and FeOs [84] at high temperaturegFigurel5), but
3,500
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Figurel5. Stability phase diagram of Fe¢a high pressures and temperatureSimplifiedafter [54].
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also the transformation to new higpbressure carbonate polymorphs that contain tetrahedrally
coordinated carbon to which we will refer in more details in the next sectighl(.2).

Dolomite [Ca(Mg,Fe)(C£p] is considetto be a major constituent of the subducted carbonates
[85], however it has drawn little attention due to the early experiments thlaserveddecomposition of
dolomite to aragonite (CaGoand magnesite (MgG)at relative low pressres and temperatureg~igure
16) [86]. Dolomite was revisited several years lai@revealthree main second order transition&igure
17) to dolomite-ll O p) at17 GPa and 300 K, then to dolomite@p) at 35 GPa and 300 &nd finally to
dolomite-lV 0 & &)ét 115 GPa and 2500 &7{90]. The latter contains tetrahedrally coordinated carbon
to which we will refer again in the next sectioh4.1.2). The transitions dimmite-l to dolomitelb and
dolomite-ll to dolomitelllb have also been reported@T, 89.

Rhodochrosite (MnCfphas been in the spotlight for the past four yea®5-p9]. Not considered
a significant constituent of the carbonateck assemblage in subduction zones, early studies mainly
investigated tha@nfluenceof Mn incorporation in the calcite and dolomite structures by means of IR and
Raman spectroscopy experimentsl] 93]. In these studies, no peculiar behaviorugd to 50 GPavas
noticed, apart from its ability to shift the calcite phase transitions to higher pressures (Eg)UES]. An
ealy PXRD studguggested formation of an unknowesrthorhombic phase at 50 GPa and after laser
heating P2]. However, the suggested unit cell or the orthorhombic symmetry was never observed by
consequent studies. In addition, a stuthased on the combination of Raman anetay emission

spectroscopies an®XRDexperiments reported possible electronic transitions at 15 and 30 GPa and
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suggested a possible change of symmetry atabout50BRa pgrayo 2 4 6 s 10 12 1

1 MnC03 [ I I I I | I ]
mol% (1)) (1)

0 [ 772777]

5

and additional DFT calculations to reveal a second or '° -

More PXRI2xperiments followed by nearly the same scienti

group and werecoupled with IRspectroscopy measurements

transition of MNnC@®to a triclinic structurep), but this time at 20 = W=
34 GPag5]. Within a week away from the lattgoublication a 30 ~—————— mmhz==

singlecrystal Xray diffraction studyon MnCQ reported its 40 " mm—temm

transformation to MnCO3l (0p, isostructural to CaG&Y|) at _ o
Figure 18. Progressive increase

44 GPa by inducing a 5% volume collags®. Nearly ayear pressure of the CaGdto CaC@ll anc
CaC@ll to CaC@lll phase transitior
with increase in content of MnGCG(
agreedthat the MNnCGA MnCQ-ll transition takes place at ~40 Adapted from[93].

later, the scientific group thareported the results in 5]

GPa andgerformed a series of experiments observethe various decompositioproducts of MNC@
usingPXRand Xray nearedge structure spectroscofiFrigurel9) [97]. Thecomplex PXRD patterns were
interpretedlargelybased on the phase diagram of M reported in a previous study.p(], while several
diffractions peaks remained unexplained. Since then, two more studies on the MegXem were
performed P8, 99. The first studyobservedthe MNnCQA MnCQ-Il transition at~32 GPausingRaman

spectroscopy but argued that their discrepandg the pressurgange of the transition is due to nen
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experimental resultsThe phase diagram for M@s as described inl0(] was use:
for comparison.
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1. Introduction: Carbonates crystal chemistry at extreme conditions

hydrostatic conlitions in their diamond anvil cel[88]. The second study carried out a random structure
search for MnCegat high pressures using DFT calculations and sugijestesral potential higipressure
polymorphs, among which a phase based on tetrahedrally coordinated carbon above 659GHAé¢
crystatchemistry of MnCe@appears compleXike FeC@while at high temperatures MNCG@ associad
with the formation of various Mioxides that are of high interest in material science [&#@),101]. Thus,
further clarification on the stability phase diagram of Mn@Orequired

The highpressure and higltemperature behavior of other carbonate minerals is poorly explored.
Smithsonite (ZnCfpwas found to be stable in the calcitgpe structure (Yoc) up to ~50 GPalp2).
Additional d initiocalculatiors predicted that ZnCwill undergo two phase transitions at 78 GBg1d )
and at 121 GPal€ ¢ ¢ ) [103, but they were never confirmed experimentally. Otavite (C§CO
undergoes a structural transformation to an unknown phabeve 19 GPa, while above 30 GRalopts
the aragonite structure 104]. A comparative compressibility study of rhombohedral carbonates,
demonstrated, among else, the stability of spherocobaltite (G)@Bd gaspeite (NiGDin the "Yob
structure up to ~8 GPal(5]. Besides trigonal carbonated; | f | OK AGCRAHI0 OF/ydR T dzNR G ¢
(Cu(CQ)2(OH}») compressional behaviors were studied up to 10 and 11 GPa, respecti@élylD7].
Finally, little attention has been paid on aragoriype carbonates, such as strontianite (Sg;CGerussite
(PbCG®) and witherite (BaC£p[108-110].

Reviewing the higipressure behavior of spcarbonates demonstrates how distinct the character
of minerals that belong to the same family can Genflicting results presented from several authors over
GKS &SFNB KF@S YIRS GKS Of I aaA Eondiibng & Hifficul2(@nd O ND 2
unnecessarily confusing) task. Important source of discrepancies among studies can arise from differences
in the samples such as variations in chemistry (i.e., natural versus synthetic) and/or the presence of
significant norhydrostatic stress (i.e., single crystal versus polycrystalline). In addition, PXRD in
combination with theoretical calculations aiming to structure prediction have been the most frequent tool
to use among previous studies, but the results were often corckdtg means of accurate structure
solutions and refinements in singdeystal Xray diffraction studies.Search for crystallochemical
regularities after the careful investigation of the individual behavior of pure synthetic carbonate end
members at extremeonditions is essential. Such a study will help in answering important questions. For
instancewhy calcite behaves so differently than magnesite? What is the effect ofi¢hal cationic radius
on the stability fields otarbonates? Why some trigonal cariates transform quickly to denser sp
polymorphs, while others show incredible sustainability in"¥@ostructure? Will carbonates dissociate

in formation of oxides, diamond or otherligaring fluid phases during subduction or will they endure the
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1. Introduction: Carbonates crystal chemistry at extreme conditions

extreme conditionghat existin the deeper parts of our planeftheseand many othersire keyquestions

that describe our motivations behind the results presente€apter 5and 6.

1.4.1.2.Highpressure spcarbonates

A key concept in understanding the effects of hjrRssure on the crystal chemistry of minerals
is the tendency of cations to increase theoordination number (CN) with increasing pressure. This is
particularly exemplified by most silicate minerals sagd to high pressures (Figue€a-d) [111-113].
Silicon strongly prefers fowgoordinated crystallographic sites due to thé bgbridization. Consequently,
silicon is mainly found tetrahedrally coordited with oxygens in silicate minerals characteristic of the
crust and the upper mantle (e.§. ¢ quartz or enstatite, Figur@0a,c). This low CN along with the
mesodesmic nature of € bonds result in a significant structural flexibility (i.e. silicatas easily
polymerize to form a number of different configurations, like chaisgs, sheets or 3D frameworks).
| 26 SOSNE 2y O0S &adzo62SOU0SR | G LINE dhjperralerit st dreSawidred i G 2 (
and silicon resides in octahedraksi (i.e. sicoordinated with oxygens), leading to more compact, higher

density phases (e.g. stishovite or bridgmanite, Fi@t d).

d. a—Quartz b Stishovite C: Enstatite d . Bridgmanite
sp? ) spd? sp? spid?

P3,21 P4, /mnm Pbca Pbnm
€.  Graphite f. Diamond 8. [FeCO; h. Fe,C,013
sp? sp sp? sp?

P63/mmc Fd3m R3c C2/c

Figure20. Examples of presswiaduced increase in cations coordination number in silicated) (@nd in carbot
bearing phases ¢B). a,c) SiQ tetrahedra inh-quartz and enstatite shift td,d) SiQ octahedra in Stishovite al
bridgmanite at high pressures, respectively . Similaglg) three coordinated carbon in graphite and side
transitions tof,h) four coordinated carbon in diamond and-Eracarbonate at high pressures, respectively.
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Accordingtothe | dzZf Ay 3 Q& TFANRG NHzZ ST OFdGAz2ya 6A0GK avylft
numbers at ambientconditions. Therefore, not surprisinghC** (0.15 A)is often found in three
coordinated crystallographic sites (i.e2fybridization) as oppose to thé*S0.26 Ajatoms[114]. This is
truel & FYOoOASYl O2yRAGAZ2YAY K26SOSNE |G KA 3IKhe LINS & & dz
repulsion forcesdeveloped due tahe decrease of interatomic distancesheT shift from sp bonding
(trigonal coordination) to shbonding (tetrahedral coatination) in carborbearing phases is typically
exemplified by the transformation of graphite (Figuzée) to diamond (Figur@0f) [115]. Apart from
carbon allotropes, CQvas predicted to adopt an $gbased structure at higpressures (~20 GPa).

Later, the new Céphase, otherwise known &Q-V { -cristobalitetype structure,@¢'Q), was confirmed
experimentally {16]. Given the higkpressure behavior of the aforementied carborbearing systems,

it seemed very likely that carbonates, which traditionally involve carbon in trigonal coordination (e.g.
FeCG@xsiderite, Figure 1g), will eventuathansform to new higkpressure phasesontainingtetrahedrally
coordinated carbn (e.g.FeCOisctetracarbonate[54], Figure 1l These new phases are known in the
literature as sp-carbonates, tetracarbonates or carbonates with tetrahedrally coordinated carbon.

Early studies on this path were mainly based on theoretical predictibhg 18], which were
not alwayspositivelyconfirmed by experimentf73, 119. However, even in the cases that a suggested
structural model was supported by both experimental and theoretical work, it was not necessarily
reproducible by later studies, a matter which lead to many debates in the following year#q, 75, 120-

123. The main reason for discrepancies in between studies, not only was the different purity of starting
materials, the different diamondnvilcellpreparations, thedifferent structureprediction packages or
,simply, the different interpretations by several authors, but it was mostly the lack of a method that would
undeniably solve the structure of the novel phases with great accugamh a method is thsinglecrystal

Xray diffraction andt was implemented by recent studies that revealed the structural complexity and

a. Fe,Cs04p b. (Mg,Fe),C,0;, C. Ca(Fe,Mg),C;0,

;
AN SHIDIpE

R3c C2/c Pnma

Figure 21 Examples of sjacarbonatescharacterized by singlerystal Xray diffraction. The Cfetrahedra can appeaa)
isolated p4], b) in chains $4, 124Jor c)in ringlike [89] arrangemeis.
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variakility of some spqcarbonategFigure21) [54, 89, 124]. Allegedly, tetracarbonatesolymerize to form
a number of different configurations either as isolai@d)  units (Figure 2a),zigzagshapedd 0
chains (Figure 2b),6 0  ringsor many others that were predicted], but await to be experimentally
discovered.

Instinctively tetracarbonate analogies to silicates are invited, and indeed many authors often try
to compare the two ¢.9.54, 73-75, 116-124]. Although provocative, the analogy is yetrylimited. The
great majority of the sfgcarbonate structures suggested are very different from Kmown silicate
phases and belong to new structure typé&hilike carbonates, silicates own their enormous déitgrof
structures, their high compressibility, and easy glass formation to the great flexibility of the
intertetrahedral SI0-Si angle 4] (Figure22). Inspecting theenergyvariation as dunction of the SiO-Si
angle in the 8.0, model [74, 125 (red dashed line in Figur2?) reveals only a shallow minimum at
about 133 (i.e. there is a little variation of energy in a wide range of angles). On the other handChe C
C angle in the #>0; model [74] (black dotted line in Figur22) displaysa deep minimum at about 124
and very sharp energy vatians accompanying small changes of the angdlé®refore, it is suggested
that carbonates will present limited structurdivergence lower compressibilitand lower propensity to
amorphization than silicates. Indeed, theOSC angles in the experimentalbbserved tetracarbonates
(Figure21) are in the relative narrow range of 142(° at Mbar pressureswhile none of those phases

were reported to be retrievable at ambient conditions (i.e. unstable phases).
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Figure 22. Energy variation aa function of the TO-T angle in the 5O; and HGO; models
Optimum angle for @©-C is nearly 124and 138 for StO-Si Figureadapted from 4.
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It is highly interesting that the novel tetraghonates (Figur€l) are mainly discoveries in the
(CaC@;)MgCQcFeC@solid solution system. Is this because the CaBIQCQcFeCQ@system represents
the most realistic carbonate compositisexpected in the deep Earth and thus studies were purposely
dedicated to this system? The-Eadmember carbonate (FeGQas well as FeG®gCQ solid solutions
have demonstrated through experiments their ability to forn¥-sprbonates $4, 124]. The spctogsp’
transformation of MgC®has long been gdicted with great consistency among studieg4, 75], but
never experimentally confirmed. On the other hatite sg# shift of pure CaC®to sp*-type bonding is a
subject under a lot of debate, with very contradictory predictions and absent experimental justifications
[e.q.74,117,119,121, 122, 126]. Given the very different sizes of the Ca, Mg, and Fe cations, there might
be another reason why Fe and Mg, as oppose tateapreferentially incorporated in thtetracarbonate
structures.To date, ittle knowledge do we have on thirmation of tetracarbonates by other metal
carbonates or the possible effect of cationic radius size onsthaeility fieldsof novel highpressure
carbonate polymorphs. Are there aiystematic relationsrowhich carbonates have a probability to form
tetracarbonatestructures at high pressures? Are there othen@@rahedraconfigurations that we have
not discover yet? Which predicted tetracarbonatiuctures have a valid experimih counterpart?

These are keguestions that describe our motivations behind the results presentegchiapteré and 8

1.4.2. Carbon seismic detectability

As we described in a previous sectisamples originatinfrom transition zone and lower mantle
depths are extremely rare. Indire¥S 0 K2 R&a G2 &adGdzReé (KS 9F NIKQa RSSLJ
and theoretical studies, but also through geophysical applicati@m®mmon geophysical technig used
to derive information on a global scale is seismic tomography. According to this imaging method, primary
(P), secondary (S) and surface waves can be used for tomographic models of different resolutions based
on seismic wavelength, wave source dmte, and the seismograph array coveragé7]. The data
received atseismic recording stations around the wodce used to solve an inverse problem, wherein
the locations of reflection and refraction of the wave paths are detagdi This solution can be used to
create 2D and3D images of velocity anomaligperturbation maps)which may be interpreted as
structural, thermal, or compositional variations.

Some examples of seismic tomography images near subduction zones are shown irRFigure
[128]. In this plots, bins faster than average are marked with blue cadoirsdicatecolder regions, while

slower bins are markedith red to representhotter areas. The effect caused by chemical variations are
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1. Introduction: Carbon seisntietectability

usually less pronounced than the thermal ones. In areas where subductiondialoes local tomography
models reveal areas of higher velocities (FieBe Those are interpreted as sdiicting slabs, which are
colder than the surrounding mantle material. The great majority of modern subducting slabs tend to be

trapped within the transition zone (41860 km). However, few subducted slabs have been observed to

slow 1.5% I 1.5% fast

Figure23. Selected tomography images along famous subduction slabs that stagnate or penetrate the
discontinuity.A) HonsuB)KurileC)JavaD) Central Americ&) TongaKermadec an&)Northern South Americ
Tomographic images adapted and sligmigdified after [128].
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deeply penetrate the 66Rm discontinuity, such as the subduction zaméndonesigFigure230), Central
America Figure 2®), Tonga (Figur@3E) or Northern South America (Figur3F). The case of the
subduction slab in Central America is particularly interesting, since the tomographic images are a snapshot
of the remnants Faralloplate [L29]. Farallon is an ancient tectonic plateat used to beactive during

the Mesozoiand experienced the intensearbonate sedimentation rates of the Cretaceous period (see
sectionl.2.2).

The transition zonavastraditionally assumed to bseismically isotropidue to lack of evidences
supporting the oppositelncreasingly, however, evidence suggests that ordering oémahiover seismic
wavelengths occurs therand at deeper layersbut it is unclear what causes tHis3(. Ringwoodite,
present between the 520 km deep discontinuity and the 660 km discontinuity is nearly isottGg]c [
Wadsleyite, the dominant mineral between the 410 km discontinuity and the 520, is moderately
anisotropic [L37], but there is still uncertainty regarding its deformation mechanism and it appears that
though it may form a weak latticpreferred orientation (LPO), this decreases with water conterid.
Deeper still magnesium silicatperovskitein the uppermost lower mantlé highly anisotropic and may

develop a significant LPO if large strains exist near the 5801[36]. Slabmineralogy at these depths is

Ll . Mg-Pv

(Feg sMg.35)CO; o i——

11 MgCO; g VP

Velocity (km/s)

0 5 10 15 20 25 30 35

Pressure (GPa)

Figure24. Primary (V) and secondaryMg wave velocities of major mantle phasegden and re
lineg) as &unction of pressure along a 1600 K adiabatiotgerm, compared wittthe global seismi
model AK135dashed black lingsand two differentcarbonate compositionslp2, 143 (yellow ant
blue lines). (Ol, olivine; OPx, orthopyroxene; CPx, clinopyroxen€, Highpressure clinopyroxen
Wd, wadsleyite; Rw, ringwoodite; Gt, garnet; g, magnesium silicate perovskitéw,
magnesiowustite). Modified afterlf45].
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more uncertain. Olivinenay be metastable in narrowing regions of slab cof&¥], water may lead to
significant amount®f hydrous phases the subducted lithospherelB8], and akimotoite may esi in
the highpressure, lowtemperatureslab cors[139).

Carbonates, however, were not really considered as possible candidates to explain the velocity
anomalies in the mantle so far. This was nhodtie to our lack of knowledge on the elasticity of carbonate
YAYSNIfa G KAIK LINBaadaNBa FyR GSYLISNI Gdz2NSa NBt SO
the elasticity of CaG@nd MnCQ@[140], MgCQ [141] and theFeC@MgCQ system [142, 143] at high
pressures and room temperatures using Brillouin spectroscopy (BS), inelaatics¥attering (1XS), ab
initio calculations based on density functional theory (DdtTilnpulsive stimulated light scattering (ISS).

In addition, an early study reported the strong anisotropic character (up to 30%) of ferromagnesian
carbonates and its velocity contrast from crustal lithologies (eclogites, peridotites) that commonly host
cabonates [L44]. When compared with the velocities of major mantle minerals or global seismic models

(e.g. AK135, PREM), carbonatstsnd 13

out, however depending on their -

chemical composition (Figug).

_ 11 |
Ferromagnesian carbonate:

attracted most of the attention due to 10¢
their most realistic composition, which i 9F

expected to persist in the deep Earth (se

V (km/s)
o

discussion irsectionsl.3.2.and1.4.1.1).

All previous studies have demstrated

the increase in acoustic velocities wit
increasing pressure and Mg content
(Figure 2 and25) [141-144]. In addition, 4t

their elastic properties are particularly 3 L : J : : : .
0 10 20 30 40 50 60
pressure (GPa)

interesting due to the presencef Fé&*
that undergoes a spicrossover at about , o ]

Figure 5. Calculated (solid lines) [143] and experimental (da
~44 GPa (sesection14.1.1), and which line) [142] sound velocities waves of MgFeCQ across the sp
transition. Note the discrepancies between the experimental
theoretical studies for the composition x=0.65. Velocities
higher pressures and room temperatures greatly for different Fe contents and increase substantially afte
spin transition of F& (grey shaded am®. All velocities shown are
room temperature. Figure is slightly modifiafter [143]

causes an abrupt increase of velocities at

(Figure 25). The F& spin crossover

affects the physical, optical and elastic
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properties ofcarbonates {468 ® hy S AYLRNIFyid O02yaSljdsSy0O0S 2F GKS a
of color, from colorless or light orange to intense ret][ This is a great problem for Brillouin
spectroscopy measurements and thus alternative methods to studpdaeing carbonates should be
explored.
Determining the elastic wave velocities of carbonates, particularly in the FdGOQ system,
will not only set carbonates among other candidates tben explain the anisotropic anomalies observed
in the mantle, but also possibly allow us to quantify the deep carbon through seismology. This domain is
still very poorly explored. Rough estimates suggest that unrealistically highdd@nts (~1520 wt%
must be present in order to observe a contrast above the assumed 2% seismic resolution limit between
carbonates and crust lithologied44]. Other authors argued that at lower mantle depths (~1200 km)
where the Fé&' spin crossoer takes place, the abnormal elastic behavior obEaring carbonates would
induce a drastic decrease of (#10%), thus increasing the probability to seismically detect such a feature
[142]. However, the effect of temperature w@anever considered previously. Given the peripigphase
stability diagrams that are now known for$earing carbonates at high pressures and high temperatures
[54] and accounting for important geological aspects that weoé discussed beforewe owe to revise
2dzNJ SadAYl dSa F2N) 0KS (GKNBakK2t R 2 FThiOiks thdnbtfuaien & SA aY

behind the results presented @hapter 7
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Chapter 2

Methods

2.1.Generating extreme conditions

Il OO2NRAY3 G2 GKS LYGSNYyFrdaAzylf | rfdiugoftheEarthDS2 RS a
isabout@ om YY® | dzYlyas K2gSOSNE KI @S the K@ SugdrdeeNi f £ SR
boreholeis currently holding the record (12.26 kof)the deepest artificial point on Earff]. The number
of samples thatscientists have access to and whichBIB LINBa Sy G 6 A @S 2F GKS 91 NI K
such aghe transition zong410-660 km), the lower mantle (662900 km) or the core (2966371 km),
become rarer(only individual grain inclusions in diamds from the lower mantlepr even norexising
(no sample exists from the coré)A G K A Y ONBI aAy 3 RSLIIK® {decperpgadsg R2 ¢
where no direct access is grante@ur current information comes from studies of the paths and
characterstics of earthquake waves travelling through the Earth, as well as from laboratory experiments
on surface minerals and rocks at high pressamed temperature. In the latter casggreat technological
obstacles were overcome arder to simulate in the latratory the extreme conditions thdeature inthe
9 NI KQ&d RSSLI AYy(dSNA2ND
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temperature distribution and the most suitable higinessure techniques commonly used.

The principle of pressure (P) generation is very simple and is expressedfbijawing formula:

0 O (0]
5 1Bp

where F is the force applied to the surface A of an objeeigenerate high pressure arsample it is most
common to decrease the area to which an external force is applied, rather than increase the magnitude
of the forceitself. In that manner, various devices were invented otler years, the most common of
which are illustrated in Figurk.

Experiments witlcold-seal vesselsire performed omnsamples of a few centimeters in siéiee.

typicallycapsulesreof about2-4 cmin length and 24 mm in diameter Figure 2a). By pressurizing water

in a confined space pressures as high as 2 kbar can be achieved in tsealaldsselsSimultaneously, a
furnacesystem can provide external heating up to ~1200 °C.-Skdtlvesssloperating in a vertical or
horizontal mode wee facilitated at BGlor the synthesis of Mn, Co and Fe carbonate powders and the
synthesis and growth of Ni and Zn carbonatgstals(Figure 2ai, for more details seeections5.2.1.,

6.5.1.and7.2.1.).
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2. Methods: Generating extreme conditions

To generate higher pressurgs<5 GPa)and temperatures (~<2200 °C) piston cylinder
experiments are performed osamplesof a few millimeters to a centimeter siz&8he experimental
assembly is placed in a cylindetherwise known as thé 6 2 Y 0 ¢ a undleyfylRg diston is advancing
to compress the sampleistorrcylinder experiments have begrarticularlyused in the past to study
CaCQ(calcite/aragonite)phase relationg2], melt mobility [3], or phase solubility in aqueous solutions
[4] in uppemostmantle conditions (Fige 1). However in this thesis we didot usepiston cylinder

Multi -anvil pressesare usuallyemployedto generate pressures and temperatures relative to the
9F NI KQ& RSSLJ dzLJLISNJ Yyt ST GNryaaldAzy 1T 2y®0 I yR

°C)(Figure 1)The mostknowndesign of a multanvil appaatus is the Kawdiype. In a Kawaitype press

an outer set of 6 steal anvils {&ing upand 3facing down create a void where a secondary set of 8
tungsten carbide cubianvilsis placed.The interior corner of each We€libe is truncated to fit an
octahadral assemblyFigure 2kiii). The smaller the size of the truncation is the higher are the pressures
that one can generate. The sampleusually contained in capsules a few millimeters, which are
embraced by a LaCs@©r graphitecylinder furnaceand then all assembled in an MgO octahedron. The
octahedron serves as the pressure medium and ensurestiiea¢xperiment is under hydrostatic stress.

Air pumps are used to pressurize oil that drives the outer set of steal anvils against each other, and thus

increasing the pressure on the samplde furnace can produce considerable heat by electheating

a. Cold-seal vessel | b. Multi-anvil press |c. Diamond anvil cell

Figure2. a) A sample retrieved from a colskal vessel experimerit;a Au capsule before and after cut oper
extractii. the CoC@(pink) powder and the NiGQyreer) crystals b) A multiranvil experimental assembliji.
before and after cracked open amnd backscatter imaging of the CoGCrystalgrowth inside the Re capsule)
v. The small sample chamber (arrow) on a Re gasket retrieved from a diamond anvil cell experimenti
two MnCQ crystals were loaded together with a ruby sphere.
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2. Methods: Generating extreme conditions

It is most common that scientisstudy exsitu the recoveredproducts of their multianvil experimentin
some casesand after few equipment modificationd is possible to perfornin situ measurementsas
well, such as conductivity, ultrasonkraytomography, powder diffraction and otheneasurementshat
are often coupled with synchrotron radiatiotowever, for the purposes of this thesis, utti-anvil
experiments were extensively used for the synthesis and crgstalth of Mn, Co, Fe, and (Fdg)

carbonategFigure 2hbiv, for more details seseesectionss.2.1, 6.5.1.and7.2.1).

Thediamond anvil cellwasdevelopedto generae the most

extreme conditions thapersistin the deepest layers of our planet Be

(lower mantle, core) or in those of othptanetarybodies but also for f’“i f’c‘i
applications in other research fields (e.g. material scienitels a AAAA
revolutionary and powerful technique mainly due to two very

important diamond properties. Firstly, diamond is the hardest (score

10 in Mohs scale) material on Earth and secondly it is a mater

optically transparent, sawell as transparent ttow-energyX-rays, thus — ESEEES

allowing us to probe the behavior of materials while in the extreme
environment The flat tips (culets) of twogemquality diamonds are
driven against each other to increase the pressure on a sample th

sits in between and which is confinedasmall chanber that ahole in

TT TT

Force Force

a metallic gasket creates (Figure 2v, FigureTBe smaller the size of
the diamond culet is, the higher are the pressures that we can aCh"ngre 3. The principle of th
but at the same time the smaller the size of the sample becomes. diamond anvil cenot in scale).

example, weare usingdiamonds with culetsof 250>m in diameter

and samples of maximum~130x 20 >m (diameter x heightjn experimentup to ~70GPa. On the other

hand, we employediiamond with culets of 80>m in diameter andsamples smallerthan 40 x 10 >m

(diameter x height) to perform measuremenip to ~180 GPa. High temperatures in the diamond anvil

cell are generated by eitherrasistivewire-furnace encircling the diamond anv{lB<9001 as a rul¢or a

laserheating system operating at high powehat can create temperatures as high as those persisting in

the center of the Earth (~7000 Rhe lasetheated diamond anvil cell is the tool thiegmployed the most

during this PhD thesis to investigate the physical and elastic properties of varitnasat minerals at

GKS 91 NIKQa 288N YIyGfS LINB&aadNB | yR GSYLISNI G dzNB
RSRAOIFIGSR Ay GKS RSGFAESR RSAONARLIIAZY 2F | RALY

spectroscopy, singlerystal Xray dffraction, and nuclear inelastic-iay scattering measurements.
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2.2.The diamond anvil cell

The first diamond anvil cIDACWwas designed in the late 1950s and it was capable of generating
pressure of a few gigapascals. Since then, several modificatiEnestestedand currently pressures three
times greater than those persisting in the center of the Earth are feasible-(Ld.P3 [6]. Degite the
many types of DAGesignghat exist today(e.g.7-11), they all sharsamecomponents Amainlymetallic
OSft t ¢ eoBtainstdcralyBedidiamond anvilplaced (glued) on twseas. The two facing anvils
indent a gasket and then a hole is drilled in the center to create the sample chambesampkeis loaded
in the chamler with or without apressuretransmitting mediumOften small chipthat act agpressure or
temperature indicators are loaded next to the samplée geometry of the cell and the materials that is
made of are designed to serve different purposes and tecsion of the correct DAg/pe is crucial for

the success of the experiment.

2.2.1. Thecell design

In the current thesisve choose among the following DAYPes: BXA0 [L1], mini BX90[11] or
ESRF membrane c€i<)] for Raman spectroscopy andray diffraction experiments, and loray short
panoramic cells (®BGI) for nuclealastic scatteringneasurementgFigure 4)All cells are machied at
BGI except for the ESRF cells.

3 cm

Figure4. Different diamond anvil cells used in this studythe BX90 cell [11]b) the mini BX90 cell [L1], c)the long
panoramic celld) the short panoramic cell and the) membrane cell provided by ESRHE][

The features that make the B30 cellsmost suitablefor our experiments are the 90° symmetric
axial opening and its great stability upon pressurization and hedfimgmbined with the proper anvils
and seats desigfi.e. BoehletAlmax), the wide opening of the cells allows access to a large part of
the reciprocal space in singteystal )RDmeasurements (for more details ssection2.4.2.). The pressure
in the cell is increased liganually tightening four screwibut also byusing membranesEmpirically, the
standardsized BX90 cells are more reliable (i.e. stable) for experimenthe Mbar range, than the mini
BX90 cells.
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2. Methods: The diamond anvil cell

While at the ESRF synchrotron facility (Franee, conductedsometimessinglecrystal XRD
experiments using the LeToullempe DACs provided by ESRF. These cells are membrane driven; an
expandable membrane contracts or expands by pumpimg releasing, respectively, a noble gas (usually
No). The partof the DAC bodyhat isin contact with the membrane is causing increase or decrease of
pressure in the sample chambéihe ESRF ceflsantstable pressurization and if employed with Boehler
Almax diamond anvils and seats, th@gvidean opening anglaimostaslargeas the B0 cell whichis
a desired feature for singlerystal XRD experiments.

Given the special geometry of a NIS experim@igure 5seealsosections2.52 and7.2.1.), the
use of the panoramic cglpDAChecomesmandatory. Panoramic cells have a large cone opening on the
sides, allowing the beam, the detector or other equipment to meet the sarajplewaysthrough the
gasket.Consequentlythe gasket is madef a material that is transparent to-bpays, such as B&he two
versions of the panoramic DAC do not differ substantially (Figoid. The longer stem of the pDAC
provides greater stability during heating sessions and at the same time makes the placement of the pDAC
in the holder easier/faster (Figure 5). @ other hand, the preparation of the pDAC with short body is
more convenient; it is less heavy and the-ceitface to sample distance is shorter on the one side, which

makes the diamond alignment and samypleservation under th@pticalmicroscope easie

pDAC

e holder

Figure5. The geometry of a NIS measurement. The panoramic DAC is placeti@id€u Th
beam meets the sample along thexis. The avalanche photodiode detectors are inserted
to the gasket through the sidepenings of the pDAC and collect the incoherentleal
scattering that propagates as a wave along tkeis.
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2.2.2. The diamond anvils and seats

The most essential part of a diamond anvil cell is the diamond itself. There is a great variety of
choiceson the market mainly based on nitrogen content,-clasigrs,and cullet size(http://www.almax-
easylab.combDiamondSelectionPage.aspx). For the purposes of this thesis, d&/psda BoehlerAlmax
diamonds with culet size ranging from 300 to>80 in diameter for XRD experiments and tyljpee brilliant
cut diamonds with 256m culets for spectroscopic/NIS measments. The selection of culet size strongly
RSLISYyRa (2 GKS LINXaadaNBa 2yS glyia G2 &adz-O0SSRo C:
experiments < n Dt > gKAfS GKS mMuHn >Y OdzZ £t SG A& dzaSR F2|
Diamonds hat will experience the Mbar rangehe nearly zero chancés be recovered, while diamonds
used for lower pressures (60 GPa) have a high potential to survive decompression and-bsewgk
Recovered diamonds with damaged culet have a chance to-pelished prior to a second usage.

The &rge aperture of theBoehlerAlmaxdiamondanvil and seat (Figuréa) are crucial for the
singlecrystal XRD method. In routine experiments, such geometry allows scans of up®ar @& the
. -axis (Figur&a). Onthe contrary, such a feature is not essential for spectroscopic experimeigpsré
6b), since the DAC remains stationary during the measurement. In Raman spectroscopy experiments a
diamond with Ramatfhow fluorescence is strongly preferredth NIS experimas, there is noreal
preference for the type of anviln most cases, standatgpe anvils were chosen due to their lower cost.

The seat on the other hand, is specially designed to fit the longepifmnsion of the pDAC (Figure-@¢
Figure6c). The pipénasavery small aperture (~Epthat although does not affect the measurement, it
makes the cleaning of the diamond surface that is attached to the seat a hard task.

The pair ofliamonds of eeah diamond anvil cell is alignadd then glued in position on the seats.

The diamond alignment isdelicateprocedure. Even a slight misalignment in the horizontal or vertical

axis can be proved fatal for the diamonds and the experim@fien the Newton rainbow appearing is a

a.

b. c.
930CJ 30° 10°

[
w-axis

Figure6. The geometry of diamond anvils and their Wi€ats.a) BoehlerAlmax designe diamond and seat fi
singlecrystal XRD experiments) standard brilliantcut diamond and seat for spectroscopic measurements
c) WGseat fitted on the longsteel pipe of the pDAC with a standard diamond anvil for NIS experiments.
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useful information about the alignment quality (Appendix Figit$ Once aligned the diamonds are fixed

on the seats by a small amount of glugghoacylate-based)

2.2.3. The gasket, thesampleand the pressuretransmitting medium

The gasket isreimportant part of the diamondnvil cellassemblythe hole in the gasket provides
a chamber for the sampleand preventsit from being crushed by the diamonds or escape during
compression (Figure 3). Many materials carubed as a gaskdn routine experiments, gaskets made of
Re are employedvhich behave exceptionallyell under extreme conditiondHowever, experiments with
a special geometry, such as Ni&juire gaskets that are transparent tordys. Beryllium gaske can be
machinedfor such purposes. They do contain, however, a very gatadiut 0.1 wt%jraction of Fe, which
makes them lesbrittle. This minor Feontent must be cosidered during NIS measurements

In a first step, and independent of i@l & {n&irlahoice, the gasket is placed between the
two aligned anvils and indented down to a ~B®>m thickness (initial gasket thickness is usually ~200
>m). The indentation thickness is smaller for diamonds with smaller culet size that reach the highest
pressures. Thera hole is drilledn the center of thandentationand with half the diameter of the culet
sizeusing apowerful laser or a motorized electric discharge machine (EBEBTSA)After thorough
cleaning the gasket is placed in between the dianas and the sample chamber is ready for the sample
loading

The sample can be in a singlg/stal, polycrystalline or a powder form. If a singtgstal, the
sample can be placed in a specific crystallographic orientflioonthe diamond surface dn a random
orientation. The sample may be natural or synthgdied ifneeded itmay be enriched in a desired isotope.
Samples qualified for singlgystal XRD measurements in the diamond anvilsteluld beexcellentor at
least, ofreasonable diffraction quality (i.e. atp diffraction peaks, twin absence, low mosaicity details
seesection2.4), and dimensions to fit the sample chamber alone or share the room with other crystals
(e.g. Figure ®i). Samples withstrong Raman signal of d@Heir vibration bands are ideal for Raman
spectroscopy measurements in the DAC. Finally, samples meant for NIS experiments, where Fe atoms are
probed, must preferentially be enriched in thée isotope during their syhesis to enhance the signal
and speed up the collection time.

DACs generatauniaxial stress Therefore, often, transmitting media are used to create
homogeneous pressure distribution in the chambeMany compounds can serve aspressure
transmitting malium (PTM) such asioble gases, halides, oil, alcohol mixtures or sometimes the sample

itself in a powder form. Noble gases, such as He, Ne or Ar are either loaded under prégsure [
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Figure7. Pressure determination in the diamond anvil cel)powder Xray diffraction of soli

neon orb) Raman spectra of ruby and diamond.
cryogenically [e.dL3]. Helium gas is the most hydrostatic medium that can be used. Howiegan create
problems in heating experiments, sasthe smabhsized He atomsan diffusein the diamondanvils and
destroy them Neon is the most popularT® in the experiments of this thesis. It assamgood quasi
hydrostatic conditions antias a welstudied equation of state(EoS)14], which helpsus to determine
the pressure on the sample in XRD experimeiite 2theta (2°) position of the (111) reflection (Figure

7a) of  solid neon is usually used for express pressure determination

(http://kantor.50webs.com/diffraction.htn). Argon gaswvas used ifew Raman spectroscopy and NIS
experiments in this thesisArgonis not as hydrostatic as nepbut itis eager to load and it is cheaper
than Ne Beside gasebalides such as NaCl, KBr, KCI can serve as PTM. During our NIS heating experiments
the samples were loaded together with KOhe majority of the NIS samples, however, were loaded with
silicon oil Thisis due to the significarinstability of Be gaskets during our efforts to gas load a noble gas,
which often led to gasket collapse or even diamond failure.

In cases wher¢he PTM is not Ne,or neonhasnot crystallized yet (pressures/<GP# or there
is no access iaXRDfacility duringthe experiment the pressure in the sample chamber is determined by
other ways. Often a small ruby sphere-oped AIOs) is loaded next to the sample. The position of most
AyaSyasS LISIF] 2F | NHzeQa Ffdz2NBAOSYyOS aAraylf oA®S
increasing pressure. Few calibratiare describedn the literature for the hydrostatic or nehydrostatic

behavior of ruby under pressu(bttp://kantor.50webs.com/diffraction.htn) [15, 16]. A commercial ruby

sphere was loaded and used as r@gsure determinant in all the DACs and pDACs meant for Raman
spectroscopy and NIS experiments. A ruby was loaded also in a few DACs meant for XRD experiments to
characterize conditions aow pressures, where neon had not crystallized yet (Figuxé). 20cher

alternatives for pressure estimation includeeasurements of th&kaman shift of the diamond anvil with
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2. Methods: The diamond anvil cell

increasing pressure (Figure 1b),dmtermination of lattice parameters of thmetalswith known EoS,

such as W, Pt, Au or the Rmasket)

2.2.4.Heating in a diamond anvil cell

Studying te 9 I NIl KQ& RSSLI Ayl S NIpdsoreNdiljatsth higRd@pergtardl 2 y f &
generation (Figure 1). fiamond anvil cell experiments, temperatures as high as ~900 K can be generated
by a resistivawire-furnace placeautside of the DAC ansideand aroundhe gasket However, at higher
temperatures graphitization of the diamond anvils occurs, which altersinique physical properties that
GKS RAFY2YR&a 2FFSN) 0ADPSd GNIFYyaLI NByOesz KITaRYS&aaov
achievehigher temperatures, as is theeedin this thesislaserheatingsystems are utilized.

A portable doublesided laser heating system wagvelopedat BGI 17,18] and similar versions
are installed at the nuclear resonance beamline, IDA8ESRF (Grenoble, Franesd the extreme
conditions beamline, P02.2, aEPRAII (DESY, Hamburg, Germamgublesided laser heating systems
allow minimization of radial axial and axial temperature gradients in kasated DACsIn properly
working lasetheating setups, the uncertainty in temperature measurements nimyreduceddown to
about100 Kat ~2500 Kin laserheatingsystems, aeries ofoptical components focuses a lagsgam on
the samplg(Figure 8)The types of laser sources (SPI fiber, ruby, Nd: YAG a@@®others), the maximum
output power (50, 100or 200W in our work and the laser operation type (continuous (CW) or pulsed)
can vary.Temperature is usually determined by spectroradiometry (i.e. the use of the spectrum of black
or greybody emission from the sample).

The two laser sides focus a beam on the same part of the satdfgeresolution cameras that
are installed on the laser heads, provide an optical image of the sample and the heated area. It is crucial
to cleanthoroughly the surface of the diamosdttached tothe seasbefore heating. If small dirt particles
on the outer suréce of the diamond anvils get ignitddringheating,they can lead taliamond fracture.
Heating periods of several minutes in duratiogjuée the use of a runningvater cooling system around
the DACThe elevated temperatures warm up the body of the cell and eventually any nearby equipment,
which might cause misalignments, melting of delicate partether malfunctions Heatingsessionghat
last a few seconds to a minute can be performed without the use of a cooling syB&ekacolored
samples areheated directly by absorbing the incoming laser radiation. Thankfully, the great majority of

our samples incorporated transition mesatvhichgive distinctcolors to the samplke Due to itsfull d-
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shell, inc compoundsare usually colorless and therefore heating directly Zni@Ghis thesis was not
possible. In such cases, a small amourdhiforbingmaterial (in our case, Au) is mixed with the sample
(ZnC@) that serves as an absorber to heat the sample indirectly.

Module for temperature ~Spactrometer- Module for temperature
measurements measurements
{ UEYE CCD <= —{Focusing optici— > WEYE CCD}
camera et | Notch filter ‘gca camera |
' - H ) - H
-_i_m. l ‘g ’ f Beam splitter J
{ - H ~ cubs T & H §
IR filter 1 1 IR filter
UniHead N : / UniHead
\f Beam spitter 2+ :
—d i ! | :
LED : i LED i
Lissée mn-shaper ! : : ! TM-Shaper | acer
Rad@mi Al ¢ 4 :meiwm
N\~ Beam sphitter 1 +/1 :
e g . §-Focusing optic +seem. ... 4
|
- Carbon mirror ~\ P D A
B e A LT L T ST T T —— S ) S

Sample in DAC

Figure8. Detailed schematicepresentation of all components consisting the doubiéed lase
heating system. The figure is adaptedm [17].

2.3. Ramarfpectroscopy
2.3.1.Basic pinciplesand instrumentation

Raman spectroscopy is a spectroscopic techniqgue based on the inelastic scattering of
monochromatic light from an irradiated sample. Tihethod has an immensely wide field afplications
(Earth, life, material, chemicahnalytical sciencestc) by proviing information amongothers on the
molecular vibrations and crystal structurde inelastic scattering of light was predicted theoretically by
A. Smekal in 1923ndwas experimentally observed a few years later, in 1928, by C.V. Refteawho
the method was named.

When lightinteracts withmatter, nearly all of the photons are scattere@lastically(Rayleigh
scattering) and there is nlossin energy(i.e. E=k Figure 9)However, a very small percentael0° %)

of the incident light is scattered inelastically and a loss (i.eq, Stekes Raman scattering) or gain (i.e.
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E<E, antiStokes Raman scattering) of energy occt
Stokes Raman

(Figure 9)This process iflustratedin FigurelO.In the /}&/e.v scattering
E E=E,
VVVW\> WWV\>

case of Rayleigh scattering, imcident lightof energy 5 Reyieigh
Incident Light scattering

'O andfrequencyl , interacts with a molecule anc b

Anti-Stokes Raman

excitesthe cloud of electrons from the ground level ti scatering
' 6 oA Nﬂl%jgluré 10&)'@1@33&6&8 unstable and, Figure9. Scattering of light by mecules.

thus the photons return to the original ground level. In

this process no energy is lost, so the Rayleigh scattering has the same enefgggaedcy(O U ) as

the incident light (i.e. elastic scattering). The SwRaman eattering occurs when the electron cloud
absorbspart of the incident light andalls back to a vibrational levéle. an excited levelpstead of the

ground level (Figure 10b). In this catiee Stokes Raman scattering has lower energy and frequency
(longer wavelegth) than the incident lightanti-Stokes Raman scattering occurs when the incident light
meets the electron cloud already in a vibrational level (Figure. 0@ cloud is distorted tthe & @A NIi dzI- €
f SOPSt ¢ yR GKSy ¥ khaving ndote rergyiadd higHerSreqBand tizshRhe incdend

light. Theprobability of the incident light to meet already excited electrons is low at amboemditions.

C.
Anti-Stokes Raman
d. b . scattering
Rayleigh Stokes Raman 1
scattering scattering
Virtual Level--------- 7 GRRREET GEELEEEEEEEEEEE EEELEE SEEEEETE:
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Figurel10. The Rayleigh and Raman scattering proces®es.cloud of electrons is excited from the ground |
and fall to the original ground level (Rayleigh)An electron cloud is excited from the ground level and falls
vibrational level (Stokesg) An electron cloud is excited from a vibrationaldeand falls to the ground level (At
Stokes). The energy changes are described, whgandE, are the energy and frequency of the incident i
NBalLISOGADSEt s K A anidtkeQnmoledularffefders. O2yadl yid | yR
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2. Methods: Raman Spectroscopy

Therefore, the Raan signal due tanti-Stokes scattering is weaker than the signal from Stoke scattering.
This is the reason that most of the Raman spectroscopy studies in the literature (including this thesis)
investigate only the Stoleescattering. The intensity ofthe anti-Stokes signal increases when the

temperature rises and therefore the ratio of the Stgke anti-Stokes signal can be used to measure the

temperature of the sample.

The Raman scattering arises from molecular —— nco,
symmetric or asymmetric stretching and bendin g':;‘ n e
vibrations. These vibrations induce a large distorti Jn‘g
of the electron cloud arouth the molecule. More % e

]
concretely, each peak appearing in the Ramar"E kg (M) " jL
spectrum is derived from a specific molecular br2 /JL N N
lattice vibration. In calciteype carbonates Yooy 1 pe o - o0 1200
there are five Ramaactive vibration modes (Figure Raman shift {cm)

Figure 11. Raman spectra of Zng@nd MnCQ at

. ambient conditions.
scale vary for each carbonate composition, but

roughly averages to ~200, ~300, ~730, ~1100, and ~1420 the first two bands (i.e. with lower

11). The position of the five peaks the frequency

wavenumbers) correspond to external modes associated with lattice vibrations, one tranaldfgn(T)]

(Figure 12a) and one librational [Eg (L)] (Figure 12b), the latter three bands (i.e., with higher

wavenumbers) correspond to internal vibrations withinthe;88y A G a4~ 2y S a8 YYSUNRO
Eg (T) Eg (L) v3 vl v4
a. ~ 200 em! b. -~ 300 cm! c. -~ 730 emr! d. - 1100 enr! e. -~ 1420 em!
T A X X
» .
+
Y] L4 L4
' e
4
Exrerngi syrrnmetrrc External asymmetric Internal asymmetric Internal symmetric Internal asymmetric
vibration vibration C-0 bending C-0 stretching C-O stretching

Figurel2. Schematic representation of the five Rarractive vibrational modes of carbonate
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(Figure 12c), one intense symmetéici NE G OKAy 3 6! m3 2NJ AmM0O O CA IdzNB
stretching mode (Figure 12¢19].

Many different configurations exist to build a Raman spectrometer. However, all spectrometers
have the same basic components: a monochromatic laser source to excite the sanmpieroscope/
camera to hae optical view of the sample, filter that separates the Raman signal from the Rayleigh
scattering,a diffraction grating to split the Raman light into its constituent colors, a detector (usually a
CCD)and a computer to control the operations. For the purposes of this thesis, we employed a Dilor XY
spectrometer with 2 cmresolution, using a 514 nm (green) line of anlaser (Figure 3a). In this system,
the Raman signal dispersedby atriple monocchromator systemln the cheapemodern spectrometers,
double or triple monochromators have beesubstituted by Notch filte(s) (Figure Bb). In the
spectrometer appearing in Figure8d the detector used to be cooled down to abodb °C by liquid
nitrogenthat we regularly filled in. Today the system is modernized by the installatia®eltier cooled

detector.

Figure13. Raman spectrometers at BGI us
a) the green line (514 nm) and a tri
monochromator andb) the red line (532m )
and a notch filter. (photographs credit: BGI

2.3.2.Data collectionand processing
Collection of Raman spectra is a straightforward procedure. The diamond anvil is placed flat on
the motorized linear translation stage under the microscope. The proper magnifidatisrisselected,
and the sample chamber is brought in focus. The adés in the software the range of collection (in tm
L or nm), the exposure time and the number of acquisitions. The light in the room should be turned off

prior to collection. A spectrum is collected frahe samplefree area of the sample chambewhichwill
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be used for background subtraction. Then, a spectrum is collected on the sarhplpressure in the cell
isincreased ansO2 Y I NP f f SR o0& (s&cSon2Bp Bh@dser will Vil $eberaldmin®es
for the pressure stabilization in the cell before repeating the collection procedure for the new pressure
point. In this thesis, we collected Raman speatvar the wavenumber range of 150 to 1300-trtheA3
mode was not monitored due to the overlapping Raman aligri the diamond (1330 cf). The spectra
were collected for every -8 GPa pressure step®Ve choose 60 sec exposure time and 5 cycles of
acquisitionto enhance the signal to noise ratio

After collection the background is subtracted from each spectrum. Then, the spectra are
normalized with respect to the most intense peak (\emode). The rest of thepectmafitting was carried
out using the software packagReakFit (Systat Softwargfrigure14), where the proper baseline is
matched and a gaussian function is fitted in every peak. The resulted fitted spectrum is accompanied by
the coefficient of determination (i.e @), which is an indicator of the fittinquality(r>=1 is the perfect

fit) (Figure 14)In all of ourspectral fittings r? did notrangebelow the 09 value.

MnCO,

Pk=Gauss Amp 4 Peaks Bg=Cubic
r2=0.997147 SE=0.00784043 F=46297.5

1000

wavenum

Figurel4. Fitted Raman spectrum of Mn@@sing the Peakfit package.
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2.4. Xray diffraction
2.4.1. Basic principles

Xray diffraction (XRD) is omd the most widelyusednon-destructive analytical techniques used
to reveal information about the crystal structure, chemical composjtiand physical properties of
materials in air or under controlled conditions. As the name imphes<RDmethod benefits from the
high energy electromagnetic radiation spectrum (100¢e}00 keV) known as-pays or Réntgen ke
after the German scientidd/. Réntgen, who discovered them1B95.Atomsscatter Xray wavegust like
a lighthouse scatters an incoming ocean wave and produces secondary sphericaliMag/phenomenon
is known as elastic scattering, and the electron is known as the scatteadamily ofscatterersis placed

in a regular array, just like atoms do in a crystal structure, thesgalar array of spherical wavesll be

\\\\\? .
. Destructive &

\“%
;\i\Q\\ Constructive wave
W interference
’F’?‘ 0\,
N

Arrayof OO0
- 00O O

Figurel5. Xrays interact with the atoms in a crystal (sketch is inspired by Wikiggdia

produced(Figure 15)In most directions, these waves will cancel one another dug to destructive
interference. However, in a few specific directions thagid constructively The directions along which
constructive interference occurs adetermined bythe Bragg's law:

CQOEF ¢ (0)::14

where Qis the spacing between diffracting lattice planesis the angle of the incident-day, € is an

integer number and_ is the wavelength of the bearfFigure 16)A diffraction m@ttern is obtained by
measuring the intensity of scattered waves as a function of scattering angle. Intense peaks, known as
Bragg reflections, will forron the diffraction patternat the theta angles where the Bragg condition is

fulfilled. By measuring thangles and the intensities of Bragg reflections, a crystallographer can produce
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Lattice
Plane A

Lattice
Plane B

V o T Y
A

Figurel6.¢ KS . NI} 33 Q& f faysdithddérdicalwgvEldn&IiS, ipproachtwo crystal lattice
planes and are diffracted by two atoms within.order for thediffractedwaves to inérfere constructively

the differences in the travel path must be equal to integer multipesof the wavelength

a threedimensional map of the density of electrons within the crygEfure 17a)From this electron

density map, the mean positions of the atoms in the crystal can be determined (Figure 17b), as well as

their chemical bonds, their crystallograptdisorder, and various other information.

d. Electron Density Map b. Atoms located

Figurel?7. The unit cell of MnCgalong the ecrystallographic axig) Using the information of the Bragg reflections (scatte
angle and intensities), an electron density map is built. The crystallogrépleessigns atoms and tries to eliminate resic
electron densities. Note the minor residual density (blue) around the carbon atoms.
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2.4.2. Powder versus singlerystal Xray diffraction

The information that one can retrieve from a powder sample or a siagistal sample is
different. Powder Xay diffraction (PXRD) is typically used gbase identificatiorand for determining
the unit cell parameters. The PXRD method struggles with the characterization of novel compounds and
structures. On the other hand, the intensity of the diffraction pefakm a singlecrystal samplgrovides
information on the exact content of the unit cell (i.e. the type of atoms (heavy/light) involved, their
coordinates in the unit cell, their coordination number and type of polyhedra that they form, their
distances from other atoms).

A powder sample consists of countless small crystal grains in random orientations. Therefore,
GKSNBE gAtf Ffglea 60S a2YS ONBAGIt & KI &gy Bande dzi
produce diffraction peaks in the form of Deb$eherre rings (Figure 18a). The theséagleor d-spacing
positions of the diffraction peaks allow phaisientification, since each compound has a unique set-of d
spacingswhich serves as its fingaint. In the case of a singlerystal, the XRD pattern consist many
diffraction spotgBragg reflectiongh a certain distance away from each other (Figure 1\8& know that

for a given espacing and a given wavelength, diffraction peaks will appear only in céntti angles

Figurel8. The differentXRD patterns produced ta) a powder sample (ZnG® Au) andb) a singlecrystal sampl
(CaC@aragonite on the right) inside a diamond anvil cell. The red star marks the position of the beamstop.
circles mark examples of diamond reflections. felengles increase as we move from the center (beamstop) 1
edge of the frame. Both patterns were collected at ID15b (ESRF).
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RSTAYSR o6& . NI 3Hi©#dot certaig thaidBfrction wild bk obbdtver if a fixed crystal is
irradiated with an %ray beam of defined wavelength (Figure 1B). deal withthis problem,aONE a i | f Q&

diffraction should be collected at several orientations

00

0.5°

10

Figurel9. Diffraction patterns of an FeGe@rystalfixed during rotation. In certain angles, diffraction peaks ap
(0°), while in others, the Bragg condition is not fulfilled and no diffraction spots are obseR)jedli{# red star mar
the position of the beamstop. The patterns were collected at B&hg a threecircle Brucker diffractometer.

2.4 3. Instrumentation

A typical diffractometer consists of a radiation source, a monochromator to choose the

wavelength, a series of slits to adjust the shape of the beam, a sample on a holder and a detector to collect

the diffracted waves. Besides the simplicity, many différeanfigurations exist tabuild an Xray

diffractometer, mainly by altering the wavelength/energy and size of the incident beam, the geometry of

the sampl&® movementwith respect to the detector and beam positicand the type of detector used.

The geomaty of the diffractometer is often different for the purposes of powder (PXRD) or stnggéal

(SCXRD)-ray diffraction.

2.43.1. Inhouse facilities

Common wavelengths of-bays used inn-housediffractometers range betweenl79 (  of

Co)to 056A(_  of Ag).For powder diffractionthe BraggBrentano geometry is quite common (Figure

20). A thin layer of powder sample is well distributed on a flat disk (~4 cm in diameter) made from an

amorphous material. The disk is placed in thérddtometer@ holder Duringcollection,the geometry of
the diffractometer is such that the sample rotates in the path of the collimatédl-Xée

while the Xray detector is mounted on an arm to collect the diffracteda}{s and rotates aan angle of

oSl Y |
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2. Methods: Xray diffraction

Figure 20. A BrageBrentanotype powder diffractometer Rhilips X'Pejtat BGI, used for tt
characterization of the powder products obtained from cekhl vessel experiments in this the:

H APBGJgS SYLX28SR | tKAfAL®A - dt SNI
radiation operating at 40kV and 40 njRigure20) to measure carbonate powders at ambient conditions

Inthe case of singlerystal Xray diffraction, the geometry of the ditictometer becomes more
“NB SYLX 28 SR

complex Typically, dur or threeOA NOf S RATFTFNI OG2YSiSNA

rotation along multiple directions during collectiong&ie 21). At BGI, wemainly used a threecircle

Brucker diffractometerequipped with a SMART APEX CCD deteftorcarbonatesinglecrystal

collectiorsat ambient conditions. In the first period of this thesis tF
diffractometer was operating with a Mg radiation (Figure 2a).

However, in the year 2017, the system was modernized and, am
other changes, it now operates witma\g source (Figurel®). The

crystal is mounted on the top of a glass capillary, which is attac
on a goniometer head (Figure 2T he goniometer allows movemen
Ff2y3 GKS EzZ@& FYyR I RANBOGAZY
can be found. This is a very crucial step. The crystal should not r
out of the center of rotation or out of the beam during collectiol
otherwise the diffraction peaks will get broadgnd correct data
integration will not be possible The crystal is aligned with the hel
of a camera (Figurel2, d¢2). During collection, the Xay beam

arrives from the source (Figurd @ dgl) to the sample (Figurel2,

Crystal ey

1lcm

Figure 22. A goniometer for singk

crystal diffraction.
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2. Methods: Xray diffraction

dc¢3). The beamstop (Figurd@ dc¢4) will block the intense primary beam that was not diffracted by the
sample and thus it protects the detector which is placed right after (Figle &5). Several modes of
collection exist by the combination of mtions along several axes in order to cover as bigger part of the

reciprocal space as possible (i.e. ,* and®-axis rotations in a foucircle diffractometer, Figurelz ¢ 6
to 9, and. ,. and’ -axis rotations in a threeircle diffractometer, Figur2ld ¢ 6 to 8,respectively. Both

diffractometers were employed for singt®ystal selectiorof carbonatesprior to their loading in the

diamond anvil cells.

Figure21. Xray diffractometers for SCXRD at BEIA threecircle Brucker diffractometer with a Msource andb) the
same system anew using an-gaurce c) A four-circle Oxford Xcalibur diffractometer using afdource andl) a magnifie
photograph of the system ib for comparison. It andd the same system components appeac, X-ray tube, 2¢ camer:
for samples view, 3¢ goniometer with the crystal, 4 beamstop, 5 CCD detector, § marks rotation around -axis, 7¢
marks rotation around -axis, 8 marks rotation around -axis, and € marks rotation around th&-axis only irc.

2.43.2. Synchrotron facilities
Under certain conditions, it is possible to collect SCXRD pattieder highpressurein in-house

diffractometers. However, data collection is véoyng (from a couple of hours to a day or more), weakly
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scattering samples are not favoresamples much smaller than the beam siz&0p->m) are not ideal,

and at highpressures the constantly decreasing signal of the sample is strongly overpowered by the high
LINBaadz2NBE SYy@ANRYYSyGQa aradaylrfte LYy FRRAGAZ2YS 02ttt S
heated areaoften covers only a small portion of tteystal. The problems can be solved witie use of

a highbrillianceand high-energy Xray keamwith small divergence, able to focus in area of just a few

>m?. Such an excellent beam status is provitgcynchrotron facilities.

During this thesis, we performed SCXRD experimentgay Hiffraction beamlines dedited to
extreme conditions, namely, ID15b at ESBFKeV,<F n ®n mm )>E?béam MARBSE flapanel
detecton, P02.2 at PETRA #2(keV,<F n ®H ¢ P2 betim, BenkinElmer XRD 1621 flaanel
detector), and13IDD at APS (37 kexf, 1 ®H ¢ ImEbedinPHatus detector)On a historical note, a
great portion of our CoCfand MnCQ@data was collected at [@a (ESRF) before the year 20di6d later
the beamline was réocated at ID15b. Although each beamline has its own geometry aanputer
operation window, they have equivalent components and same collection procedures. Below, the ID15b

beamline will bedescribed as an exampl€he primary beam arrives close to the sample (Figuri)28

Figure23. Singlecrystal Xray diraction at IDl (ESRF). The following components are depic;
edge of pipe directing the-May beam, 2; pinhole, 3¢ an ESRF membrane celt; BAC holder, § diode
6 ¢ the beamstop fixed with tape, @ the large area MABS5 flatpanel detector, & camera and PF
system for ruby fluorescence. The DAC stage can move upon command along the y-axisndn
rotates around the -axis.
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the sample having nearly assumed its final form. As astagtthe beantails are reducedby the use of a
pinhole (Figure 22). The DAC (Figure-33 is placed on a special hold@igure 234) right after. A Si

diode (Figure 235) can contract and retract on command. The diode servers as a counter during DAC
sanning and alignment procedures and must be removed before data collection. Similarhhdosa
SCXRD diffractometers, a beamstop follows to block the intense primary (bégune 236). A largearea
flat-panel detector collects the diffracted reflectis (Figure 23). The sample chamber can be monitored

by a highresolution camera (Figure Z8. Many beamlineprovide a pressureby-ruby-luminescence
(PRL) system mountetlose to the DAC stage (Figure-&3 During collection the DAC stage can move
along the y and z and rotate around the-axis. Movement of the DAC stage in thexis is not

recommended, since in this way the user alters the detector to sample distance.

2.44. Data collection in synchrotron

Prior to any data collectiopowder and singlerystal calibration files must be created. The
calibration file contains valuable information for the correct data procesdihg informationusuallyis
the Xray wavelength, the sample to detector distance, thg gosition of the prary beam, the pixels
size of the detector, the beam polarization, as well as, corrections for the tilting of the det@ctareate
a calibration file one has to collect PXRD or SCXRD of a material with very well known unit cell parameters
(i.e. a standed). Usually different standard materials are used for the calibration of powder and SCXRD
patterns. In the case of powder, the most popular choices are,Gi@r Lag while for singlecrystal the
most popular is enstatitdMgSiQ). Although, we also dovse among these standards for calibrations,
theoretically, any material with very wehlaracterized lattice paramete(sonfirmed from more than one
diffractometen that is also chemically stable, not sensitive to th@yXbeam, and easily availaldan be
used asacalibrant.

As soon as the calibration files are readlge actual data
colledion of sampes can start. We will describe the data collection o
one crystain a diamond anvil cethat has~78 opening aperture (Figure
6a). The following protocol has been describextensivelyby Ref[20].

1) DAC preparation Crystals should be placed as close in the

center of the sample chamber as possible, but still fewaway
Figure24. Two CoCegxrystals an
a W chip arranged in the sam|
the shrinking hole of the gasket at high pressures. A contactchamber. At higkpressures th
gasket hole will shrink as indica
by the dashed circle.

from one another. Crystals placement in the cell sholllaxafor

the gasket with thecrystals during the experimennust be
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avoided. If chosen, pressure determinafgsg. ruby) or metal absorber chips (e/g), should be
placed as far as possible from the crystals, but still in a safe position from the (aigket 24)
Prior to the DA placement under the beamhe outer surface of the diamond anvilsust be
thoroughlycleaned to avoid additional unwanted diffractiohhe DAC should be placed on the
holder vertically(see Appendix Figure AZince inclinationgan cause problems dugncell
alignment or lead to collisions with nearby equipment (e.g. pinhole).

2) DAC and crystal alignmenithe center of the sample chamber is found by scanning the DAC stage
along the y and-axes. The center is found due to difference ira}X absorbance between the
gasket material and theample chamber (see Appendix Figure A3he sample is a strongrdy
absorber (e.g. FeG@s opposed to MgCGor the cell contains an additional metal absorber chip
(e.g. W, Pt or Au, Figure 24), then they are preferentially brought under the center of the beam.
This is important for the finding of the center of rotatioThe sample must not move out of the
center of rotation during cadiction, thus this procedure is delicatéhe celtposition is then
corrected and the samplehamber, sample, or metal absorber (depending on which one of those
the user decided to centeawn) is aligned with thebeam and the -axis.After sample alignment
and centering procedure, the user can move the sample under the beam (if not already there)
with the help of a camera (Figure-83 and start the data collection.

3) Data collection optimization: There are three types of scans, thil-scan(i.e. the DAC remains
stationary while exposed to the beam for a few seconds), Wde-scan(i.e. the DAC rotates
around the. -axis continuously fror20 to + 2@, while exposed to the beam for a few seconds)
and thestep-scan(assuming that the DAC has arf 8pening aperture, it rotates around the-
axis stepwise from4(° to + 40 andis exposed to the bearevery 0.3 stepfor a few seconds
The user should clokwhat is theopening angle of the DACe. at which angle the-iay beam is
blocked by the seats or body of the cddffore collectionby performing and -scan The user
gets a first impression of the sample by collecting a still or a-+m@ae that #ows him/herto
AyalLlsSoid GKS ONralGltQa ljdzkfAde yR GKS LKIa&asSa
performing a stepscan then he/she must adjust the intensity of the reflections by applying filters
(in the case of the PO2&hd 13IDbeamines) or by moving the undulatqiVVU20c}hat is located
in the optics hutch (in the case of the ID15b beamlittels important the sample is naver or
underexposed fronthe beam. If not so, the data integration and the structure solutions and
refinements will be a difficult, if not impossible, task. Following the optimization of the reflections

intensity, the user collects stegcan images. The preliminary data processing is strongly advised,
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before the user decides to increase pressure, move to laosample or rather repeat the
collection under different settings.

4) Grids:The sample often powderizes/recrystallizes after heating. Many times the most reacted are
is located only in a very small part of the crystal. Thus, the user must map the bygystdlecting

still or wide images, before he/she decides in which point(s) to collectstaps.

2.45. Dataprocessing

In the very rare cases during this thesis that powder patterns required procesnGSASr
JANAsoftware packagewereimplemerted [21, 22]. The powder patterns were fitted using the Rietveld
refinement. The Rietveld method uses a lesgtiare approach to refine a theoretical modeitil it
matches the real collection data profil&€he following steps are followed:

1) Data and phases importThe user inputs the data file and edits necessary information, such as
the wavelengthused. The lattice parameters and space groups of the expected phases are added
along with the atomic coordinas.

2) Refinements:The user starts be fitting the background either manually or by using existing
functions (e.g. Shifted Chebyschen). Then, the user refines the lattice parameters of each phase,
the phase fractions and the Lorentzian and Gaussian profile width until cpevee is reached.

A good powder refinement results in small goodness of fit factor (GO#&, .S) close to unity.The
difference between calculatednodel and the observal data must be minimized All reflection peaks
should be fitted and in the case of foreign, unfitted, peak, a good explanatiomust be provided. An
example of a powder pattern fitting (Cog€&ahd CoO) ishownin section5.3.3.

Singlecrystal Xray diffraction data processing waxtensivelyperformed during this thesis.
Integration ofthe reflection intensities and absorption corrections were performed using the Cr{&Alis
software R3]. We choose to carry out structure solutions and refinements using the dAMAllographic
computing systenfi22]. Other altenative options include the SHE&&tiespackagd24] as implemented
in WinGX (or in othesoftware), X@ed, OLEX and many othes. An extensivetutorial for the data
reduction at extreme conditionssingCrysAli&*°wasprovided by Ref.40]. Therefore, we will restrict
ourselves from detailed explanations, and rather briefly review the proceditre.following steps are
followed (CrysAlis commands are writtein bold andn parentheses)

1) File conversion:Synchrotron files are converted in the ESPERANTO foduait(, which is

compatible with the CrysAli8°software. After file conversion, an experiment is created. The
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2. Methods: Xay diffraction

instrumentparameters as created during the calibration are load@d p) and data processing

can start.

Figure25. Reflections in the Ewald sphere using Cry8Aiswo datasets for NIGECXRD collection in the diamond
are depicted along the a*axis,a-c) at 1 bar,and d-f) at 62 GPa. Starting fromand d, the user has to separate t
sample reflectionsk{ande) from the trashreflections arising from the highressure environment as showndrandf.
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2) Peak huntingDuring the peak hunting procedurph( s) the software hunts each frame marking
the position of peaks. In the diamond anvil cell, peaks may arise not only from the sample, but
also the high pressure environment (e.g. diamonds, presduel Y A YA GGUGAY 3 YSRA dzY Z
even dust particles on thanvils. fie user can explorall the peaks after hunting in the Ewald
sphere pt ewald ) (Figure 25).

3) Unit cell finding:As is thecasein mostDACexperiments, the user has to manually select the
peaks that belong to the sampl&he user is looking fqreaks tha form a regular pattern (e.qg.
Figure25-b and-e). Once a few points are selected, the software can find the unit welltt )

YR AYRSE GKS NBani) ke casé 8f hdalkdsantplesioftarifrany domains
of the same phaser different phases appedFigures 26 and 2/7thus making the peak selection
for the unit cell indexation a challenging task that requires a patient.user

4) Data reduction: During data reduction, the software extracts the reflection intensities and
produces a file (.Hlextension) that includes all thHel reflections observed and their intensities.

Other software (e.g. JANA) use this .hkl file for structure solution and refinements. When CrysAlis

Figure26. Diffraction patterns of the two CoGG@rystalsin Figure 24 before anaffter heating.a,b) The first CoC4xrysta
is heated at high pressure and low temperature. The sample recrystallizes, but no reaction ocl)iitee second CoG
crystal is heated at low pressures and high temperatures. This time, the sample decorpssesral CgDs crystallites

The (111) reflection of solid neon is pointed by arrows. Examples of diamond reflections are circled in blue.
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2. Methods: Xray diffraction

performs the data reductiondg proffit ) the positions of the reflectionbased on the UBnatrix
that was defined in the previous step (see step 3 above) are predicted. Then, the software extracts
the reflection intensities based on their shape and the background level. If asked by the user, a
space group is suggeste@ihe userevaluates the quality of the integration with the help of
confidence factors, such ag:Rand by inspecting the frame scaling curve (Fig@je 2

5) Data finalization: Once the datareduction is complete, convergence is met and the user is
satisfied with the resultthe data are finalizeddg rrp). This step is actually performed by default

following the data reduction. However, the udsas access to additional settings by running data

Domain 1
Domain 2

Figure27. Reflections of a MnGQ@rystal after heating in the Ewald spheeg Peaks arise from several domains and
high-pressure environment. Ib and ¢, a Mn.GO.; (domain 1 in green) is found and depicted along thexs. Man
domains belong to the same phase, but have different orientations. For examplea second M§CO;3domain (domai
2 in white) is found together with the first domain, now projected along tkeis. In this dataset] we found nin
domains of MaC,0Oi3 and two domains of -Mn,Os, and then we stopped looking for more.
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2. Methods: Xray diffraction

finalization separately, such as advanced choices for absorption corrections, or apply filters (e.qg.

apply thresholds to remove negative intensities, or to remowmesBikes).

Following this procedure, CrysAli§creates various files, among which the most important for the
structure-solution softwareare usuallythose with the extension typenkl, .cif-od, .cif and.ins Normally,
agood integrated datasdhat hasRn: values less than 15&eligiblefor structure soltion. However, this
does not mean that a dataset with nearly perfegt fRalues and frame scaling curve will necessarily be a
good dataset. This is an often case for phases with low symmetry (i.e. triolirft) overexposed data

(e.g.Figure 3Db).

Figure28. The user inspects the quality of the data reduction and decides whether to proceed in the structure s
perform a second dataollection with different settings or change sample. Here are a few examplayafiood datase
(i.e. Ry factor is 3%and the shape of the frame curve scales uniformly around dnegn overexposed dataset (i.e. tl
Rint and the shape of the frame scaling curve appear good, but the mean scattering amplitudes are extremely hi
not vary, thus structure solution Wibe challenging) and) an underexposed dataset that may harbour other proble
(i.e. Rint factor is >15%, the frame scaling curve appears rocky, the scattering amplitudes are extremely low. )
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